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Comparing the rheological behavior and the electrical properties of CNT-PP 
copolymer composites obtained by two compounding methods: direct 

addition and dilution of a masterbatch 
 

By 
 

Erika Palacios Aguilar 
 

Abstract 

 

Composites of multiwall carbon nanotubes (CNT) at 1, 2, and 3 wt.% on a propylene-ethylene 

random copolymer matrix were prepared by melt compounding CNT powder and by dilution of a 

commercial polypropylene masterbatch. While the shear viscosity shows similar behavior for both 

dilution modes, the differences in their elastic properties clearly show the addition method's effect, 

and the masterbatch's presence. This also indicates the relevance of having a difficult to mix 

masterbatch to enhance the elongational viscosity of the composites for free wall applications such 

as fiber spinning and blown film. On the other hand, the 2 and 3 wt.% CNT composites from both 

addition modes have similar electrically conductive behavior, with values near the semiconductors' 

range. TEM and SEM images show different states of dispersion for each source of CNT. The 

morphology observed in those images is the simplest explanation for the differences in the elastic 

properties of the molten composites due to the filler incorporation processes used.  
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Chapter 1. INTRODUCTION 

The introduction of nanoparticles into polymer systems has resulted in polymer 

nanocomposites exhibiting multifunctional, high-performance polymer characteristics beyond what 

traditional filled polymeric materials possess (Koo, 2006). 

Thermoplastics are those polymers that solidify as they are cooled, no longer allowing the 

long molecules to move freely. When heated, these materials regain the ability to flow, as the 

molecules are able to slide past each other with ease (Osswald, 2006). Within these polymers, 

polyolefins are polymers built from hydrocarbons with a double bond. They include polyethylene 

(PE) and polypropylene (PP), the most used and known polymers. 

Composites have been used since the 1500s B.C., when early Egyptians and Mesopotamian 

settlers used a mixture of mud and straw to create strong and durable buildings (Johnson, 2011). 

Years went by, and industrial development, along with the birth of the “plastics era” in the 1900s, 

brought the need for reinforcement to provide strength to lightweight materials, with fiberglass as 

the first filler used for this purpose. World Wars increased the demand for composites to be used in 

military products; later, the composites industry matured and carried these materials to everyday 

life. 

Nowadays, the increasing interest in having application-oriented materials has led scientists 

to develop composites that accomplish customized properties. With nanotechnology's arrival, this 

task has become exhausting because there are many options available both for fillers and matrices. 

 

1.1 PROBLEM STATEMENT 

As stated by Doug Smock (Smock, 2012), “Polypropylene lacks the heat resistance and 

structural properties of polycarbonate, the impact resistance of polyester, the radiation resistance 

of polystyrene or polyethylene, or the flexibility or the soft feel of flexible polyvinyl chloride, but it 

has a good balance of those properties.”  

There is a growing academic and industrial interest in developing polymer nanocomposites, 

especially for applications where a balance between weight reduction and enhancement of the 

material’s properties is a progressive challenge. Carbon nanotubes (CNT) are a type of nanomaterial 

that finds use as reinforcement in a wide variety of polymer matrices. 

The main problem still lies in the diverse factors that affect the processing and performance 

of the composites, including filler dispersion and prediction of mechanical and rheological behavior 

based on known properties and characteristics (Alig et al., 2012; Esawi, Salem, Hussein, & Ramadan, 

2009; Kumar & Krishnamoorti, 2010; Ma, Siddiqui, Marom, & Kim, 2010). 
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1.2 OBJECTIVE 

The purpose of the present work is to discern between the advantages and disadvantages of 

two dispersion methods for multiwall carbon nanotubes in a polypropylene matrix: the three-roll 

mill and the twin-screw extrusion. Also, to investigate how the use of a polypropylene random 

copolymer matrix and the CNT masterbatch affect the rheological properties of the composites, as 

compared to CNT direct incorporation via melt compounding, and how these two compounding 

modes impact the electrical properties of the resulting composites, since few studies have reported 

such effects on this type of materials and their understanding is needed for further improvement in 

their large-scale production.  

1.2.1 Particular Objectives 

• Fabricate PP/MWCNT composites using different melt mixing techniques with 

various filler contents (1, 2, and 3 wt.%).  

• To study the effect of different processing techniques on the dispersion 

characteristics and the CNT-composites' final properties by means of various 

characterization techniques such as TGA, DSC, DMTA, tensile and rheological tests, 

and SEM imaging.  

• Fabricate PP/MWCNT composites with diverse filler contents (1, 2, and 3 wt.%) using 

two different CNT sources: from as-received powder and a masterbatch.  

• Investigate the rheological, mechanical, and electrical properties of the composites, 

including the effect of the use of a propylene-ethylene copolymer as matrix. 

 

1.3 JUSTIFICATION 

Much research has been carried out about carbon nanotubes as fillers and polymers as 

matrices in composite materials. Most of the research has been focused on the incorporation of 

nanotubes into thermoplastic polymers due to their ease of processability; interestingly, resins used 

most as matrix in research are epoxy, which are thermosetting polymers (Andrews & Weisenberger, 

2004; Hussain, Hojjati, Okamoto, & Gorga, 2006). 

Thermoplastic polyolefin commodity plastics such as polyethylene and polypropylene have 

several advantages over other polymers (i.e., they are the most produced polymers and the 

cheapest ones) that make them an interesting choice of matrix material for composites. 

Furthermore, by enhancing their properties, these materials will become suitable for specialized 

industry, e.g., automotive, which requires high toughness or high conductivity and low production 

costs (Esawi et al., 2009; M. T. Müller, Krause, Kretzschmar, & Pötschke, 2011; Osswald, 2006; 

Pimbert, Elloumi, & Bourmaud). 
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The understanding of the composites’ behavior is of foremost importance to promote their 

use and production. Dispersion of the MWCNT and the interaction with PP are crucial for enhancing 

the composite properties. Both aspects will alter the matrix properties, changing the crystallization 

and the mechanical behavior for both the solid and the melt. Therefore, it is crucial to determine 

the most suitable mixing dispersion method to get full advantage of the filler.  

 

1.4 GENERAL METHODOLOGY 

To certify that the results produced in this thesis are accurate, special care was taken in 

materials preparation, tests, rheological techniques, and modeling. Standard, well-documented, 

and proven procedures were followed in each method, and tests were conducted with previously 

documented conditions (Aguirre, 2000; Bonilla, 1996; Cortés, 2004, 2006; Mier, 2000).  

 

1.5 ORGANIZATION 

This dissertation is organized into six chapters, including the present one. The first three 

chapters present a general background. Chapter 1 presents an introduction, chapter 2, state of the 

art as a theoretical background, and chapter 3 states the hypotheses sought after this research.   

The next two chapters are related to the experimental part of the project. Chapter 4 explains 

the experimental techniques, and chapter 5 presents the discussion of the results obtained by each 

characterization technique of the materials under study, which includes: TGA, DSC, DMTA, tensile, 

electrical and rheological tests as well as morphological characterization by means of scanning 

electron microscopy (SEM) and transmission electron microscopy (TEM). Rheological tests are based 

on frequency sweeps and creep and compliance by oscillatory rheometry and shear and 

elongational viscosities by capillary rheometry. 

Finally, Chapter 6 shows the conclusions and future work of the project.  
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Chapter 2. THEORETICAL BACKGROUND  

2.1 COMPOSITES 

Composites are materials made from two or more individual constituents with different 

properties which remain separate and distinct at the macroscopic or microscopic scale within the 

finished structure. A narrower definition refers to those solid materials composed of a matrix that 

surrounds and holds reinforcements (Strong, 2008). 

Fillers in composites denote materials that are intentionally placed in polymers to make them 

stronger, lighter, electrically conductive, or cheaper. Any filler will affect the mechanical behavior 

of a polymeric material (Osswald, 2006).  

Nanocomposites formed by adding nanoparticles (nanospheres, nanotubes, nanorods, 

nanoplatelets, or sheets) to polymers can have significantly enhanced properties relative to the 

native polymer (Kumar & Krishnamoorti, 2010), but still preserving many advantages of the parent 

polymer systems, such as low density and high processability (H. Liu & L. C. Brinson, 2008). 

Standard methods for preparing carbon nanotube (CNT)-filled polymer composites include 

in-situ filling polymerization, solution mixing, and melt blending. Melt processing of nanocomposites 

provides cost-effectiveness, fast production, and environmental benefits due to the absence of 

solvents. This technique is a promising method to produce CNT-based nanocomposites as the 

tendency of CNT to form aggregates may be minimized by appropriate application of shear during 

melt mixing (Prashantha et al., 2009a). 

In order to accomplish the desired improvements in the material properties, three aspects 

are of particular importance: nanoparticle spatial distribution, dispersion and organization, and 

particle shape (Kumar & Krishnamoorti, 2010). The small sizes and high surface-to-volume ratios of 

one-dimensional nanostructures gift composites with a variety of interesting and useful mechanical 

properties (Law, Goldberger, & Yang, 2004). Two principal factors cause the properties of 

nanomaterials to differ significantly from other materials: increased relative surface area and 

quantum effects (Hussain et al., 2006). 

From processing and application points of view, the mechanical and rheological properties of 

nanocomposites are fundamental. These properties are related to the materials’ microstructure, 

the state of filler dispersion, the aspect ratio and orientation of the filler, and the interactions 

between the filler and the polymer chains. Aspects which in turn influence the way these materials 

must be handled and the uses for which they are appropriate. Therefore it is interesting to study 

their mechanical and rheological properties and correlate them with the nanocomposite properties 

(F. Du et al., 2004).  

Also, experimental data has led to the conclusion that the dramatic property changes of 

polymer nanocomposites beyond those of the pure matrix polymer result significantly from the 
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formation of an extensive interphase region created from polymer molecules of altered mobility in 

the vicinity of the nanoscale fillers (H. Liu & L. C. Brinson, 2008).  

According to Hussain et al. (Hussain et al., 2006), the mechanical properties have varied from 

no change to moderate increases (25-50% modulus increase; 80-150% toughness increase), 

electrical properties in the range of 2 S/m (with a percolation threshold of 0.0025 wt%), and 125% 

increase in thermal properties at room temperature. Optimal property improvements have not 

been achieved due to deficiencies in nanotube dispersion and alignment. 

As pointed by Kumar and Krishnamoorti (Kumar & Krishnamoorti, 2010), a significant 

challenge (in nanocomposites) is to gather a true understanding of the relationship between 

percolation, orientation, particle size and shape, and polydispersity. 

Nanocomposite materials hold the potential to redefine the field of traditional composite 

materials both in terms of performance and potential applications (Hussain et al., 2006). 

2.1.1 Matrix 

Matrix materials can be polymeric, metallic, or ceramic. The matrix surrounds and protects 

the filler against chemical and environmental attack. Matrix selection is performed based on 

chemical, thermal, electrical, flammability, environmental, cost, performance, and manufacturing 

requirements. The matrix determines the service operating temperature of composites as well as 

processing parameters for part manufacturing. 

With polymeric matrices, the most important composite’s properties are associated with 

thermal transitions. Other matrix-dominated properties are mostly associated with agents in the 

environment of the composite. The matrix dominates the resistance of the composite to solvents, 

stains, gases, fire, and light.  

Among the most versatile polymer matrices, polyolefins such as polypropylene (PP) are the 

most widely used thermoplastics in food packaging, automobile, and other industrial sectors 

because of their well-balanced physical and mechanical properties and easy processability at a 

relatively low cost that makes them an excellent material. However, the reported results for these 

nanocomposites have been mixed, especially for mechanical properties (Prashantha et al., 2009a). 

2.1.1.1 Polypropylene 

Polyolefins like polypropylene (PP) represent more than half of commercial polymers 

produced in the world. They are known to be cost-effective and good performing materials used in 

a broad range of applications. The limitations of polyolefins rely mainly on lack of functionality and 

structure diversity (Chung, 2013).  

PP is the most used plastic since it includes in its applications original commodities as well 

as engineering markets. In the words of Biron (Biron, 2011), “polypropylenes can be hard or soft, 

opaque or transparent, light or heavy, insulating or conductive, neat or reinforced with cheap 
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mineral fillers, short or long glass fibers, natural fibers or even self-reinforced.” Also, basic PP resins 

are among the cheapest plastics and can be easily recycled. 

Going into the polymerization of PP, the CH3- groups in the monomer can be sterically 

arranged in different configurations leading to different properties (Figure 2.1). Atactic PP has the 

consistency of non-vulcanized rubber. Isotactic is the most important grade polymerized using a 

Ziegler-Natta catalyst. Properties of PP can be specifically adjusted by polymerization with 

metallocene catalysts (Osswald, 2006).  

 

Figure 2.1 PP tacticity. A) atactic, B) isotactic, and C) syndiotactic.  

  Although PP is usually perceived as a low-cost and lightweight material, there is an existing 

trend toward using it in demanding applications where high performance is required, e.g., 

semiconductors, high impact, or high strength materials. To achieve this increased performance, PP 

is commonly reinforced or modified to meet requirements, including talc-filled, long fiber-

reinforced, self-reinforced, thermoplastic polyolefin elastomers, glass fiber-reinforced, fabric-

reinforced, carbon fiber-reinforced, natural fiber-reinforced, etc. In more recent times, clay and 

carbon particles and nanoparticles have also taken place in helping PP achieve its new applications. 

2.1.1.2 Propylene/ethylene random copolymer 

Copolymers are materials formed by the polymerization of at least two different monomers. 

They are classified depending on the arrangement of their units as alternate, periodic, block, or 

random. Random copolymers depend upon the probability of finding a given type of monomer and 

are dictated by the kinetics of the reactants. The interest in random copolymers relies on the 

blending of the properties of its components, resulting in materials with special characteristics.  

There are three general types of polypropylene: homopolymer, random copolymer, and 

block copolymer. The co-monomer typically used is ethylene. PP based copolymers have attracted 

a lot of attention since the copolymerization of these materials changes the performance of the 

original polyolefins, so it is possible to obtain the enhancement in properties looked for. Propylene-

ethylene random copolymers upgrade the performance in processability and mechanical properties, 
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even more since the development of catalyst allows for the strict control of the PP-PE sequence (Li, 

Li, Han, Yu, & Xiao, 2019; Shin, Uozumi, Terano, & Nitta, 2001). 

2.1.2 Carbon Nanotubes 

Carbon nanotubes (CNT) are the third allotropic carbon form in addition to diamond and 

graphite, which discovery is attributed to Iijima in the early 1990s (Grossiord, Loos, Regev, & Koning, 

2006), although their first synthesis goes way back to the early 50s by Radushkevich and Lukyanovich 

(Monthioux & Kuznetsov, 2006). 

CNT, an ideal one-dimensional flexible nanomaterial, possesses remarkable mechanical 

properties and outstanding electrical conductivity. Individual CNT are one of the strongest materials 

known with high tensile strengths between 10 to 100 GPa and Young’s modulus up to 1 TPa and are 

ideal one-dimensional conductors with a quantum conductance of 2G0 (Liu et al., 2010).  

There are several forms of 

CNT, but they can be grouped into 

single-wall nanotubes (SWNT) and 

multiwall nanotubes (MWNT). 

SWNT consist of single layers of 

graphite lattice rolled into perfect 

cylinders with a diameter usually in 

the range of 0.7-2 nm, whereas 

MWNT consists of sets of concentric 

cylindrical shells, each of which 

resembles an SWNT, although 

generally with larger diameters (Grossiord et al., 2006).  

CNT may have different configurations (Figure 2.2, Figure 2.3), each of which has different 

properties, as can be seen in Table 2.1.  

Important characteristics of CNT composites include 

(Bauhofer & Kovacs, 2009):  

- Polymer: matrix type 

- CNT: type, synthesis method, manufacturer, state 

(entangled or not), additional treatment, aspect ratio 

- Dispersion: method, solvent 

- Electrical characteristics: percolation threshold 

(𝛷𝑐), critical exponent (t), maximum observed conductivity 

(𝜎𝑚𝑎𝑥). 

 

The advantages that CNT have over other fillers include superior intrinsic conductivity 

(105108 Sm-1); high compatibility with polymer matrices, which does not deteriorate the flexibility 

Figure 2.2  SWNT and MWNT. 

Figure 2.3   Configurations of CNT. 
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of the polymer matrices; and large and tunable aspect ratios. Also, CNT are appreciated because of 

their mechanical stiffness and modulus, which are potentially above other fillers. (Bauhofer & 

Kovacs, 2009). 

Table 2.1 Mechanical properties of CNT. 

COMPARISON OF MECHANICAL PROPERTIES 

Material Young's modulus 
(TPa) 

Tensile strength 
(GPa) 

Elongation at break 
(%) 

SWNT ~1 (from 1 to 5) 13 - 53 16 

Armchair 0.94 126.2 23.1 

Zigzag 0.94 94.5 15.6–17.5 

Chiral 0.92 
  

MWNT 0.27 - 0.8 - 0.95 11 - 63 - 150 
 

Stainless steel 0.186 - 0.214 0.38 - 1.55 15 - 50 

Kevlar 0.06 - 0.18 3.6 - 3.8 ~2 

 

Because of the CNT remarkable conductivity capacity, as compared to other materials (Table 

2.2), a large part of the projection of CNT-based polymer composites exploit CNT as a conductive 

dispersed phase in an insulating matrix for applications ranging from electronics to automotive and 

aerospace sectors. However, CNT have the potential for a vast range of applications, including 

quantum wires, tips for scanning probe and tunneling microscopy, hydrogen storage application for 

power generation and vehicles, and molecular diodes (Grossiord et al., 2006). 

Table 2.2 Comparison of conductivity for different materials. 

Material Conductivity (S/m) 

Silver 63.01 x 106 @ 20°C 

Copper 59.6 x 106 @ 20°C 

Carbon 2.8 x 104 

CNT 105 - 108 

Doped Polyacetylene 105 

 

 

2.1.2.1 High concentration masterbatch 

With the increasing interest in the use of CNT to reinforce polymers, both academia and 

industry visualize the necessity to facilitate the incorporation of the nanoparticles into the polymer 

matrix with the use of well-known polymer transformation processes.  

The use of high CNT concentration masterbatches has proved to be a feasible way to better 

disperse the filler into the polymeric matrix by further dilution of the original material in the polymer 

until the desired concentration (Boronat, Garcia‐Sanoguera, Pascual, Peris, & Sanchez‐Nacher, 
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2012; Papageorgiou, Li, Liu, Kinloch, & Young, 2020; Pascual, Peris, Boronat, Fenollar, & Balart, 2012; 

Vega et al., 2014). The objective is to reach a percolation threshold where the minimum amount of 

filler is required to obtain the largest enhancement in properties (Grossiord et al., 2006; Menzer et 

al., 2011; Nan, Shen, & Ma, 2010).  

2.1.3 Polymer/CNT Composites 

It is widely recognized that the enhancement of polymer properties (e.g., elastic modulus and 

electrical conductivity) highly depends on the quality of dispersion and the interfacial interaction 

between CNT and matrix (Alig et al., 2012; Bauhofer & Kovacs, 2009; Faghihi, Shojaei, & Bagheri, 

2015; Hussain et al., 2006; Michael Thomas Müller, Pötschke, & Voit, 2015; Prashantha et al., 

2009a). 

Optimal property improvements have not been achieved due to deficiencies in nanotube 

dispersion and alignment. Actually, authors report a marginal improvement compared to 

predictions in nanotube-reinforced materials when supported by experiments (Hussain et al., 2006; 

Prashantha et al., 2009a). Changes in mechanical properties range from no change to moderate 

increases, among others: 25-50% modulus increase, 80-150% toughness increase, 15-30% yield 

stress increase, 30-90% strain fracture decrease, and 125% increase in thermal properties at room 

temperature. 

Bikiaris (Bikiaris, 2010) mention that PP/CNT composite material exhibits its higher 

mechanical performance at nanotube concentrations between 2.0 - 2.5 wt%. The author also 

reports tensile strength and modulus increase when adding multiwall CNT to PP, but a decrease in 

the properties after the formation of aggregates with higher nanotube contents (2-3 wt%) is 

observed as the agglomerates act as mechanical failure concentrators. 

As stated by Alig et al. (Alig et al., 2012), the optimal mechanical reinforcement is expected 

for well-dispersed nanotubes where the available filler surface and the interfacial region are large. 

However, it must be taken into account that mechanical properties change only on a linear scale, 

contrary to electrical or rheological properties, which change by several orders of magnitude. 

 

2.2 CHARACTERISTICS OF CNT COMPOSITES 

Characteristics of CNT composites are determined through the properties of their 

constituents, their distribution and interaction, and the process of the preparation of the 

composite (Andrews & Weisenberger, 2004).  
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2.2.1 Aspect Ratio 

One of the most important characteristics of CNT is their high aspect ratio (over 1000 in some 

cases), which has been found to be related to the mechanical and rheological properties of 

nanocomposites (F. Du et al., 2004). 

For nanotubes, the aspect ratio is defined as the ratio of length to the diameter of the cross-

section, that is, l/d (H. Liu & L. C. Brinson, 2008). 

According to Grossiord et al. (Grossiord et al., 2006), the percolation threshold strongly 

depends on the aspect ratio of the filler particles.   

2.2.2 Alignment 

Several studies have shown that the orientation of nanoparticles is strongly affected by the 

processing methods (H. Liu & L. C. Brinson, 2008). Because of this, it is important to consider the 

process to be used in the manufacture of composites to assure that the desired level of alignment 

is accomplished, depending on the properties to be enhanced.  

Alignment, or its absence, also influences the isotropic or anisotropic behavior of the 

composite, making it a decisive variable in relation to the stress applied to the samples.  

The alignment of nanoparticles in the composite matrix can be critical to maximizing 

unidirectional properties such as strength, modulus, and toughness (Hussain et al., 2006). 

2.2.3 Dispersion and Interphase 

How to truly and conveniently characterize the nanotube dispersion in the nanocomposites 

is still unclear (F. Du et al., 2004). 

Whilst the high surface area of CNTs leads to a good interaction with most polymers (Pascual 

et al., 2012), it also has a disadvantage, it results in strong interactions within the CNTs leading to 

the formation of agglomerated particle clusters, making dispersion a difficult issue for both 

production and processability (Faghihi et al., 2015; Hussain et al., 2006; Kumar & Krishnamoorti, 

2010). Different approaches have been used to overcome this problem, from in situ polymerization, 

solution mixing, and ultrasonic dispersion all the way to melt blending (Faghihi et al., 2015). 

Dispersion is highly accelerated by melt infiltration into the CNT agglomerates. Melt infiltration is 

promoted by lowering matrix viscosity since the agglomerate cohesive strength decrease 

continuously with decreasing viscosity (Faghihi et al., 2015). The viscosity of the matrix has been 

reported to play a key role in the final dispersion and morphological state of thermoplastic-CNT 

composites (Vega et al., 2014).  

Dispersion of the nanoparticle and adhesion at the particle-matrix interface play crucial roles 

in determining the mechanical properties of the nanocomposite. Without proper dispersion, the 

nanomaterial will not offer improved mechanical properties over that of conventional composites; 
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in fact, a poorly dispersed nanomaterial may degrade the mechanical properties (Hussain et al., 

2006). Agglomerations decrease the surface area and disturb the formation of a network structure, 

which is essential to improve mechanical and electrical properties (Prashantha et al., 2009a). 

The homogeneous dispersion of fillers in the matrix is of critical importance in making 

percolative composites. Recent progress in surface chemistry facilitates the dispersion of fillers in 

matrices and makes it possible to prepare percolative composites, e.g., high electrical conductivity 

at extremely low values of percolation threshold (Bauhofer & Kovacs, 2009). However, several 

authors have also stated that the optimum dispersion state of filler does not necessarily translate 

to overall improved material characteristics (Pandey, Papakonstantopoulos, & Doxastakis, 2013).  

The use of shear forces to exfoliate clays and nanotubes in enthalpically favorable or neutral 

polymers is critical for the integration of nanocomposite manufacturing using polymer processing 

equipment. Layer-by-layer exfoliation is the dominant mechanism for such dispersion, and the 

stability (post-shear) of such dispersions is highly dependent on the nature of the polymer-

nanoparticle interactions, the viscosity of the polymer matrix, and the ability of the nanoparticles 

to percolate and form a kinetically trapped network (Kumar & Krishnamoorti, 2010).    

Several methods have been developed to efficiently disperse CNT (Grossiord et al., 2006): 

− Direct mixing  

− Functionalization 

~ Modify the polymer to enhance interaction with the -system 

~ Modify the walls of the CNT to improve the wetting of the filler.  

− Use a third component, e.g., surfactant molecules or conductive polymers, to assist 

the de-bundling of the CNT. 

Melt compounding of nanocomposites provides cost-effectiveness, fast production, and 

environmental benefits (i.e., free of solvents) and therefore, this technique is a promising method 

to produce CNT based nanocomposites (Grossiord et al., 2006; Pandey et al., 2013; Prashantha et 

al., 2009a; Vega et al., 2014). Although it has been reported that melt mixing is not enough to 

achieve full dispersion at high CNT contents, it is highly efficient for low contents (Pascual et al., 

2012). 

According to Alig et al. (Alig et al., 2012), the principal influences on mixing conditions (melt 

mixing) that govern the dispersion of initial agglomerates are: 

- Viscosity of the matrix: the lower the viscosity, the worst the dispersion. 

- Mixing temperature: higher temperatures lead to lower viscosity and worst dispersion. 

- Mixing time: optimization must be done to find a compromise between good dispersion and 

polymer degradation or nanotube shortening. 

- Screw speed: dispersion increases with screw speed. 

- Nanotubes amount: increasing the amount entails more and bigger agglomerates. 

Consistent dispersion of reinforcing material throughout the matrix leads to consistent load 

transfer from matrix to particle, and it can also assist with the realization of a network for the 
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conductivity of electrical and thermal energy. Finally, achieving consistent dispersion and 

orientation will allow optimal property improvements (Hussain et al., 2006). 

Nevertheless, it is important to consider that the energy input to disperse de CNT tends to break 

them into shorter segments, decreasing their aspect ratio in the final composite while 

simultaneously increasing their dispersibility (Nan et al., 2010). 

Since the disruption of CNT agglomerates is dependent on the viscous forces acting on them, 

polymers with high viscosity that promote higher viscous forces have more chances of successful 

filler dispersion via melt compounding. Another consideration and possible withdraw is that 

sometimes the shear stress in melt compounding leads to fracture of nanotubes, and so 

expectations in the improvement of properties are not achieved (Faghihi et al., 2015). However, the 

typical Banbury method has proven useful for nanofiber deagglomeration and high dispersion 

because of its high shear zones (Lozano, Bonilla-Rios, & Barrera, 2001). 

2.2.4 Percolation 

Since the early observation of percolation-dominated electrical conductivity in a CNT/PmPV 

composite by Coleman et al. (1998), more than 30 polymer matrices have been investigated with 

respect to percolation of CNT filler loading (Andrews & Weisenberger, 2004). 

This theory found its broadest application in materials 

research as a powerful tool to account for the physical 

properties of heterogeneous materials.  

The significance of the percolation transition lies in 

the fact that the particles of a minor phase come into 

contact with each other, and a continuous cluster extends 

throughout the system; as the volume fraction f of this 

minor phase approaches a critical value fc, the percolation 

threshold (Bauhofer & Kovacs, 2009). 

Percolation threshold can be influenced by various 

factors including i) type, viscosity, and molecular weight of 

a polymer matrix, ii) synthesis method, geometry, aspect ratio, and modification of MWCNT, and iii) 

processing parameters like screw rate and mixing time and temperature (Pan & Li, 2013).  

Many properties such as electrical conductivity, mechanical strength, and thermal stability 

are strongly affected by the network structure, which can restrain the mobility of the polymer chains 

in polymer/CNT nanocomposites. For example, in the case of PP/CNT nanocomposites, the weak 

nanofiller/matrix interaction and the entanglement of very long nanotubes increase the difficulty to 

obtain a well-defined network structure (Prashantha et al., 2009a). 

Electrical and rheological percolations in CNT/polymer composites present different kinds of 

networks. As stated by Menzer et al. (Menzer et al., 2011), rheological percolation involves a 

Figure 2.4 The four curves denote 
different property parameters near 

the percolation threshold fc (Bauhofer 
& Kovacs, 2009). 
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combined nanotube-polymer network; on the other hand, electrical percolation requires a 

nanotube-nanotube network with distances at least enough to allow tunneling effect.  

According to Nan et al. (Nan et al., 2010), dramatic changes in the physical properties of 

composites occur when filler particles form a percolating network through the composite, 

particularly when the difference between the properties of the constitutive phases is large. An 

abrupt change occurs in the properties of composites near fc, especially when there is a more 

considerable difference between the properties of the different components of the composites. 

Statistical percolation refers to a situation where randomly distributed filler particles form 

percolating paths. In kinetic percolation, the particles are free to move and thereby can create a 

conducting network at much lower particle concentrations. Particle movement can be caused by 

diffusion, convection, shearing, or external fields (Andrews & Weisenberger, 2004).  

With optimized dispersion methods, a percolation threshold 𝑓𝑐 ≈ 0.1 wt.% might be 

obtainable for nearly any CNT/polymer system. Percolation thresholds significantly lower than 𝑓𝑐 ≈

0.1 wt% are attributed to kinetic percolation, which allows for particle movement and re-

aggregation (Andrews & Weisenberger, 2004). 

The percolation threshold may be influenced by a number of characteristics of the matrix, 

such as viscosity, polarity, and degree of polymerization. Higher polarity and hence higher surface 

tension, higher viscosity, and a lower degree of crystallization hinder the uniform distribution of 

fillers in the matrix and thus lead to higher fc. The distribution of fillers in a matrix plays a key role 

in determining fc, which is influenced mainly by the geometric parameters, such as particle size, 

shape, and orientation (Bauhofer & Kovacs, 2009). 

External fields, such as pressure, magnetic, and electric 

fields, and temperature change, also influence the percolation 

cluster structure in percolative polymer-based composites near 

fc. 

2.2.5 Rheology 

The rheological properties can provide information about 

the percolated network structure and the interaction between 

filler and polymer matrix.  

It is important to evaluate the rheological behavior in 

order to understand the effect of the nanotubes on internal 

structures and processing properties of polymer/CNT 

composites (Prashantha et al., 2009a). Nanotubes have a 

significant impact on the rheology of the polymer, increasing the 

low-shear viscosity substantially (Grady, 2013).  
Figure 2.5 Schematic of 

SWNT/polymer nanocomposites (F. 
Du et al., 2004). 
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For example, in PP/CNT composites, low CNTs content samples exhibited Newtonian 

behavior, while by increasing the CNT content (>2 wt.%), non-Newtonian behavior was observed at 

all shear rate ranges (Koo, 2006). 

According to different authors (F. Du et al., 2004; Koo, 2006), nanotubes have a dramatic 

effect on the rheological behavior of the composites. As the loading increases, both the storage 

shear modulus G’ and the loss shear modulus G’’ increase, especially at low frequencies. Also, at 

fixed CNT concentration, both G’ and G’’ increase with increasing frequency. 

Du et al. (F. Du et al., 2004) found that large-scale polymer relaxations in the nanocomposites 

are effectively restrained by the presence of the nanotubes; and that G’ is almost independent of  

at low frequencies and loading higher than 0.2 wt% which is indicative of a transition from liquid-

like to solid-like viscoelastic behavior. This nonterminal low-frequency behavior can be attributed 

to a nanotube network, which restrains the long-range motion of polymer chains (Koo, 2006). 

On the other hand, at high frequencies, the effect of the nanotubes on the rheological 

behavior is relatively weak. This behavior suggests that the nanotubes do not significantly influence 

the short-range dynamics of the polymer chains, particularly on length scales comparable to the 

entanglement length. 

As found by Bikiaris (Bikiaris, 2010), the frequency dependence of loss tangent clearly reflects 

the appearance of gelation. First, tan δ monotonically decreases with increasing frequency 

(viscoelastic liquid); then, a moderate increase of tan δ at low frequencies appears with increasing 

frequency (dominant elastic response). This can be understood like pre- and post-gel regimes. 

The presence of nanotubes has a substantial influence on polymer chain relaxations but has 

little effect on polymer motion at length scales comparable to or less than an entanglement length 

(F. Du et al., 2004).  

Melt viscoelasticity plays a key role in understanding the influence of CNT as fillers on the 

processing and behavior of nanocomposites (F. Du et al., 2004; Kumar & Krishnamoorti, 2010; Vega 

et al., 2014). Significant viscosity increments can be attributed to fiber wetting or polymer-fiber 

interactions increasing the viscosity at low frequencies with increasing filler content (Lozano et al., 

2001). At low concentrations of filler, a hydrodynamic effect is present as reinforcement; no 

interactions between particles occur, and the change in properties is mainly due to the matrix-

particle interaction (Vega et al., 2014). Rheology can also give an insight as to the networking 

formation and dispersion of reinforcement into the matrix (Lozano et al., 2001). 

Creep and recovery compliance serves as a way to clearly recognize the elastic part of a 

material from the viscous one. Researchers have found increases in the steady-state shear 

recoverable compliance with the addition of CNT to polyethylene (Vega et al., 2014). However, high 

molecular weights seem to have a pronounced way to dissemble the creep effects of CNT in 

thermoplastic composites. 
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The dependences of rheological parameters on filler concentration yield a rheological 

percolation threshold, which occurs at lower concentrations than electrical percolation. Filler 

particles can interact with each other via polymer chains, whereas direct contact between them is 

required for electrical conduction (Andrews & Weisenberger, 2004). This is represented in Figure 

2.5. 

2.2.6 CNT Synthesis 

The characteristics of CNT, which determine their properties, are strongly influenced by the 

production method, as well as by the experimental conditions in which the synthesis has been 

carried out (Grossiord et al., 2006). 

In general, one-dimensional nanostructures are synthesized by promoting the crystallization 

of solid-state structures along one direction (Law et al., 2004).  

When deciding the synthesis method of CNT, it is important to consider that impurities (e.g., 

amorphous carbon and catalyst particles) are incorporated with the CN T into the polymer matrix, 

persist throughout the processing, and thus affect the performance of the final composite 

(Grossiord et al., 2006). 

Three main routes of CNT production have been developed (Grossiord et al., 2006):  

- The arc-discharge (AD) method, which implies the arc evaporation of pure or metal-doped 

carbon electrodes. 

- Laser vaporization of metal-doped carbon targets. 

- Chemical vapor deposition (CVD), which consists of the decomposition of carbon-containing 

molecules such as ethane, methane, and carbon monoxide on supported nanoparticles of 

metal those play the role of catalyst for CNT growth.  

 

2.2.6.1 Additional treatment 

The pretreatment of CNT leads to changes in the inherent properties of the CNT and thus in 

the percolation threshold of the CNT/polymer composites (Bauhofer & Kovacs, 2009). 

Most purification methods include acid treatment such as hydrochloric acid (HCl) or nitric acid 

(HNO3) or a mixture of HNO3 and sulfuric acid (H2SO4) (Grossiord et al., 2006), but these treatments 

would induce many defects of CNTs and thus greatly reduce the tensile strength of the composites 

(Liu et al., 2010). 

The compatibility between polymer matrices and fillers can be readily improved via surface 

modification, and the homogeneous dispersion of fillers also benefits from the addition of 

surfactants or can be achieved by in situ polymerization of the polymer matrices (Bauhofer & 

Kovacs, 2009).  
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Grafting is a common method to alter the interactions between matrix and filler. Controlled 

grafting can be exploited not only to improve dispersion but also to tailor the shape of aggregates 

formed in the immiscible regime (Pandey et al., 2013).  

Functionalization of the surface to form covalent or secondary bonds with the host polymer 

will substantially increase the range of influence from the nanoparticle surfaces. The interphase can 

have dramatically different thermomechanical and electrical properties from the matrix (Hua Liu & 

L. C. Brinson, 2008). Nanotube surface modifications used plasma treatment or chemical oxidation 

to attach functional groups. These groups allowed the nanotubes to bond better to the matrix and 

overcome the van der Waals interactions between nanotubes (Hussain et al., 2006).  

The use of chemical functionalization can have other implications; it may disrupt the bonding 

of the graphene sheet and thereby reduce the mechanical properties of the functionalized CNT in 

the final composite (Nan et al., 2010).  

As mentioned before, Liu and Brinson (H. Liu & L. C. Brinson, 2008) found that the improved 

properties of nanocomposites are due not only to the morphology and intrinsic properties of the 

nanoparticles alone but also to the extensive interphase created from polymer molecules of altered 

mobility in the vicinity of the nanoparticles. Numerous researches have attributed lower than 

predicted CNT-polymer composite properties to a lack of interfacial bonding (Nan et al., 2010).  

The use of lightly functionalized polyolefins, although not resulting in optimized dispersions 

of the nanoparticles, yields significantly improved mechanical properties and, therefore, 

commercial applications (Kumar & Krishnamoorti, 2010). 

2.2.7 Mechanical Characteristics 

Even though it was expected to drastically improve matrix properties when adding 

nanoparticles, reported results for these nanocomposites had been mixed, especially for mechanical 

properties (Prashantha et al., 2009a). Actually, authors report a marginal improvement in nanotube-

reinforced materials when supported by experiments (Hussain et al., 2006). 

Changes in mechanical properties range from no change to moderate increases, among 

others (Hussain et al., 2006; Prashantha et al., 2009a): 25-50% modulus increase, 80-150% 

toughness increase, 15-30% yield stress increase, 30-90% strain fracture decrease, and 125% 

increase in thermal properties at room temperature. 

The most common use of inorganic fillers in a polymer matrix is to enhance stiffness. Although 

for standard thermoplastics such as polypropylene, the effect has been extremely underwhelming 

without fully understanding of the phenomenon (Grady, 2013).  

Improvements in mechanical behavior depend on several factors such as the matrix used, the 

type of CNT, its diameter, its surface treatment, and the processing technique (Esawi et al., 2009). 

Reasons for the poor enhancement are considered by Esawi et al. to be:  
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- Creation of defects by nanotubes and nanotube-polymer agglomerates, which facilitate 

failure and limits the efficiency in load carrying. 

- Poor dispersion of filler or lack of CNT functionalization. 

Bikiaris (Bikiaris, 2010) mention that PP/CNT composite material exhibits its best performance 

regarding mechanical properties at nanotube concentrations between 2 – 2.5 wt%. The author 

reports tensile strength and modulus increase when adding MWCNT to PP, but a decrease in the 

properties after the formation of aggregates with higher nanotube contents (2-3 wt.%) is observed 

as the agglomerates act as mechanical failure concentrators. 

Another important property held by CNT is thermal conductivity, theirs being exceptionally 

high. However, because of the high interfacial resistance to heat transfer in the different interphases 

of composites (i.e., polymer-nanotube, nanotube-nanotube), it is extremely difficult to take 

advantage of this characteristic (Grady, 2013).  

Apart from modulus and strength, impact properties are crucial in polymer applications 

(Prashantha et al., 2009b). When a matrix can efficiently diffuse the energy from an impact, 

toughness is improved. Prashantha et al. (Prashantha et al., 2009a) present results of PP-MWNT 

composites that clearly indicate nanotubes limiting crack propagation. On the other hand, the 

presence of nanotubes aggregates eases the crack initiation, concluding that a better dispersion of 

filler could avoid the crack initiation providing both high strength and ductility to the 

nanocomposites. 

Another influence of nanotubes shows that the modifications they induce in the morphology 

of a polymer matrix combined with the energy required for CNT debonding and pull-out suggest 

CNT may augment the energy absorption of toughness characteristics of the composite (Grady, 

2013). The nanotubes have been shown to toughen and stiffen amorphous brittle materials as well 

as semicrystalline polymers such as PP (Hussain et al., 2006). 

As stated by Alig et al. (Alig et al., 2012), the optimal mechanical reinforcement is expected 

for well-dispersed nanotubes where the available filler surface and the interfacial region are large. 

However, it must be taken into account that mechanical properties change only on a linear scale, 

contrary to electrical or rheological properties, which vary by several orders of magnitude.  

2.2.8 Electrical Characteristics 

Polymer nanocomposites have been attractive to the development of lightweight materials 

with potential applications in electrostatic discharge, electrical interconnects, conductive coatings, 

and electromagnetic shielding with conductivities tailored between 10-6 to 100 S-cm-1 (Kumar & 

Krishnamoorti, 2010). 

Basically, for obtaining conductive CNT-polymer composites, the highly electrically 

conductive CNT filler is dispersed into the polymer matrix. Hence, a three-dimensional conductive 

network of the CNT in the polymer matrix is obtained. The percolation theory is generally used to 

describe the insulator-to-conductor transition in composites made of conductive filler in an 
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insulating matrix (Grossiord et al., 2006). When fillers with high electrical conductivity are 

continuously added to a matrix with low electrical conductivity, an abrupt increase in the electrical 

conductivity of their composites can be observed when the volume fraction f of the fillers 

approaches fc (Bauhofer & Kovacs, 2009). 

The electrical conductivity of a composite is strongly dependent on the filler loading 

(Grossiord et al., 2006): 

- Low filler concentrations 

− The conductivity remains very close to the conductivity of the polymer matrix. 

− The fillers are dispersed individually or in small clusters. 

- Critical filler volume fraction, fc (percolation threshold)  

− The conductivity drastically increases by many orders of magnitude with very little 

increase in the filler loading. 

− The formation of a conductive, three-dimensional network of the filler in the 

continuous polymer phase takes place. 

- Maximum conductivity 

− The conductivity levels off at a certain value. 

An indirect proportionality between the maximum conductivities and the percolation 

thresholds could be identified in data sets divided into comparable CNT concentrations. Referring 

to minimum percolation thresholds and maximum conductivities, the type and production method 

of CNT seem to be less important than the type of polymer and dispersion method (Andrews & 

Weisenberger, 2004) 

In classic percolation theory, the conducting network was considered to be established 

through the intimate connection between the adjacent conducting fillers. However, the conductive 

network could be connected not geometrically but electrically via tunneling. The tunneling of 

electrons between two adjacent conductive particles is a quantum-mechanical issue (Bauhofer & 

Kovacs, 2009).  

Bauhofer and Kovacs concluded that polymer tunneling barriers have a dominant effect on 

the overall composite conductivity. The influence of the polymer matrix can be addressed by 

lowering the tunneling potential between the CNT and the polymer matrix (Bauhofer & Kovacs, 

2009).  

Functionalization of nanotubes, used to improve dispersion, also results in a significant 

disruption of the conductive pathways and leads to a significant decrease in the measured 

conductivity as compared with theoretically expected values. The orientation of the nanoparticles 

can also lead to significant anisotropy in the electrical conductivity of such nanocomposites (Kumar 

& Krishnamoorti, 2010). As a function of alignment, the highest conductivities occur for slightly 

aligned rather than isotropic CNT (Andrews & Weisenberger, 2004). 
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The final electrical conductivity of the composites is thus determined not only by the intrinsic 

conductivity of the CNT employed but also by the polymer matrix. Furthermore, several other 

influences, such as the processing parameters, act together with the intrinsic conductivity of CNT to 

determine the overall conductivity (Bauhofer & Kovacs, 2009). 

 

2.3 CHARACTERIZATION OF CNT COMPOSITES 

Characterization of the dispersion and orientation of nanoparticles and the polymer 

matrix are critical for developing fundamental structure-property correlations. Also, 

mechanical properties are used as a reference to characterize improvements in the 

performance of materials since the enhancement on the properties of the composite 

regarding the neat polymer must be reflected in the final application.  

2.3.1 Structural Characterization 

Structural characterization techniques include (Kumar & Krishnamoorti, 2010): 

- force, optical and electron microscopy 

- X-ray, neutron, and light scattering 

- chemical spectroscopic methods 

- electric and dielectric characterization 

- mechanical spectroscopy  

To compare experimental results of different studies and theory, there exist different 

characterization methods: scanning electron microscopy (SEM), transmission electron microscopy 

(TEM), thermogravimetry (TGA), Raman, and near-infrared (NIR) spectroscopy, among others. A 

combination of TGA and Raman spectroscopy has proved satisfactory (Grossiord et al., 2006), but it 

always depends on which system is being examined to select the best characterization techniques.  

Multiple methods are critical for understanding the complex morphologies of 

nanocomposites. Du et al. used AFM to measure the size distribution of the nanotube bundles; 

optical microscopy, Raman imaging, and SEM to study the dispersion of nanotube bundles; and 

small-angle X-ray scattering (SAXS) to characterize the alignment of nanotube bundles of a 

nanocomposite of carbon nanotubes and poly(methyl methacrylate) (F. Du et al., 2004).  

In spite of all the methodologies that have already been developed, the morphological 

characterization of nanocomposites remains a challenge (F. Du et al., 2004).  

2.3.2 Mechanical and Rheological Characterization 

Improvement in structural characterization methods is still ongoing, and it is necessary to 

accurately correlate structure with properties. Generally, mechanical properties are the most useful 

when dealing with materials, although, in the case of polymers, rheological properties also play an 
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important part in understanding the behavior of the material during processing and as a final 

product. 

To compare with neat polymer characteristics, typical mechanical tests are usually performed 

in composites. Tensile characterization by means of a universal testing machine is the most common 

type of test, and it is used to obtain the stress-strain curve, which represents the behavior of the 

material under different loads. The major parameters that describe this curve are the tensile 

strength, yield strength or yield point, elastic modulus, and percent elongation; although other 

values like toughness, resilience, and Poisson’s ratio can also be found by the use of this testing 

technique. 

Rheological tests used to characterize the rheological behavior of CNT composites include 

oscillatory and capillary rheometry, among others. Capillary rheometers are used to determine the 

viscosity under shear forces; meanwhile, rotational methods test the specimen continuously 

between two surfaces and are able to shear the sample incorporating oscillatory or normal stress 

tests.  
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Chapter 3. HYPOTHESES  

The objective of the addition of CNT into thermoplastic polyolefin matrices is to improve the 

mechanical, rheological, and electrical properties of the polymer without significantly diminishing 

its advantages such as low weight and density and high processability.  

Commercially available materials represent an attractive way to scale up nanocomposite 

production from research to industrial levels and make them available for mass usage. The use of a 

commercial masterbatch can be an option for the industry to produce polymer CNT composites in 

high quantities and ideally with secure processing and good dispersion. Therefore, the following 

hypotheses can be stated for this research: 

1. Rheological properties of the PP/CNT composites prepared will be greatly affected by the 

incorporation method employed for the dispersion of the CNT. Masterbatch samples are 

expected to have lower percolation thresholds and higher elasticity.   

 

2. The CNT network needed to obtain conductive composites will be achieved with both 

addition methods; however, small differences are expected since the dispersion of the 

CNT already wetted in a PP matrix, that is those from the MB, are supposed to form a 

conductive network easily. 
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Chapter 4. EXPERIMENTAL TECHNIQUES  

Different approaches were developed in order to test dispersion techniques of CNT in 

polypropylene. Two different PP matrices, three different mixture processes and, two different CNT 

variations were selected to obtain the composites. The aim was to compare the techniques and use 

the better one as a base for properties enhancement for an industrially viable process.  

 

4.1 MATERIALS 

Two different polypropylenes were chosen as a matrix. An isotactic polypropylene 

homopolymer for injection molding, iPP 575P by Sabic Europe, with a melt flow index of 11 g/10 

min. at 230°C and density of 0.905 kg/m3 (Sabic, 2009); and a blow molding grade random 

copolymer polypropylene for medical application, PP 6232 by TOTAL Petrochemicals USA, with a 

melt flow index of 2 g/10 min. at 230°C and a density of 0.900 kg/m3 (Total Petrochemicals USA, 

2005). 

As nanotubes, multiwall Nanocyl™ NC7000 with an average nanotube diameter of 9.5 nm, a 

mean length of 1.5 μm, a carbon purity of 90%, a metal oxide content of 10%, and a surface area of 

250–300 m2/g (Nanocyl™, 2009) was used in this study. Also, a PP masterbatch  from Nanocyl™ 

PlastiCyl PP2001 with a carbon nanotube loading of 20% weight (wt.) NC7000, a density of 872 g/L 

and a melting point of 165°C, was diluted in a PP matrix to obtain the desired CNT weight percentage 

(NanocylTM, 2009). 

iPP 575P/CNT composites were used to research the dispersion of nanotubes in the matrix by 

two different processes that are industrially viable. Composites from PP6232 and variations of CNT 

were submitted to several tests to understand their rheological and electrical behavior; all were 

prepared using the same processing.  

 

4.1.1 Composites Manufacturing 

The general procedure for composites preparation used in the dispersion study included the 

following steps. First, neat iPP 575P pellets were pressed compressed (Heating press, Paul Weber 

GmbH) at 190°C and 40kN for about 1 min. to form circular films. Next, multiwall CNT were weighted 

and evenly distributed between PP films to produce a sandwich-like arrangement. Figure 4.1 shows 

both the neat PP film and PP/CNT mixture. 
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Figure 4.1  Films obtained after press compression a) PP and b) PP/CNT. 

500 g of the PP-CNT sandwich-like arrangement were cut into small pieces so that they could 

be feed in a twin-screw extruder (Haake Polylabsystem Rheomex PTW 16/25) for pre-mixing. The 

operating conditions of the extruder are shown in Table 4.1. Threads obtained from the extrusion 

were then pelletized (Axon ab Plastics Machinery) to be processed. 

Table 4.1 Operating conditions of the extruder for pre-mixing. 

Heating zone 1 220°C 

Heating zone 2 230°C 

Heating zone 3 250°C 

Heating zone 4 260°C 

Heating zone at die 265°C 

Screw rotation speed 55 rpm 

 
4.1.2 Dispersion Processes 

Composites prepared include 1, 2, and 3 wt.% CNT. Neat PP was also processed for 

comparison. The pre-mixed material of each CNT concentration was split in half to test two different 

melt compounding methods. 250 g of pre-mixed material were feed for a second time into the twin-

screw extruder (Haake Polylabsystem Rheomex PTW 16/25) using the operating conditions specified 

in Table 4.2, and the threads obtained were pelletized.  

Table 4.2 Operating conditions of the extruder for dispersion. 

Heating zone 1 190°C 

Heating zone 2 195°C 

Heating zone 3 205°C 

Heating zone 4 210°C 

Heating zone at die 220°C 

Screw rotation speed 100 rpm 

 

The other 250 g were feed into a three roll mill. The three roll mill EXAKT 120HT-250 has three 

cylinders with 120 mm diameter and adjustable gaps between rolls. For this process, three cycles 

were used with combinations of gaps, as shown in Table 4.3. 
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Table 4.3 Operating conditions of three roll mill. 

 Gap 1 (μm) Gap 2 (μm) Rotational speed (rpm) 

Cycle 1 40 14 300 

Cycle 2 40 14 300 

Cycle 3 13 5 300 

 

The shape of the material obtained from the roll-mill is not suitable for injection or other 

sample preparation; therefore, press compression (190°C and 40 kN for about 1 min.) and cut steps 

were required.  

For the rheological and electrical behavior study, 40 g. mixtures of PP and CNT were feed in a 

3-head mixer (ATR Plasti-Corder Brabender GmbH & Co.) at 200°C and 50 rpm for 30 min. Conditions 

of the mixer were selected based on published works of Prashantha et al. (Prashantha et al., 2009a) 

and Bhattacharyya et al. (Bhattacharyya et al., 2003). The same procedure was used for masterbatch 

composites.  

Table 4.4 Composites prepared. 

MATRIX FILLER DISPERSION METHOD CODE NAME 

iPP 575P 

- 0 wt.% - Neat 

NC7000 

1 wt.% 

Twin screw extrusion 

1% ext 

2 wt.% 2% ext 

3 wt.% 3% ext 

1 wt.% 

Three roll mill 

1% rm 

2 wt.% 2% rm 

3 wt.% 3% rm 

PP 6232 

- 0 wt.% - 0% 

- 0 wt.% 

3-head mixer 

0% P 

NC7000 

1 wt.% 1% 

2 wt.% 2% 

3 wt.% 3% 

PlastiCyl 

1 wt.% 1% MB 

2 wt.% 2% MB 

3 wt.% 3% MB 

PlastiCyl - 0 wt.% - MB 

 

The 0% P sample stands for neat polypropylene PP6232 processed in the 3-head mixer with 

the same conditions as all the other samples.  

Samples of PP and PP/CNT composites were further prepared for each characterization 

technique. 



35 

4.2 CHARACTERIZATION TECHNIQUES 

Several tests were performed to fully characterize the materials prepared and to 

understand the influence of the CNT as reinforcement into the PP matrix. 

4.2.1 Gel Permeation Chromatography 

There are basically two ways of determining the molecular weights (MW) of polymers; one 

is from physical measurements on very dilute solutions and the other one by chemical analysis for 

end groups (Flory, 1953). 

Gel Permeation Chromatography (GPC) is an analytical technique that separates dissolved 

macromolecules by size based on their elution from columns filled with a porous gel. When GPC is 

coupled with different detectors, e.g., light scattering, viscometer, or concentration detectors, it can 

measure absolute MW, molecular size, and intrinsic viscosity, and generate information on 

macromolecular structure, conformation, aggregation and branching ("Gel Permeation 

Chromatography," 2014). 

PP6232 samples were tested in a High-Temperature GPC equipment (HTGPC Malvern 

Instruments, Inc.) using trichlorobenzene (TCB) as solvent and polystyrene (PS) as reference. A 3-

column system was used at 150°C to obtain the different parameters of MWD. Data is shown in 

Table 4.5 and representative curves for neat PP in Figure 4.2 

 
Table 4.5 GPC data. 

SAMPLE 
GPC 

Mn Mw Mz PDI 

0% 71799 302094 693733 4.21 

0% P 56976 160205 317226 2.81 

MB 25118 126722 544993 5.05 

1% 61581 125796 267039 2.04 

2% 91856 143641 286898 1.56 

3% 59113 143993 355567 2.44 

1% MB 89342 226997 422550 2.54 

2% MB 44670 128322 244491 2.87 

3% MB 78625 233104 478758 2.96 
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Figure 4.2 GPC results for copolymer samples. Neat vs. neat processed. 

 
 
Figure 4.2 shows how processing considerably diminishes the molecular weight of neat PP 

by as much as one order of magnitude. For this reason, comparisons will include the processed 
sample (0% P). 
 

4.2.2 Thermogravimetric Analysis 

Dispersion samples were first submitted to thermogravimetric analysis (TGA) in order to 

corroborate the weight percentage of CNT present in composites prepared. In thermogravimetry, 

the sample mass is monitored as it is subjected to a temperature program under controlled 

conditions. Three replicates of each material were tested to avoid segregation. TGA (TA Instruments 

Q500) procedure ran from 35°C to 500°C with a 10°C/min. heating rate in a nitrogen atmosphere. 

4.2.3 Differential Scanning Calorimetry 

Differential scanning calorimetry (DSC) tests were performed in a Netzsch DSC 204F1 Phoenix 

apparatus to identify any changes in the thermal properties and the crystallization phenomenon 

due to the CNT presence. Tests made include all the dispersion samples before and after injection. 

The procedure included a heat-cool-reheat cycle from 20°C to 200°C with a temperature rate of 

10°C/min. The first heating cycle serves to remove previous thermal history from the sample. 
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4.2.4 Dynamic Mechanical Thermal Analysis 

To study the viscoelastic nature of the composites, stress is applied to the sample, and its 

response is monitored. These dynamic mechanical thermal analysis (DMTA) tests were done in a 

GABO QUALIMETER Eplexor® 500 N equipment in tensile-deformation mode. Temperature sweep 

was performed from -70°C to 150°C with a heating rate of 3°C/min. Samples used were dog bone 

injected specimens with cut ends. 

4.2.5 Tensile Tests 

To compare the mechanical properties of nanocomposites, tests were performed in a 

Zwick/Roell Z2.5 uniaxial tensile test machine in accordance with ISO 527 at a strain rate of 10 

mm/min. for composites and 15 mm/min. for neat PP. Tensile properties were measured on injected 

dog-bone specimens (Babyplast 6/10P micro-injection molding machine) with a length of 80 mm, a 

width of 5 mm, and a thickness of 2 mm.  

For the rheological study materials, a tensile test was performed in an INSTRON 3365 machine 

in accordance with ASTM D638 at a strain rate of 100 mm/min. Tensile properties were measured 

on water jet cut dog-bone specimens with a length of 63 mm, a width of 3 mm, and a thickness of 

2.23 mm.  

Values reported represent the average from 5 measurements, and typical stress-strain curves 

were selected for presentation in the graphs.  

4.2.6 Electrical Tests 

Samples with uniform area were prepared for testing by properly place the copper conductive 

tape in their extremes to enhance current flow. Five measurements were made for each material 

under the rheological study by varying the voltage input until reaching a steady resistance value. 

Specimens were obtained from water jet cut dog-bones.  

 

Figure 4.3 Sample prepared for measurement with copper conductive tape. 

Electrical properties were measured using a two-point probe (Figure 4.4 left) by means of a 

Keithley 2400 source meter (Figure 4.4 right). Rectangular samples with a uniform cross-sectional 

area were cut, and their electrical resistance was measured.  
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The resistivity (ρ) was calculated by 𝜌 = 𝑅(𝐴 𝑙⁄ ), where 𝑅 is the electrical resistance, 𝑙 is the 

length of the piece of the material, and 𝐴 is the cross-sectional area of the specimen. The 

conductivity (σ) is taken as the inverse of the resistivity, i.e., 𝜎 =
1

𝜌
. 

 

Figure 4.4 Left: two-point probe measurement set up. Right: Keithley 2400 source meter. 

 

4.2.7 Rheological Tests 

A rheometer is a device used for the measurement of rheological properties over a varied and 

extended range of conditions. There are two common methods used for rheometry measurements 

on fluid systems: capillary and rotational.  

Rheological tests included capillary, oscillatory, and constant stress rheometry in order to fully 

characterize the rheological behavior of composites with different CNT sources and loadings. Data 

obtained was later used as input in constitutive models for behavior prediction of materials.  

Standard well-documented procedures (Aguirre, 2000; Mier, 2000; Cortés, 2006) were 

followed in sample preparation. The samples were either used directly for testing in the capillary 

rheometer or formed into 1 mm thick, 25 mm diameter disks for oscillatory and creep and recovery 

testing by means of press melt compression (CARVER, Inc. model 4122) at 190°C and 40 kN for about 

1 min. 

4.2.7.1 Oscillatory Measurements  

In rotational methods, the test fluid is continuously sheared between two surfaces, one or 

both of which are rotating. These devices have the advantage of being able to shear the sample for 

an unlimited period of time under controlled rheometric conditions, incorporating oscillatory or 

normal stress tests. 

An Anton Paar Physica MCR301 rheometer was used to run frequency sweeps from 628 to 

0.1 s-1. 10% strain and temperatures of 180°, 190°, and 200°C were included in the set parameters. 
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Configuration was selected as 25 mm parallel plate geometry and 1 mm gap. Data obtained at 

different temperatures were brought into a single master curve, according to Mavridis and Shroff 

(Mavridis & Shroff, 1992). 

4.2.7.2 Creep and Recovery Compliance 

In a creep and recovery test, constant magnitude stress is applied suddenly to the polymer 

melt and lasts a predetermined amount of time, after which the load ceases and the polymer recoils. 

The resulting deformation is monitored as a function of time. The deformation occurring while the 

stress is applied is called creep, and the material’s response after is the recovery. If the creep (J) and 

the recovery (Jr) strains are divided by the applied stress, the result is called creep (J(t)) and recovery 

compliance (Jr(t)) and are expressed as: 

 

𝑱(𝒕) =
𝜸(𝒕)

𝝉𝒐
= 𝑱𝒈 + 𝑱𝒆(𝒕) +

𝒕

𝜼𝒐
 

𝑱𝒓(𝒕) =
𝜸𝒓(𝒕)

𝝉𝒐
 

 

where Jg is the instantaneous or glassy deformation, Je(t) is the retarded elastic compliance (Jr(0)-

Jr(t)), where Jr(0) is the compliance at the time the stress ceases), and ηo/t is the viscous deformation. 

The steady-state in the creep curve leads to a constant slope and for the recovery curve to a constant 

value known as the steady-state recoverable compliance (Je
0), and together with the zero shear 

viscosity produces the longest relaxation time of the material being tested. 

 

Standard creep and recovery compliance tests were run for all the materials in the 

rheological study. The testing stress was set to 300 Pa during 300 s until a steady-state was reached. 

Short time response creep tests were also performed with 300 Pa of stress applied during 10 s. 

Recovery was monitored for 600 s for both long and short creep time test. The range of shear stress 

was within the linear viscoelastic region. A cone and plate configuration (25 mm diameter and 4° 

cone angle) was used for all tests.  

 

4.2.7.3 Capillary Rheometry 

Capillary rheometers are used to determine the viscosity in the shear rate range of 5 to 50000 

s-1 using dies with different L/D and with typical diameters between 0.5 mm and 2.0 mm.  

Steady-state tests were done using a Rosand RH10 twin-bore capillary rheometer (Malvern 

Instruments, Inc.). Flat entry (180°) dies with 0.5 mm and 32 mm in length, and 1 mm in diameter 

were used. The sample was loaded into the barrels and pre-heated for 5 min., followed by a pre-

compression step of around 1 MPa. The test included a pre-heating step of 5 min and ten shear rate 

stages from 20 to 20000 s-1 at 190°C. Flowmaster® Software recorded raw data, Bagley and 

Rabbinowitch corrected data, and elongational viscosity information obtained by means of the 

Cogswell analysis (Cogswell, 1972). 
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4.2.8 Morphological Tests 

In order to observe the dispersion of CNT in the materials prepared by different processing, 

scanning electron microscope (SEM) images were taken using Leo Gemini 1530 (Zeiss) equipment. 

Injected dispersion samples of each material were cryogenically fractured and coated with a 5 nm 

layer of gold prior to microscopy observation.  

Images of samples for the rheological study were taken by an EVO MA25 (Zeiss) SEM. 

Fractured samples from the tensile test were 5 nm gold-sputtered using a Quorum Q150R ES 

apparatus. The microscope was set to 10 kV and high vacuum; secondary electrons were used. 

Transmission electron microscopy (TEM) micrographs were collected at an operating voltage of 300 

kV in an FEI-TITAN 80-300 kV from microtome samples approximately 90 nm in thickness. 
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Chapter 5. RESULTS 

 

Structural and rheological characterization is fundamental for developing correlations 

between morphology and properties. After the preparation of composites, several techniques were 

used to characterize the materials. Each method provides different results that contribute to the 

understanding of material behavior.  

Results are divided into the two studies developed for better understanding.  

 

5.1 EXPLORATORY STUDY ON MIXING PROCESSES 

 

5.1.1 Thermogravimetric Analysis 

Dispersion iPP samples were submitted to TGA tests from 35°C to 500°C with a 10°C/min 

heating rate in a nitrogen atmosphere. Results are shown for the different dispersion processes in 

Figure 5.1 and Figure 5.2. Also, a comparison between dispersion processes was made by percentage 

filler. Figure 5.3 to Figure 5.5 shows these results. Finally, a close up to the decomposition of matrix 

temperature was made in order to corroborate the filler content in the iPP samples, as shown in 

Figure 5.6 to Figure 5.8. As can be seen, a remaining material of about 0.3% is left behind by the 

neat PP. Taking this value into account, the real filler content percentages were obtained: 

Table 5.1 Percentages of filler content expected vs. real from TGA. 

SAMPLE 
wt.% 

Expected TGA Normalized 

Neat 0.0 0.3 0.0 

1% ext 1.0 1.2 0.9 

2% ext 2.0 1.8 1.5 

3% ext 3.0 4.3 4.0 

1% rm 1.0 0.8 0.5 

2% rm 2.0 2.0 1.7 

3% rm 3.0 2.2 1.9 
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Figure 5.1 TGA results for iPP samples dispersed by twin-screw extrusion.  
The solid line corresponds to weight, dashed line to derivative weight. 

 

 

 

Figure 5.2 TGA results for iPP samples dispersed by three roll mill.  
The solid line corresponds to weight, dashed line to derivative weight. 
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Figure 5.3 TGA results for iPP samples containing 1 wt.% filler. 

The solid line corresponds to weight, dashed line to derivative weight. 

 

 

 

Figure 5.4 TGA results for iPP samples containing 2 wt.% filler.  
The solid line corresponds to weight, dashed line to derivative weight. 
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Figure 5.5 TGA results for iPP samples containing 3 wt.% filler.  
The solid line corresponds to weight, dashed line to derivative weight. 

 
 
 

 

Figure 5.6 Close up of TGA results for iPP samples containing 1 wt.% filler.  
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Figure 5.7 Close up of TGA results for iPP samples containing 2 wt.% filler.  

 

 

 

Figure 5.8 Close up of TGA results for iPP samples containing 3 wt.% filler.  
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5.1.2 Differential Scanning Calorimetry 

DSC tests were performed to identify changes in the thermal properties and the crystallization 

phenomenon of iPP samples. Results are shown for different dispersion processes in Figure 5.9 and 

Figure 5.10.  

 

Figure 5.9 DSC results for iPP samples dispersed by twin-screw extrusion.  
 

 

Figure 5.10 DSC results for iPP samples dispersed by three roll mill.  
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To observe the effect of dispersion processes, a comparison was made by percentage filler. 

Figure 5.11 to Figure 5.13 show these results. 

 

Figure 5.11 DSC results for iPP samples containing 1 wt.% filler.  

 

 

Figure 5.12 DSC results for iPP samples containing 2 wt.% filler.  
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Figure 5.13 DSC results for iPP samples containing 3 wt.% filler.  

 

Transformation processes in polymers are known to have an influence on the thermal 

properties of the material. An after-injection DSC was also run to verify this effect on composite 

samples. Since both the dispersion processes thermally affect the material in a very similar way, the 

graphs shown include the after-injection samples dispersed by twin-screw extrusion. 

 

 

Figure 5.14 DSC results for neat iPP before and after the injection process.  
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Figure 5.15 DSC results for 1 wt% iPP samples before and after the injection process.  

 

 

Figure 5.16 DSC results for 2 wt% iPP samples before and after the injection process.  
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Figure 5.17 DSC results for 3 wt% iPP samples before and after the injection process.  

 

Because polypropylene is a semi-crystalline material, changes in crystallinity percentage must 

be considered. Table 2.1 shows the values for each material. The enthalpy accuracy given by the 

equipment is less than 1%. 

Table 5.2 Crystallinity percentage from DSC tests of iPP samples. 

SAMPLE 
Tc Hc Tm Hm CRYSTALLINITY 

°C J/g °C J/g % 

Neat 110.86 339.75 168.86 361.82 10.65 

Neat injected 112.17 277.61 166.17 297.94 9.82 

1% ext 123.18 291.33 166.18 314.53 11.20 

1% ext injected 122.74 258.08 166.74 280.40 10.78 

2% ext 123.92 293.51 167.92 313.35 9.58 

2% ext injected 124.75 275.56 167.75 298.16 10.91 

3% ext 122.11 130.11 168.11 154.64 11.84 

3% ext injected 126.74 263.94 167.74 284.27 9.82 

1% rm 124.98 341.19 166.98 365.72 11.84 

1% rm injected - - - - - 

2% rm 125.64 257.61 170.64 282.97 12.24 

2% rm injected 125.74 299.61 169.74 320.60 10.14 

3% rm 110.86 339.75 168.86 361.82 11.48 

3% rm injected 126.73 274.24 167.73 294.93 9.99 
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5.1.3 Dynamic Mechanical Thermal Analysis 

DMTA tests were performed from -70°C to 150°C with a heating rate of 3°C/min on dog bone 

injected specimens with cut ends. Results of extruded iPP samples are shown in Figure 5.18 to Figure 

5.20.  

 
Figure 5.18 Storage modulus (E’) from DMTA results for iPP samples dispersed by twin-screw extrusion.  

 

 
Figure 5.19 Loss modulus (E”) from DMTA results for iPP samples dispersed by twin-screw extrusion.  
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Figure 5.20 Tan del (δ) from DMTA results for iPP samples dispersed by twin-screw extrusion.  
 

In the last figure, a slight decrease in Tg from neat polymer can be appreciated. 

To observe the effect of dispersion processes, a comparison was made by percentage filler. 

Figure 5.21 to Figure 5.23 show these results. 

 
 

Figure 5.21 Storage modulus (E’) from DMTA results for iPP samples containing 3 wt.% filler. 
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Figure 5.22 Loss modulus (E”) from DMTA results for iPP samples containing 3 wt.% filler. 

 

 

 
 

Figure 5.23 Tan del (δ) from DMTA results for iPP samples containing 3 wt.% filler. 
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5.1.4 Tensile Tests 

Uniaxial tensile tests were performed at a strain rate of 10 mm/min for composites and 15 

mm/min for neat iPP. Average from 5 measurements were considered as results, and typical stress-

strain curves were selected for presentation in the following graphs. Figure 5.24 and Figure 5.25 

display the comparison of different filler content iPP samples prepared by extrusion and three roll 

mill, respectively. Figure 5.26 to Figure 5.28 represent tensile test results for the two dispersion 

processes with 1, 2, and 3 wt.% filler content. 

 

Figure 5.24 Tensile test results for iPP samples dispersed by twin-screw extrusion. 

  

Additionally, Table 5.3 shows the principal values obtained from a stress-strain curve 

for the different materials prepared. 

Table 5.3 Ultimate tensile strength and modulus from tensile tests of iPP samples. 

SAMPLE 
UTS 

(MPa) 
VARIATION 

MODULUS 
(MPa) 

VARIATION 

Neat 32.03 0.00 % 17.69 0.00 % 

1% ext 37.59 17.37 % 17.96 1.54 % 

2% ext 39.28 22.64 % 17.25 -2.48 % 

3% ext 40.20 25.50 % 18.37 3.85 % 

1% rm 40.35 25.98 % 8.93 -49.52 % 

2% rm 44.73 39.65 % 9.71 -45.11 % 

3% rm 37.28 16.38 % 18.29 3.40 % 
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Figure 5.25 Tensile test results for iPP samples dispersed by three roll mill. 

 

 

Figure 5.26 Tensile test results for iPP samples containing 1 wt.% filler. 

 



56 

 

Figure 5.27 Tensile test results for iPP samples containing 2 wt.% filler. 
 
 
 
 
 
 

 

Figure 5.28 Tensile test results for iPP samples containing 3 wt.% filler. 

 



57 

5.1.5 Rheological Tests 

5.1.5.1 Oscillatory Measurements 

Data of the storage modulus (G’(ω)), loss modulus (G’’(ω)),  tan δ and complex viscosity (η*) 

are shown at 190 °C for all samples in the iPP study. Figure 5.29 to Figure 5.32 show results for iPP 

samples. 

 
Figure 5.29 Storage modulus iPP 575P. 

 
Figure 5.30 Loss modulus iPP 575P. 
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Figure 5.31 tan δ iPP 575P. 

 

 
Figure 5.32 Complex viscosity iPP 575P. 

In iPP/CNT composites, low CNTs content samples exhibited Newtonian behavior, while by 

increasing the CNT content (>2 wt%), non-Newtonian behavior was observed at all shear rate ranges 

(Koo, 2006). As stated by several authors (F. Du et al., 2004; Koo, 2006), nanotubes have a dramatic 

effect on the rheological behavior of the composites. As the loading increases, both the storage 

shear modulus (G’) and the loss shear modulus (G’’) increase, especially at low frequencies. Also, at 

fixed CNT concentration, both G’ and G’’ increase as frequency increases.  
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5.1.6 Morphological Tests 

SEM images in Figure 5.33 show the comparison of the two melt blending techniques used 

for the incorporation of CNT into the iPP matrix. A better dispersion can be observed for samples 

that were prepared in the 3-roll mill; however, small agglomerates can still be observed in all the 

micrographs. 

 

Figure 5.33 SEM images of iPP-composites comparing the TS-extrusion and 3-roll mill melt compounding 

techniques. 

 
5.2 DIRECT COMPOUNDING VS. MASTERBATCH DILUTION 

5.2.1 Tensile Tests 

For the rheological study, tensile tests were performed at a strain rate of 100 mm/min. 

Average from 5 measurements were considered as results, and typical stress-strain curves were 

selected for presentation in the following graphs. Figure 5.34 and Figure 5.35 display the comparison 

between all the samples.  
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Figure 5.34 Tensile test results for all the rheological study samples. 

 

 

Figure 5.35 Tensile test results for all the rheological study samples. Samples from CNT powder (left) and 
samples from masterbatch (right). 

 

CNT were expected to enhance the tensile properties of neat PP. However, results show that 

the difference between PP and composites, both from direct compounding and masterbatch, is 

minimal.  

Table 5.4 shows the results obtained for the most common values of the tensile test. Both the 

ultimate tensile strength (UTS) and the Young’s Modulus show differences of less than 10% with 

respect to the neat PP, values that can even be due to the equipment tolerance. In accordance with 

research, reports show an improvement of mechanical properties for PP/MWCNT blends at around 

2-2.5 wt.% (Bikiaris, 2010). However, studies of PP/PE blends have shown that tensile strength does 

not significantly improve below CNT contents of 10 wt.% (Al-Saleh, 2015a). It seems that the 
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interfacial stress transfer is a key aspect in the enhancement of mechanical properties, proving that 

filler’s proper dispersion is not enough to provide a significant increase in tensile strength.  

Table 5.4 Ultimate tensile strength and modulus from tensile tests of the rheological study samples. 

SAMPLE 
UTS 

(MPa) 
Variation 

(%) 
Modulus 

(MPa) 
Variation 

(%) 

0% 37.64 0.0 8.98 0.0 

0% P 36.33 -3.5 9.06 0.9 

MB 38.61 2.6 14.43 60.7 

1% 35.67 -5.2 9.62 7.2 

2% 36.55 -2.9 9.56 6.5 

3% 37.75 0.3 10.02 11.6 

1% MB 36.54 -2.9 9.45 5.3 

2% MB 37.60 -0.1 9.89 10.2 

3% MB 36.40 -3.3 10.14 13.0 

 
 

5.2.2 Electrical Tests 

Polymer nanocomposites have potential applications in electrostatic discharge, electrical 

interconnects, conductive coatings, multilayer printed circuits, and electromagnetic interference 

shielding (EMI), among others, with conductivities tailored between 10-6 to 100 S-cm-1 (Grossiord et 

al., 2006; Kumar & Krishnamoorti, 2010).  

Semiconductors are materials that have electrical conductivity due to flowing electrons, 

which is intermediate in magnitude between that of a conductor and an insulator, i.e., around 101-

10-10 Sm-1. In these materials, current can be carried either by the flow of electrons (n-type) or by 

the flow of positively charged holes (p-type) (Drobny, 2012).  

Electrical resistivity has shown high sensitivity to the microstructure of the nanocomposite, 

for example, the dispersion state and aspect ratio of the reinforcement. This property can be used 

as an indirect tool to learn about the dispersion state of the filler (Al-Saleh, 2015b). Two mechanisms 

exist for electrical conduction in CNT composites: direct conduction in which fillers are in direct 

contact and electron hopping, where electrons jump from filler to filler over a small distance, known 

as the tunneling effect (Penu, Hu, Fernandez, Marchal, & Choplin, 2012). 

Rectangular samples with a uniform cross-sectional area were cut, and their electrical 

resistance was measured at room temperature. The resistivity (ρ) was calculated by 𝜌 = 𝑅(𝐴 𝑙⁄ ), 

where 𝑅 is the electrical resistance, 𝑙 is the length of the piece of the material, and 𝐴 is the cross-

sectional area of the specimen. The conductivity (σ) is taken as the inverse of the resistivity, i.e., 𝜎 =
1

𝜌
. Table 5.5 shows the resistivity and conductivity values for all prepared samples and some other 

common materials. Samples with concentrations of 2 and 3 wt.% CNT from both nanotube sources 

are conductive with values around the semiconductor range. 
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Table 5.5 Electrical conductivity results. 

SAMPLE 
Resistivity (ρ) Conductivity (σ) 

Ω-cm Sm-1 

0% Overflow Negligible 

0% P Overflow Negligible 

1% 3.17x106 3.16 x10-5 

2% 2.34x105 42.7 x10-5 

3% 9.91x104 101.0 x10-5 

1% MB Overflow Negligible 

2% MB 1.96x105 51.0 x10-5 

3% MB 2.94x105 34.0x10-5 

MB 6.63x101 1.51x100 

Silicon - 1.60x10-5 

CNT - 105 - 108 

Copper - ~59.6x106 @ 20°C 

 

 

Figure 5.36 Electrical conductivity of composites for rheological study. 

It could be expected that multi-wall CNT transport electrons and conduct electricity efficiently 

because they have purer carbon cylinders. However, it is important to remember that even though 

multi-wall CNT have similar electrical properties as single-wall CNT, there is a week coupling 

between the concentric cylinders then the only one that contributes to the electron transport is the 

outer shell (Grossiord et al., 2006). 

The aspect ratio of the CNT used is approximately 158, and conductivity has been found to be 

in the range of 1-3 wt.% filler loading for very high aspect ratios (~1000) (Al-Saleh, 2015b; Grossiord 
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et al., 2006; Zhong, Isayev, & Huang, 2014). Also, the electrical percolation threshold appears to be 

between 1 and 2 wt.% CNT loading even if the aspect ratio is one order of magnitude smaller than 

previous research has stated as minimum values to obtain a conductive network. No 

functionalization treatment was made neither to the polymer nor to the multi-wall CNT to enhance 

wettability; however, some degree of immiscibility between PP homopolymer and the copolymer 

may have hindered the improvement in conductivity for the MB composites (Graziano, Jaffer, & 

Sain, 2018).  

Interestingly, the 3 wt.% composites present one order of magnitude difference when 

comparing both CNT sources. This can be attributed to the fact that composites from MB have had 

at least one more thermal treatment compared with the ones from the CNT powder. A possible 

explanation for such behavior has been proposed by Al-Saleh (Al-Saleh, 2015b), stating that single 

dispersed nanotubes can have polymer chains wrapped around them functioning as isolators and 

serving as a detriment in the nanocomposite conductivity in spite of the enhanced CNT dispersion.   

The electrical percolation threshold was obtained to compare it with the rheological one. The 

general power-law correlation was used, 𝜎 = 𝑘(𝜙 − 𝜙𝑐𝑒𝑙𝑒𝑐
)

𝜈
, where 𝜎 is the conductivity, 𝜙 is the 

CNT volume fraction, 𝜙𝑐𝑒𝑙𝑒𝑐
 is the electrical critical volume fraction, and 𝑘, 𝜈 are the proportionality 

constant and the exponent, respectively. Values obtained for the electrical percolation threshold 

are 0.74 wt.% for the MB samples and 0.99 wt.% for the direct compounding samples. Both values 

are significantly smaller (more than 50%) than that of the rheological percolation threshold (see 

next section of the chapter). As stated by Penu et al. (Penu et al., 2012), measurements can vary not 

just because of the dispersion or network state but also because the rheological properties are 

measured in the molten state, while the electrical ones are measured at room temperature. 

However, in general, the percolation threshold values obtained by researchers for PP/CNT 

composites follow the same trend: 𝜙𝑐𝑟ℎ𝑒𝑜
> 𝜙𝑐𝑒𝑙𝑒𝑐

. This trend also suggests the existence of a rigid 

elastic network of CNT in the polymer matrix that is significantly affecting the composites’ 

elasticity/rigidity. 

 

5.2.3 Rheological Tests 

5.2.3.1 Oscillatory Measurements  

A sample disk of 25 mm diameter and 1 mm thick is continuously sheared between two 

surfaces. Data obtained from this test include the storage and loss modulus, tan δ, and a master 

curve for a wider range of shear rates at different temperatures calculated from the time-

temperature superposition analysis (TTS). The frequency sweeps of the samples were made at 180, 

190, and 200°C. 

In the case of polymers, rheological properties also play an essential part in understanding 

the material's behavior during processing and as a final product. Frequency sweep rheological test 
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can be employed to detect the network that nanoparticles form in composites shown by a typical 

liquid-to-solid transition at low frequencies (Faghihi et al., 2015; Pan & Li, 2013). The filler loading 

at which this transition occurs is known as the rheological percolation threshold. To determine this 

parameter, a power-law relation based on values of G’ is generally used because it is more sensitive 

to microstructural changes compared to G’’. 

Rheological percolation occurs both for the formation of the CNT network and the polymer-

CNT interaction when the nanotubes are connected by the polymer chains’ coils and restrict the 

polymer mobility. This phenomenon can be observed as the storage modulus improves, which is 

attributed to the presence of interfacial interactions (Faghihi et al., 2015).  

Figure 5.37 to Figure 5.40 shows data from frequency sweeps at 190 °C for the PP6232 matrix 

(rheology study). All samples were prepared by a 3-head mixer. 

 

 

Figure 5.37 Storage modulus PP6232, 3-head mixer dispersed. 
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Figure 5.38 Loss modulus PP6232, 3-head mixer dispersed. 

 

 

 

 

Figure 5.39 tan δ PP6232, 3-head mixer dispersed. 
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Figure 5.40 Complex viscosity PP6232, 3-head mixer dispersed. 

 

According to literature, large-scale polymer relaxations in the nanocomposites are effectively 

restrained by the presence of the nanotubes; and that G’ is almost independent of ω at low 

frequencies and at concentrations higher than 0.2 wt.% is indicative of a transition from liquid-like 

to solid-like viscoelastic behavior (M. Du, Guo, & Jia, 2010). This nonterminal low-frequency 

behavior can be attributed to a nanotube network, which restrains the long-range motion of 

polymer chains (Koo, 2006). Also, composites in the low-frequency range are expected to become 

shear-dependent as the filler concentration is increased; this behavior know as shear thinning, 

requires longer relaxation times and higher shear stresses to accomplish flow and can be attributed 

to fiber wetting (Lozano et al., 2001). On the other hand, at high frequencies, the effect of the 

nanotubes on the rheological behavior is relatively weak. This behavior suggests that the nanotubes 

do not significantly influence the short-range dynamics of the polymer chains, particularly on length 

scales comparable to the entanglement length. The presence of nanotubes has a substantial 

influence on polymer chain relaxations but has little effect on polymer motion at length scales 

comparable to or less than an entanglement length (M. Du et al., 2010). 

Rheological properties of nanocomposites are highly sensitive to the characteristics of the 

filler, i.e., surface area, shape, size, and crystalline structure, and particularly to the state of 

dispersion. In the rheological study, both sources of filler use the same CNT to isolate the 

masterbatch effect on materials’ rheology.  
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Figure 5.41 Storage modulus for all rheology samples under study at 190°C. 

 

Figure 5.42 Loss modulus for all rheology samples under study at 190°C. 

Figure 5.41 and Figure 5.42 show the storage and loss modulus for all samples at 190°C. 

Because of the full relaxation of polymer chains, processed neat PP shows a typical terminal 

behavior of G’~ω1 at low frequencies. Similar results have been found by other research groups 

(Pan & Li, 2013; Vega et al., 2014). In these figures, the transition from liquid-like to solid-like 

behavior, that is, the independence of G’ and G’’ from ω, increases along with the filler content for 
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composites from CNT powder, which is consistent with literature data. Explanations of this behavior 

compare the constriction of polymer chains in the long-range relaxation with the short-range 

dynamics that are scarcely affected, i.e., at high ω. Also, the improvement in G’ is attributed to the 

establishment of interfacial interactions and stronger bonding at the interface leading to an 

enhancement of the elastic behavior. At 3 wt.% concentration, G’ behavior can be said to be 

independent of frequency, then demonstrating a solid-like response.  

However, the behavior of composites from MB differs greatly from that of the composites 

from CNT, especially in the storage modulus. As it can be seen in Figure 5.41, composites form CNT 

tend to become independent from frequency and present a plateau (see Figure 5.41, 3 wt.%) at low 

frequencies as the reinforcement content increases; on the contrary, composites from MB behave 

as the polymer matrix regardless of the filler concentration and in the whole frequency range. In 

this case, no clear transition from liquid-to-solid like behavior can be seen; that is, no particle-

particle networking formation (percolation) is to be assumed.  

All samples behaved similarly at high frequencies, making it evident that the source of the 

CNT does not considerably affect the short-range dynamics of the polymer chains. Also, processing 

maybe not be affected when working with these materials at high shear rates since they show the 

same viscosity independent of filler loading (Lozano et al., 2001).  

 

 

Figure 5.43 Phase angle for all rheology samples under study at 190°C. 
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Figure 5.44 Complex viscosity for all rheology samples under study at 190°C. 

The tangent of the phase angle (tan δ) vs. frequency is presented in Figure 5.43. A totally 

elastic material, such as steel, has no displacement at all (δ = 0°) while a liquid has maximal 

displacement (δ = 90°). Clearly, different behaviors for CNT composites and MB composites can be 

seen, as the later present a tan δ maximum (at 0.25, 0.72 and 0.72 s-1 for 1%, 2%, and 3% 

respectively); and the former present no maximum and follow the same trend as the neat PP.  

 

Figure 5.45 Gurp-Palmen plot for rheology composites from CNT (left) and from MB (right) at 190°C. 

Complex viscosity increases at low frequencies as the filler loading increases. As expected, a 

plateau region is shown in Figure 5.44 for neat PP and low concentrations of filler, i.e., 1 wt.%. 

However, for 2 and 3 wt.%, this region is not clear, suggesting a constriction of the polymer chains 

movement by the presence of the CNT. Shear-thinning behavior is more pronounced as the CNT 

content increases and the Newtonian region vanishes, indicating the formation of combined 
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networks of polymer-polymer and polymer-nanotubes and the increase in polymer-CNT 

interactions.  

To corroborate the liquid-to-solid transition, the phase angle (δ) is analyzed. Figure 5.45 

presents the van Gurp-Palmen plot (δ vs. G*), which has been used to estimate the rheological 

percolation threshold of composites containing inorganic fillers (Faghihi et al., 2015; Pan & Li, 2013). 

Incorporation of CNT from powder (Figure 5.45 left) significantly decreases the phase angle since 1 

wt.% filler concentration, implying the improvement of the elastic property and the formation of 

particle networking within the CNT content range.  

At low complex modulus values, i.e., low frequencies, the δ is close to 90° for neat processed 

PP. Deviations from 90° in the high G* region suggest the formation of a polymer chain network 

deriving in the elastic response of the material. For composites from CNT, the Gurp-Palmen graph 

follows a continuous descending trend and shows a maximum: 80.1°, 70.3°, and 58.8° for 1, 2, and 

3 wt.%, respectively. These maxima in the middle range of G* are attributed to the formation of a 

pseudo-solid-like CNT network (Pan & Li, 2013). As stated by Pan and Li (Pan & Li, 2013), phase 

angles with values above 45° refer to viscous flow while the ones below 45° indicate elastic one. 

Based on this statement, the liquid-to-solid transition occurred between the 2 and 3 wt.% in 

composites from CNT powder, which is also consistent with the G’ behavior (Figure 5.41). 

Composites from MB (Figure 5.45 right) present a behavior much like the neat polymer with no 

phase angles below 80° at low complex modulus values, then indicating no clear rheological 

percolation threshold. 

According to Pan& Li (Pan & Li, 2013), the rheological percolation threshold is greatly affected 

by the aspect ratio of filler. As compared to their study, our CNT (aspect ratio ~ 158) should induce 

a percolation around 0.35 wt.% (for an aspect ratio of 167) since their conclusion is that a higher 

CNT aspect ratio leads to a lower percolation value. However, results show that even for 1 wt.% 

there is no radical change in composites properties.  

Rheological percolation occurs both for the formation of a CNT network and the polymer-CNT 

interaction when the nanotubes are connected by the tails of the polymer chains and restrict the 

polymer mobility. This phenomenon can be observed as the storage modulus improves, which is 

attributed to the presence of interfacial interactions (Faghihi et al., 2015). Above the critical 

concentration of filler (𝜙𝑐), a power-law correlation between G’ and the CNT volume fraction (𝜙) is 

generally observed: 𝐺′ = 𝑘(𝜙 − 𝜙𝑐𝑟ℎ𝑒𝑜
)

𝜈
Where 𝜈 is the exponent that represents the strength of 

the network, and G’ is the storage modulus at the lowest frequency used (Zhong et al., 2014). 

Table 5.6 Percolation threshold fitting parameters for: 𝑮′ = 𝒌(𝝓 − 𝝓𝒄𝒓𝒉𝒆𝒐
)

𝝂
. 

CNT source 
Percolation threshold Exponent 

𝝂 wt.% vol.% 

CNT powder 1.24 0.86 1.40 

MB 1.36 1.40 1.25 
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Table 5.6 shows the values obtained from fitting the data of 2 and 3 wt.% of the two CNT 

sources to this equation. Because of the similarity of these values, it is assumed that both sources 

should have similar behavior; however, the critical concentration value is lower for CNT from 

powder than that from MB, indicating a slightly better dispersion in the direct CNT composites. Both 

exponents remain below the 1.6-1.8 range for the “bond-shear percolation” zone and way below 

the value of 3 for the “rigidity percolation,” suggesting that the networks present in the composites 

are not strong enough to ensure loading transfer from the matrix to the CNT. This method for 

determining the percolation threshold strongly depends on the number of experiments near the 

percolation threshold.  

Composites from masterbatch dilution were expected to mix better with the matrix and 

improve the interaction between the nanoparticles and the polymer. Figure 5.46 shows composites 

with 3 wt.% filler. It is clear that the sample from masterbatch has created a homogeneous mixture 

and that the behavior of this material reaches that of the as-received neat PP, achieving a recovery 

of the original properties as if no processing had happened. Results of the 3 wt.% sample from CNT 

powder do not present the same trend.  

 

 

Figure 5.46 Frequency sweep results of 3wt.% rheology samples at 190°C. 

The frequency at which G’ and G’’ cross is a characteristic time, which was obtained for each 

of the studied samples. The crossover points (Gx, ωx) for each sample are listed in Table 5.7. 
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Table 5.7 Cross-over frequency and modulus for all samples at 190°C. 

SAMPLE 

iPP 

ωx Gx 
tan δ 

1/s Pa 

Neat iPP 51.800 28100 1.000 

1% ext 72.000 34500 1.000 

2% ext 
37.300 32500 1.040 

0.518 3500 1.010 

3% ext 13.900 36100 0.893 

1% rm 
100.000 33000 0.996 

0.072 336 1.120 

2% rm 10.000 19100 0.918 

3% rm 72.000 34700 0.855 

    

SAMPLE 

copolymer 

ωx 

1/s 

Gx 

Pa 
tan δ 

0% 10.000 26200 1.040 

0% P 373.000 47000 1.010 

1% 251.000 40300 1.080 

2% 139.000 52400 0.980 

3% 
193.000 54700 1.040 

0.518 1930 1.020 

1% MB 170.000 41900 1.010 

2% MB 193.000 46000 0.972 

3% MB 18.600 32900 1.082 

 

a. Discrete Relaxation Spectrum 

The discrete relaxation spectrum (ηi, λi) for each resin can be obtained by fitting its storage 

and loss moduli with equations: 

𝑮′(𝝎) = ∑
𝜼𝒊𝝀𝒊𝝎𝟐

𝟏+(𝝀𝒊𝝎)𝟐
𝑵
𝒊=𝟏    𝑮′′(𝝎) = ∑

𝜼𝒊𝝎

𝟏+(𝝀𝒊𝝎)𝟐
𝑵
𝒊=𝟏  

where ηi = Giλi.   

A C-language program for the determination of the discrete relaxation spectrum from the 

loss modulus was developed by Mier (Mier, 2000) and used since (Cortés, 2004, 2006; Palacios 

Aguilar, Cortés Rodríguez, & Bonilla Ríos, 2010) to obtain the data. The discrete relaxation spectrum 

obtained from Mier's software for all the materials is presented in Table 5.8. 
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Table 5.8 Relaxation spectrum for all samples at 190°C. 

SAMPLE 

iPP 

ηi (Pa-s) 

0.0008 s 0.008 s 0.08 s 0.8 s 

Neat iPP 93.757 403.574 1505.347 5614.991 

1% ext 111.845 447.360 1410.266 4445.750 

2% ext 133.505 556.650 1975.518 7010.992 

3% ext 164.401 735.603 3087.998 12963.145 

1% rm 102.267 365.146 1068.365 3125.881 

2% rm 111.270 454.006 1973.325 8577.014 

3% rm 113.505 355.207 1253.824 4425.796 

  

SAMPLE 

copolymer 

ηi (Pa-s) 

0.0008 s 0.008 s 0.08 s 0.8 s 

0% 93.076 585.935 2988.605 15243.600 

0% P 103.594 273.767 350.367 448.400 

1% 105.757 292.110 465.742 742.583 

2% 139.191 516.099 1325.167 3402.579 

3% 154.341 460.315 1028.534 2298.171 

1% MB 111.918 386.028 808.931 1695.134 

2% MB 117.929 377.299 939.704 2340.434 

3% MB 142.006 740.345 3143.760 13349.491 

b. Plateau Modulus and Molecular Weight Average 

between Entanglements 

The plateau modulus is obtained from the storage modulus at the frequency where the 

minimum of the loss tangent occurs (Cortés, 2006), that is 𝐺𝑁
0 = 𝐺′(𝜔)tan 𝛿min. 

Me refers to the average molecular weight between entanglements.  Me is obtained using the 

plateau modulus definition, 𝐺𝑁
0 =

𝜌𝑅𝑇

𝑀𝑒
 (Cortés, 2006). Density values correspond to those reported 

by suppliers in the datasheets of each matrix used.  

Table 5.9 Plateau modulus (𝑮𝑵
𝟎 ) and Me for all samples at 190°C. 

SAMPLE 

iPP 

G° Me 

Pa gr/mol 

Neat iPP 97600 35695 

1% ext 104000 33498 

2% ext 131000 26594 

3% ext 174000 20022 

1% rm 85800 40604 

1% rm 121000 28792 

1% rm 87800 39679 
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SAMPLE 

copolymer 

G° Me 

Pa gr/mol 

0% 141000 24571 

0% P 63700 54389.1 

1% 68300 50726 

2% 119000 29114 

3% 111000 31212 

1% MB 87900 39415.1 

2% MB 89900 38538.0 

3% MB 173000 20026.5 

 

5.2.3.2 Creep and Recovery Compliance 

a. Long time 

Previous research works have shown high increases in viscosity, storage moduli, and 

compliance with increasing CNT concentration. The creep test allows the application of really low 

values of shear stress enabling it to work in the terminal region (Vega et al., 2014). Figure 5.47 shows 

the creep compliance for all resins under study.  

 

Figure 5.47 Creep compliance for all rheology samples at 190°C. 
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Jc follows the expected trend, especially for neat PP, i.e., 0%, and is within the viscoelastic 

region. Lower values of creep compliance (higher viscosity) are observed as the CNT content 

increases, as compared with neat as received PP. Materials prepared from CNT masterbatch follow 

the same path as the neat PP, both processed and as received. A slightly different trend can be 

observed in materials coming from CNT powder, clearly presented in the sample with 3 wt.% where 

a steady-state value seems to be attainable at much lower times than the rest of the composites.  

Table 5.10 shows the principal values obtained from the creep test. The maximum retarded 

elastic compliance (Jmax) of composites lies between neat PP as received and processed; this gives 

the insight that the CNT are acting as points of obstruction for the polymer chains, previously broken 

from processing, to move freely, since the 3 wt.% composite from CNT powder presents the lowest 

Jmax value.  Jg at the beginning of the test was also recuperated once the stress ceased at tc, gaining 

further recovery until reaching a steady-state. Je
o decreases with increasing filler concentration but 

maintaining values above neat PP for all samples except the 3 wt.% from CNT powder. 

Table 5.10 Main parameters obtained from the creep and recovery compliance test for all rheology 

samples at 190°C.  

SAMPLE 
STRAIN Jg x 105 Jmax x 102 Je

o x 102 (Jmax- Je
o)/Jmax 

- 1/Pa 1/Pa 1/Pa - 

0% 4.78 1.23 1.59 1.55 3% 

0% P 178.00 2.99 59.30 60.60 2% 

1% 101.00 3.30 33.50 33.30 1% 

2% 21.40 2.32 7.13 6.93 3% 

3% 2.04 1.65 0.68 0.60 11% 

1% MB 36.70 2.55 12.20 12.20 0% 

2% MB 16.20 1.56 5.40 5.22 3% 

3% MB 7.36 1.33 2.45 2.38 3% 

 

Usually, differences in the values of the minimum creep time and the level of Je
o are attributed 

to differences in Mw and MWD (Vega et al., 2014). In this case, differences can be attributed to the 

level of entanglement that the CNT promote, which can benefit the network formation and the 

elastic recovery of the material. However, because of the extensive creep time that was used, 

composites had enough time to relax, and recovery compliance is not clearly appreciated.  

The addition of CNT promotes a decrease in Jc and an increase in G’ over the whole range of 

time and angular frequency, although the viscoelastic effect is dependent on the polymeric matrix. 

Clear enhancements of the elastic character and complex viscosity are noticed at low frequencies 

for nanocomposites (Vega et al., 2014). 

The critical time values and the strain reached in creep experiments are high enough to obtain 

higher subsequent recovery than in pure polymer, which is a clear sign of a characteristic broad 

relaxation time distribution in composite samples (Vega et al., 2014).  
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The matrix viscosity has a more substantial influence on ηo and Je
o than the CNT. As reported 

by Vega et al.  (Vega et al., 2014), the higher the molecular weight, the lower the effect on these 

parameters. Pötschke et al. (Socher, Krause, Mueller, Boldt, & Poetschke, 2012) suggested that the 

superposition of the polymer network dominates the linear viscoelastic response of 

nanocomposites, rather than the CNT network alone. The effect seems to be more critical as the 

terminal relaxation time of the matrix increases. The concentration of the rheological percolation 

threshold can be hindered by the relaxation time of the matrix if the MWD, particularly Mw, is high 

enough (Vega et al., 2014).  

 

Figure 5.48 Recoverable compliance for all rheology samples at 190°C. 

Recoverable compliance is also plotted in Figure 5.48. It increases with CNT content, except 

for 1 wt.% from masterbatch (red filled squares). However, samples from CNT powder reach the 

steady-state sooner than those using masterbatch as a source of filler. 

b. Short time 

A short time response creep test was also performed to have a better appreciation of the 

elastic behavior of the material. 300 Pa of stress was applied for 10 seconds and then removed, and 

the recovery was recorded for 600 s. Creep curves (Figure 5.49) behave similarly to those in Figure 

5.47. The magnitude of the recovery for tc = 10 s is about double that of tc = 300 s, as shown in Table 

5.11. Such difference indicates the influence of the strain level on the recovery compliance; the 

value of Je
o for the same sample could be different depending on the time the stress lasts and 

therefore on the extent of deformation achieved. 
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Figure 5.49 Creep compliance at a short time for all rheology samples at 190°C. 

 

Table 5.11 Steady-state retarded elastic compliance for all rheology samples at 190°C.  

SAMPLE 

Je° x102 

Long time Short time 

1/Pa 1/Pa 

0% 1.55 0.05 

0% P 60.60 2.08 

1% 33.30 1.29 

2% 6.93 0.45 

3% 0.60 0.06 

1% MB 12.20 0.34 

2% MB 5.22 0.15 

3% MB 2.38 0.10 

 

Table 5.12 Zero-shear viscosity for all rheology samples at 190°C. Shear rate measured just before the 
stress ceased. 

SAMPLE 

𝜼𝟎 = 𝟑𝟎𝟎 �̇�⁄  

Long time Short time 

Pa-s Pa-s 

0% 19108 17857 

0% P 465 486 

1% 896 746 

2% 4754 2174 

3% 85389 1538 

1% MB 2419 2941 

2% MB 6224 5338 

3% MB 13720 9063 
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5.2.3.3 Capillary Rheometry 

a. Shear Viscosity 

Figure 5.50 shows the viscosity curves of all rheology materials under study at 190°C as a 

function of shear rate. Viscosity curves of nanocomposite melt exhibited non-Newtonian behavior 

in the whole shear rate range under investigation. The behavior agrees with shear-thinning typical 

results, which show a considerable dependence of the viscosity on the shear rate. In previous similar 

studies, the shear-thinning behavior comprised the lower shear rates as the CNT content increased. 

This was attributed to an alignment of the nanotubes along the flow direction (Boronat et al., 2012).   

 

Figure 5.50 Shear viscosity for all rheology samples under study at 190°C. 

Viscosity increment with particle content is due to the interaction between matrix and filler. 

The effect is more pronounced at low shear rates and decreases with increasing shear rate because 

of shear thinning. The zero-shear viscosity, i.e., at the lowest shear rate (~25 s-1) by capillary 

rheometry, augments from 277.8 Pa-s for 0% P to 515.2 Pa-s for 3% and 1379.4 Pa-s for 3% MB. 

As Boronat (Boronat et al., 2012) states, certain characteristics of CNT, i.e., high specific 

surface area, porosity, and agglomerate formation, prevent the flow of the composites melt and 

trigger viscosity increments. This phenomenon impacts transformation processes that take place at 

low shear rates as thermoforming or rotational molding. Processes as injection molding and 

extrusion, which occur at high shear rates, are less vulnerable to viscosity increases.  

Although viscosity usually increases with CNT content, viscosity reductions have also been 

previously found in polymer nanocomposites of well-dispersed nanoparticles, and it has been 
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attributed to polymer confinement, which may either cause enhanced constraint release and or 

induce free volume effects (Vega et al., 2014).  

The Cross model equation, 𝜂 =
𝜂𝑜

1+|𝜆�̇�|𝑎, was used to fit the shear viscosity data with less than 

10% error for all the experimental points. The parameters for all materials are shown in Table 5.13. 

The zero-shear viscosity parameter increases with increasing CNT concentration for samples with 

filler coming from masterbatch, while in samples from CNT powder ηo increases from 1 wt.% to 2 

wt.% and then decreases from 2 wt.% to 3 wt.%, which can suggest the presence of a percolation 

threshold.  

Table 5.13 Cross model parameters for all rheology samples under study. 

SAMPLE 
ηo λ a 

Pa-s s  - 

0% 6465 0.140 0.750 

0% P 900 0.250 0.500 

1% 635 0.018 0.700 

2% 770 0.030 0.650 

3% 660 0.010 0.850 

1% MB 2020 0.086 0.708 

2% MB 3680 0.143 0.730 

3% MB 4075 0.090 0.773 

 

 

Figure 5.51 Cross model for all rheology samples under study. Lines for composites from masterbatch and 

dashed lines for composites from CNT powder.  
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b. Elongational Viscosity 

From a free surface processes point of view, extensional properties are of special interest as 

they describe how the material will behave during and after processing. From capillary rheometry 

and by means of the Cogswell analysis, data of elongational viscosity (ηe) as a function of 

elongational rate (�̇�) can be obtained, shown in Figure 5.52.  

 

Figure 5.52 Elongational viscosity for all rheology samples under study at 190°C. 

Extensional viscosity presents clearly different behavior in composites from the CNT powder 

compared with the values of the composites from the masterbatch, particularly at low elongational 

rates. Below an elongational rate of 100 s-1, the elongational viscosity increases with increasing CNT 

concentration, and the effect is more dramatic for MB composites, especially because in the other 

rheological tests, the 1 and 2 wt.% were not as clearly different. For the 1 and 2 wt.% CNT powder 

composites, ηe increases with increasing 𝜀̇ until a maximum, from which the viscosity starts to 

decrease. The 3 wt.% sample maximum is not observed because of test limitations. On the contrary, 

for the masterbatch composites, ηe presents a similar slope in the whole elongational rate range. 

The masterbatch composites appear to have enhanced elastic properties both at low and high 

frequencies. However, these differences are considerably higher at low frequencies (103 for 1 wt.%, 

104 for 2 wt.%, and 104 for 3 wt.%).  

As stated before, it was expected not to observe a considerable difference in extensional 

viscosity behavior due to the presence of the CNT since extensional properties are dependent on 

the motion of the material at entanglement length scales. In this case, the CNT have a mean length 

of 1500 nm, as compared with the mean values of length between entanglements calculated from 

Me (Table 5.14), they are an order of magnitude smaller, suggesting that polymer chains can 
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entangle over the CNT several times. However, experimental results show clear differences between 

neat PP and nanocomposites from both CNT powder and masterbatch. Therefore, the number of 

interactions of the CNT is increased for the depicted square network, and then the CNT act as 

entanglement enhancers affecting at some level the elongational behavior (Figure 5.53).  

 

Table 5.14 Molecular weight between entanglements (Me) values for all the materials under rheological 

study. Me is obtained using the plateau modulus definition, 𝐆𝐍
𝟎 =

𝛒𝐑𝐓

𝐌𝐞
 (Cortés, 2006). Density values 

correspond to those reported by the supplier. 

SAMPLE 
Me Length 

gr/mol nm 

0% 54389 172.0 

0% P 24571 380.7 

1% 50726 355.1 

2% 29114 203.8 

3% 31212 218.5 

1% MB 39415 275.9 

2% MB 38538 269.8 

3% MB 20027 140.2 

 

 

Figure 5.53 Entanglements enhancement with CNT addition. 
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The Trouton ratio is defined as the ratio between elongational and shear viscosity at a given 

deformation rate. It is observed that for composites from CNT powder, at low shear rates, the 

Trouton ratio differs from one another, while at high shear rates, values are more similar. 

Composites coming from masterbatch present a higher slope in the Trouton ratio, especially at high 

shear rates.  

 

Figure 5.54 Trouton ratio dependence on the shear rate for all rheology samples under study at 190°C. 

 

5.2.4 Morphological Tests 

Characterization of the dispersion and orientation of nanoparticles in the polymer matrix is 

critical for developing fundamental structure-property correlations. A uniform and homogenous 

dispersion of CNT in the matrix plays a key role in the macroscopic properties of the material (Pan 

& Li, 2013).  

SEM images in Figure 5.55 show the fractured surfaces of the composites prepared. For all 

three different filler contents of the composites from as-received CNT (a, c, and e), a homogeneous 

dispersion of the nanotubes can be observed in the matrix, with only small amounts of aggregates. 

It is believed that these loose aggregates’ effect would be trivial compared with the one produced 

by a large amount of dispersed CNT (Pan & Li, 2013). 

On the contrary, in composites from the masterbatch (b, d, and f), the presence of 

agglomerates is evident, starting at 1 wt.% loading. This can be attributed to the fact that the CNT 

are well wetted by the masterbatch polypropylene (MFI 12 g/10 min), making it difficult to achieve 

a better degree of dispersion of the CNT in the PP matrix (MFI 2 g/10 min).  
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Figure 5.55 SEM images of composites from as-received CNT (a) 1 wt.%, (c) 2 wt.% and (e) 3 wt.%; images 

from the masterbatch (b) 1 wt.%, (d) 2 wt.% and (f) 3 wt.%. 

For samples with 3 wt.%, the images look more similar than the other compositions. However, 

a slightly larger amount of agglomerates can be observed in the one from the masterbatch (f) than 

can be observed in the one prepared from the as-received CNT (e). This dissimilarity is evident when 

analyzing the resistivity of the materials, where the difference is one order of magnitude going from 

1x105 Ω cm for the 3% direct compounding to 3x105 Ω cm for the 3% MB.  

 TEM characterization was conducted to investigate the dispersion of CNT at the nanoscale. 

Figure 5.56 presents the TEM micrographs of samples with 3 wt.% from both CNT sources. The CNT 

dispersion seems right for the direct compounding (a1, b1), where the PP random copolymer chains 

have infiltrated the CNT aggregates, compared with the masterbatch dilution (a2, b2) where large 

agglomerates can be identified. The level of dispersion can be attributed to the difference in 

viscosity between the masterbatch PP and the matrix PP random copolymer, as well as their 

differences in surface tension, as has been reported in previous research (Mičušík et al., 2009). The 

latter being higher and therefore hindering the correct dilution of the masterbatch. Agglomerates 
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shown in Figure 5.56 (a2, b2) look to be encapsulated by the masterbatch PP instead of entangled 

with one another, corroborating the influence of the difference in viscosity and surface tension.  

 

Figure 5.56 TEM micrographs of 3 wt.% composites from the as-received CNT (a1, a2) and the masterbatch 

(b1, b2). 

The difference in states of dispersion appreciated in Figure 5.55 and Figure 5.56 is the simplest 

explanation for the variations found in their basic rheological characteristics (Vega et al., 2014) 

because the CNT used for all of the prepared materials are the same. 

Characterizing the dispersion of CNT in polymer matrices remains a challenge because of the 

difficulty of detecting the dispersion state at the nanoscale. Even if optical microscopy, SEM, and 

TEM have been extensively used, the micrographs obtained are not representative of the whole 

material (Song, 2006). 

The use of a masterbatch was expected to enhance the dispersion of CNT significantly into 

the matrix and thus obtain a conductive composite. Several factors have influenced the behavior of 

the samples in this study, including surface tension, blend behavior, and working shear rate.  
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To attain a good dispersion of CNT in the matrix, it is not enough to have a commercial 

masterbatch, which is supposed to facilitate the mixing of the filler but also to assure the 

compatibility between the composite matrix and the masterbatch matrix. The use of a random 

copolymer with a high PP content of around 90% was expected to have an outstanding mixing 

behavior; however, that proves to be the opposite. In this case, the viscosities of both 

polypropylenes are very different: 2 g (10 min.)-1 for composite matrix and 12 g (10 min.)-1 for MB 

matrix. Solubility variations because of molecular weight and viscosity differences are known to 

influence the different applications of polymers. Small quantities of ethylene present in the 

copolymer may have also caused an impact on the dispersion of CNT.  

Even though the viscosities of the various polymers present in the composites are different, 

their viscosities at the >100 s-1 shear rates at which they were prepared are more similar. The 

interface of two immiscible liquids impacts the momentum profiles significantly, but as they 

approach similar values, the difference, present mainly in the interface, vanishes (Bird, 2002). 
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Chapter 6. CONCLUSION 

It was puzzling to have a look at the influence of doing the compounding by either using a 

PP/CNT masterbatch or by directly adding the CNT not to a PP matrix but rather to a propylene-

ethylene random copolymer. To understand this influence, two studies were conducted using the 

same type of CNT. 

In the first study, a comparison between two melt mixing dispersion techniques of carbon 

nanotubes in a polypropylene matrix is presented. Nanocomposites were prepared using 0, 1, 2, 

and 3 wt.% multi-wall CNT as filler in an isotactic polypropylene homopolymer matrix. Materials 

obtained were characterized by TGA, DSC, DMTA, SEM, tensile and rheological tests. In the second 

study, multiwall carbon nanotubes at 0, 1, 2, and 3 wt.% on a propylene-ethylene random copolymer 

matrix were prepared by melt compounding CNT powder and by dilution of a commercial 

polypropylene masterbatch. The materials obtained were characterized by SEM, TEM, tensile, 

electrical, and rheological tests. 

Based on the results, Hypothesis 1 is rejected because the rheological and electrical 

percolation thresholds are not lower for the masterbatch samples. Also, the MB samples do not 

show clear elastic behavior in all the tests. On the other hand, Hypothesis 2 is accepted since a 

conductive network was achieved with both addition methods at 3 wt.%. However, contrary to 

expectations, the 3 wt.% MB sample shows a lower conductivity (~ 30%) than the sample from direct 

compounding.  Explanation of such difference is the poor dispersion, which might be due to the 

“well wetted” CNT in the MB matrix, which translates into the need for a higher concentration of 

filler for the networks’ formation. 

In general, research studies of these kinds of nanocomposite typically inform the polymer 

matrix in commercial ways (brand, MFI). Still, they do not deepen into their characteristics, even 

though there can be many different grades of one polymer (i.e., homopolymer, random copolymer, 

block copolymer, graft copolymer, alternating copolymer, impact, atactic, syndiotactic, isotactic, 

etc.). These differences can influence the interaction between the matrix and the filler in ways that 

can determine the performance of the final material.  

 

6.1 SUMMARY OF FINDINGS 

Melt mixing dispersion techniques (iPP/CNT) 

 Differential scanning calorimetry is a powerful tool to study the melting and crystallization 

behaviors and heat release-related parameters. Neat polypropylene exhibits a crystallization 

temperature of 110.86°C and a melting temperature of 168.86°C; when CNT are incorporated into 

the PP matrix, the crystallization temperature maximum increase is 15.88°C, and the melting 

temperature maximum decrease is 2.69°C. The melting and crystallization behavior of polymer 
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matrix nanocomposites are of great importance to understand the changes induced by the CNT in 

the intrinsic properties of iPP backbones. This gives further insight to predict and guide materials 

design for optimal industrial applications. 

From the DMTA test, changes in the behavior of the samples, as compared with the neat 

PP, can be observed at freezing temperatures, i.e., -10°C, and between 0° and 100°. However, at 

processing temperatures, the samples present the same data. Comparison between dispersion 

processes shows the same curves for the storage modulus E’. Differences in loss modulus E” and tan 

δ are not significant either after 10°C.  

Result differences in the tensile behavior of the different samples evidently depend on the 

dispersion process. For the extruded pieces, the 3 wt.% presents the higher modulus and ultimate 

tensile strength. For the roll mill samples, the 2 wt.% shows the highest increment (from all samples 

in the study) in UTS, but not for modulus, with a decrease of 45% as compared with the neat sample.  

The impact of filler content is evident in the rheological test of composites, especially at low 

frequencies and above the rheological percolation threshold. For frequencies over 10 s-1, the 

behavior of samples is very similar, varying a little when crossing the percolation threshold (around 

2 wt.%).  

The incorporation of CNT powder into the polymer matrix requires extreme precaution 

because of health concerns. Several steps are needed to avoid direct contact between the CNT 

powder and the handler (see section 4.1.1 composites Manufacturing). Because of TGA results, 

showing that the wt.% wasn’t accurate when following all the processing steps, the next study was 

performed. The incorporation of fillers into a polymer matrix using a masterbatch represents a 

considerable reduction in the risks, both health and environmental, involved in the usage of 

nanoparticle reinforcement.  

 

Direct compounding versus dilution of a masterbatch 

The incorporation of fillers into a polymer matrix using a masterbatch represents a 

considerable reduction in the risks, both health and environmental, involved in the usage of 

nanoparticle reinforcement. 

Tensile properties are expected to improve when adding a filler to a polymer matrix; however, 

the CNT content should be above 10 wt.%. In this study, differences for the tensile test results 

between the two processes used are minimal, even though the dispersion found is considerably 

different. The interfacial stress transfer is apparently not controlled mainly by the dispersion state. 

For the creep test, the samples of as received CNT present a steady-state value attainable at 

lower times. Values of Jmax suggest that the CNT are acting as points of obstruction for the polymer 

chains to move freely. Recoverable compliance clear difference between samples of CNT sources 

indicate significant variations in the elasticity capacity of the materials. 



88 

Extensional viscosity presents clearly different behavior in composites from the CNT powder 

compared with the values of the composites from the masterbatch, particularly at low elongational 

rates. In general, the masterbatch composites appear to have enhanced elastic properties both at 

low and high frequencies. These differences are considerably higher at low frequencies, which can 

also be observed in the elastic properties from the creep compliance test results. When comparing 

the mean values of the length between entanglements, it can be assumed that polymer chains can 

entangle over the CNT several times, affecting the elongational behavior. 

It was found that the compounding of CNT using a masterbatch effectively shows a higher 

increase of the elastic properties of the PP random copolymer as compared to the ones for the 

composite created by direct CNT addition. The same behavior is observed for their shear viscosities, 

especially at lower shear rates. The best CNT dispersion results were obtained by direct CNT 

compounding and less effective dispersion of the CNT when the masterbatch was used.  

Both the elastic and dispersion differences between the two CNT addition modes can be 

observed in the Van Gurp-Palmen plots, the elongational viscosity data, and from the SEM and TEM 

images. The reason for the low dispersion relies in the “well wetted” CNT in the MB matrix, which 

translates into the need for a higher concentration of filler for the networks’ formation. This 

incompatibility between the agglomerates and the PP matrix created a non-homogeneous melt 

where the PP domains filled with CNT.   

On the other hand, the electrical properties of the composites are on the same order of 

magnitude; however, the ones obtained via masterbatch have a lower electrical conductivity due to 

the lower dispersion of the CNT into the matrix.  

The production of conductive nanocomposites may have an incursion in the energy storage 

devices industry, components in electronic applications, and electromagnetic interference shielding 

materials. Functional polymer composites are attracting interest in an increasing number of 

applications, including polymer-based dielectric capacitors, which are widely employed in the areas 

of power transmission, hybrid electric vehicles, high power weapons, radar, wind power generation, 

and microelectronic systems (Luo et al., 2019). 

Market studies locate the conductive polymer composites, obtained by adding CNT as filler,  

as the most lucrative segment owing to the development of battery electrodes for applications such 

as smartphones, 5G network equipment, grid storage equipment, and electric cars. 

These results can be very promising for tailoring composites with specific elastic properties 

that at the same time present desirable electrostatic discharge characteristics without 

compromising the processing behavior since all the composites have about the same viscosity in the 

shear rates typically used in polymer extrusion. 
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6.2 RECOMMENDATIONS AND FUTURE WORK 

Recommendations for future work are presented next to each of the studies developed 

during this research. 

 

Melt mixing dispersion techniques (iPP/CNT) 

• A more consistent protocol for the preparation of thermoplastic reinforced with CNT is 

needed for the feeding of the 3-roll mill. 

• Control of the influence of heating processes between each production step (pre-mixing, 

melt mixing, heat compression, etcetera) might be needed to isolate the effects of the 

filler on the polymer matrix. 

• TEM micrographs are needed to compare the states of dispersion present in the samples 

of the different dispersion techniques.  

 

Direct compounding versus dilution of a masterbatch 

• TGA test is needed to corroborate the weight percentage present in the samples. Small 

variations in the filler content near the percolation threshold might influence the 

conclusions of characterization results.  

• Adjustments in the composites production process in the 3-head mixer may be needed to 

reduce the mixing time and heating process influence on the samples. Also, account for 

the visbreaking process that might be happening. To better understand the behavior 

around the percolation threshold, characterization analysis of samples with small weight 

percentage increments may be suitable.  

• To better understand the behavior around the percolation threshold, characterization 

analysis of samples with small weight percentage increments may be suitable. 

• To study the effect of using a twin-screw extruder as compared to the 3-head mixer on the 

dispersion of filler in the nanocomposites. 

• To inquire about the compatibility issues between the homopolymer and the copolymer 

to isolate this effect from the characteristics of the nanocomposites. 

• To study the parameters of the extrusion processes (e.g., twin vs. single screw, 

temperature profiles, type of screw, mixing design process, etc.) and their influence on the 

dispersion of filler in the nanocomposites. 

• To further study the rheological effect on the composites with special attention in the 

visbreaking process shown by the PP matrix. 

• To analyze the effect of the masterbatch matrix in the nanocomposites. Different options 

might be suitable as carriers of the filler, e.g., polyethylene, random copolymer, block 

copolymer, etc. 
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