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Abstract 

 i 

 
 

ABSTRACT 
 
 

I hereby declare that this thesis contains no material which has been accepted for the award of 
any other degree or diploma at any university or equivalent institution and that, to the best of my 
knowledge and belief, this thesis contains no material previously published or written by another person, 
except where due reference is made in the text of the thesis. This thesis includes experimental results that 
can be found in the 17 manuscripts published in peer-reviewed journals. 

The scope of this thesis was to add knowledge on the rheological properties, specific volume and 
thermal conductivity of various polymers/multi-walled carbon nanotubes (MWCNT) nanocomposites in 
order to provide reliable data for CAD/CAE simulation. The rheological data obtained from the capillary 
rheometer has great significance because this technique provides insight on the effect of shear rate on 
viscosity over a wide range of shear rates that are commonly encountered in the manufacturing processes. 
The pressure-Volume-Temperature (pVT) diagrams were determined in order to predict the volumetric 
shrinkage of the nanocomposites at slow cooling rates and at various temperature ranges. Additionally, 
thermal conductivity (TC) measurements were performed to investigate de effect of MWCNTs on the TC 
of the polymer/MWCNT nanocomposites. 

The ideas, development and writing up of all the manuscripts in the thesis were the principal 
responsibility of myself, the candidate, working within the Doctoral School of Dunarea de Jos University 
of Galati under the supervision of Professor Cătălin Fetecău and Professor Felicia Stan. The inclusion of 
co-authors reflects the fact that the work came from active collaboration between researchers and 
acknowledges input into team-based research. 

Chapter one covers the state-of-the-art after a short introduction on the main material data 
needed for the injection molding simulation. The states-of-the art were presented into three parts for 
better understanding the three types of measurements for determining the physical properties: viscosity, 
specific volume and thermal conductivity. The first part provides brief background, valuable information 
and the related research studies in the rheological behavior of the polymer/carbon nanotube 
nanocomposites. The second part presents the types of measurements to determine the pVT diagrams and 
a brief review of the available articles that studied the influence of pressure and temperature on the 
specific volume. Lastly, the third part of the state-of-the-art shows the various types of methods to 
determine the thermal conductivity and, from the literature review, the influence of CNTs on the TC was 
presented. 

A small description of the materials tested and the characterization methods discussed in this 
thesis are presented in Chapter two. The nanocomposites analyzed in this thesis are thermoplastics such 
as low-density polyethylene (LDPE), high-density polyethylene (HDPE), ethylene vinyl acetate (EVA), 
polypropylene (PP) and thermoplastic polyurethane (TPU) filled with 0.1, 0.3, 0.5, 1, 3, and 5 wt.% of 
MWCNTs. Five types of measurements were performed on the polymer/MWCNT nanocomposites, such 
as: DSC, bulk density, capillary rheometry, specific volume and thermal conductivity. The rheological, 
pVT and TC behavior of the nanocomposites were performed using very complex equipment, i.e., the 
Rheograph 75 (RG75) high-pressure capillary rheometer (Göttfert, Germany). 

Chapter three presents the thermal properties of the polymer/MWCNT nanocomposites 
analyzed. The addition of MWCNTs was found to influence the degree of crystallinity due to an increased 
number of nucleating sites; however, no trend was observed as a function of MWCNT loading. A small 
increase of the melting temperature was observed when the MWCNT loading increased for the 
nanocomposites that have a LDPE, HDPE, and PP matrix. Meanwhile, the melting temperature slightly 
decreased with increasing MWCNT loading for the EVA and TPU/MWCNT nanocomposites. 
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The rheological behavior of the polymer/MWCNT nanocomposites analyzed is presented and 
discussed in Chapter four. The viscosity decreased with increasing temperature for all 
polymer/MWCNT nanocomposites, more significantly at low shear rates. Whereas, at higher shear rates, 
the molecules disentangle and align, meaning that the mobility of polymer molecules increases and the 
dependency of viscosity on temperature decreases. The addition of MWCNTs was found to increase the 
viscosity, especially for the nanocomposites with higher MWCNT loadings, and to decrease the shear-
thinning index, which can have an impact on the processability of the melt due to miscibility of the blend. 

The results in Chapter five show that the nanocomposites with the LDPE, HDPE, and PP 
matrix, the specific volume is nearly constant with increasing nanotube loading up to 1 wt.%, where a 
further increase of MWCNT loading results in a decrease in the specific volume. However, the specific 
volume of the EVA/MWCNT nanocomposites has similar values only at low MWCNT loadings (0.1, 0.3, 
and 0.5 wt.%) with a decreasing trend with increasing the MWCNT loading. Regarding the pVT data of 
the TPU/MWCNT nanocomposites, the specific volume in the solid state has lower values at 1 wt.% than 
the ones found at low MWCNT loadings. The reduction of the specific volume with the addition of 
MWCNTs can be explained by the nanotubes that do not expand or contract as the temperature changes 
and counteract shrinkage effects due to molecular orientation. Also, the effect of MWCNTs on the 
specific volume slightly decreases by increasing pressure. 

Beside the temperature and pressure, the thermal conductivity is also influenced by addition to 
the MWCNT loading and is thouroughly discussed in Chapter six. When the effects of temperature and 
pressure were separated from that of the MWCNTs, the results indicated a moderate enhancement in the 
thermal conductivity of the polymer/MWCNT nanocomposite (24–46%) with increasing MWCNT 
loading from 0.1 to 5 wt.%, although MWCNTs can exhibit thermal conductivity as high as 3000 W/m·K. 

Chapter seven presents the analytical modeling of material properties of the polymer/MWCNT 
nanocomposites, i.e., the rheological and specific volume behavior using the Cross–WLF and 2-domain 
Tait models, respectively. The shear-thinning index calculated by the Cross–WLF model indicated that 
the polymer/MWCNT nanocomposites are suitable for injection molding. Furthermore, the values of 
shear-thinning index indicate that the nanotubes are in a state of good dispersion and aligned in the flow 
direction. Regarding the 2-domain Tait model, the specific volume at zero pressure was found to be 
nearly constant with increasing nanotube loading up to 1 wt.%, where a further increase of MWCNT 
loading results in a decrease in the specific volume. 

Finally, in Chapter eight, the summary of the conclusions described at the end of each chapter 
are presented, followed by the original contributions of the author and potential and future research 
directions. 

 
Keywords: low-density polyethylene, high-density polyethylene, ethylene vinyl acetate, polypropylene, 
thermoplastic polyurethane, carbon nanotubes, DSC, shear viscosity, shear-thinning, specific volume, 
thermal conductivity 
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1. STATE-OF-THE-ART 
 
 

1.1. Introduction 
 
When filler is added to a polymer as reinforcement, the reinforcing filler component (strong and 

stiff) is supposed to bear most of the load or stress applied to the system while the polymer (low strength, 
fairly tough and extensible) should effectively transmit the load to the filler [1]. Advanced engineering 
materials with nano-sized fillers embedded inside the polymer matrix are named nanocomposites [2]. 
Nanocomposites are introduced in applications, such as medicine, food packaging, tissue engineering, 
agriculture, aerospace, and automotive industries [3,4] due to their exceptional mechanical [5-8], 
electrical [9-12], and thermal [13-15] properties, easy fabrication and cost-effectiveness [16,17]. 

The rheological parameters (viscosity, shear stress, shear rate, power-law index, n) are very 
important in deciding the suitable processing techniques and temperatures [26] in the manufacturing 
processes (injection molding or extrusion) [27]. The addition of fillers usually increases the viscosity 
Error! Reference source not found., which can have an impact on the processability of the melt due to 
miscibility of the blend [26], thus the filler also becomes an important parameter [1]. 

Pressure-Volume-Temperature (pVT) data provides the specific volume, Vsp, at different pressure 
and temperature, as well as the variation of the glass transition temperature, Tg, with pressure [29]. The 
free volume available to molecules is reduced by increasing pressure or decreasing temperature, thus 
resulting in an increase in the intermolecular interactions [29]. It is expected that the viscosity would be 
less temperature sensitive for the filled polymer composites than the unfilled polymer [1] due to the fact 
that the free volume change is limited to the polymer fraction of the composite [1]. 

Rheological and pVT data provide essential information for process simulation, which is an 
important part of the process setup and product design [30]. The quality of the molded part is influenced 
by the pVT behavior [31] and can be an aid to design engineers to know how the polymer will behave 
inside the mold. Softwares such as Autodesk Moldflow and Moldex3D provide quantitative predictions 
based on reliable data to improve the flow, shrinkage or warpage problems in the molded parts [31,32]. 
Based on the volumetric change of the polymer, the volumetric shrinkage of the molded part can be 
predicted by the pVT data. If the rheological behavior inside the mold can be simulated then the time, cost 
and material can be reduced as opposed to the trial and error method [32,33]. 

The rheological and pVT data are temperature dependent, thus a deviation of calculated flow 
lines and shrinkage results in deviations in the simulated temperature history due to inaccurate thermal 
conductivity (TC) data [34]. The TC data are necessary to reduce the occurrence of hot spots in injection 
molding specimens and for optimizing the heat transfer, thus less scrap rates [34]. The thermal 
conductivities of nanocomposites are strongly influenced by the filler type, size and shape [15,35,36], but 
also by the crystalline structure and interatomic interactions [15,37]. A major setback of the thermally 
conductive polymer nanocomposites is the high filler loading needed to achieve an appropriate level of 
TC [15], causing the nanocomposite to be brittle, have poor processability and a high cost [15,37,38]. 

 

1.2. Review on the rheological behavior 
 
The following review highlights the rheological behavior of polymer/CNT nanocomposites in 

terms of investigating the effect of CNTs on the viscosity. Since the rheological properties of 
polymer/CNT nanocomposites have been investigated by a numerous scientific reports, the discussion 
was focused on the most significant matrices. However, most papers investigated the viscosity at low 
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shear rates, thus providing little data regarding the viscosity at the medium and high shear rates that 
appear in the manufacturing processes. 

Han et al. (2009) [68] showed that the complex viscosity and the storage and loss moduli of 
HDPE/multi-walled carbon nanotubes (MWCNTs) slightly increased with increasing MWCNT loading 
up to 5 wt.%, then significantly increased with further increasing the MWCNT loading (Figure 1.1), 
suggesting a rheological percolation threshold at 5 wt.%. 

 

Frequency (rad/s)

C
om

p
le

x 
vi

sc
os

it
y  

(P
a 

s)

10-2

HDPE
HDPE/   1 wt.% MWCNT
HDPE/   3 wt.% MWCNT
HDPE/   5 wt.% MWCNT
HDPE/ 10 wt.% MWCNT

10-1
100

100 101 102 103

102

104

106

HDPE/ 15 wt.% MWCNT

108

 
Figure 1.1. Complex viscosity as a function of frequency for the HDPE/MWCNT nanocomposites 

Recreated from [68] 
 

1.3. Review on the pVT behavior 
 
In the following review, the pVT behavior of polymers and various composites was studied since 

no data regarding the specific volume behavior of polymers/CNT nanocomposites was found. 
Heidari (2018) [102] measured the pVT properties of neat UHMWPE and filled with 10 wt.% 

nanohydroxyapatite (nHA) using SWO PVT 100 apparatus. Figure 1.2 shows that the specific volume 
decreased with the addition of the filler and with increasing pressure. Also, the specific volume increased 
with increasing temperature. 
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Figure 1.2. Specific volume of (a) UHMWPE and (b) UHMWPE with 10 wt.% nHA 
as a function of pressure and temperature 
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1.4. Review on the TC behavior 
 
From literature review, the first factor that affects the thermal conductivity of polymers/CNT 

nanocomposites is the temperature; if the temperature is increased, often the TC of polymer/CNT 
nanocomposites increases up to a certain limit [107]. Additionally, the increase of defects in the CNT 
network and poor dispersion significantly reduces the value of thermal conductivity [107]. 

Ali et al. (2016) [112] studied the effect of MWCNTs on the TC of polylactic acid 
(PLA)/MWCNT nanocomposites modified with liquid natural rubber (LNR). Figure 1.3.a shows that the 
TC increased with increasing MWCNT loading up to 3.5 wt.% by forming conducting path in the matrix. 
Further increasing the MWCNT loading to 4 wt.%, the TC decreased since the extended shape of 
MWCNTs reduced the crystallization of matrix with increasing the temperature. The TC of the 
nanocomposites with ≤3.5 wt.% of MWCNTs decreased with increasing the temperature due to the 
presence of defects and large boundaries at the matrix/MWCNT interface, which increased the thermal 
resistivity. Figure 1.3.b shows that, at higher MWCNT loading in the PLA/LNR matrix, a decrease in the 
thermal conductivity value is observed due to the presence of MWCNT agglomeration that will block the 
phonon travels. The optimum value of TC at 30 °C was found at PLA/LNR filled with 3.5 wt.% of 
MWCNTs. At higher loadings than 3.5 wt.%, the poor MWCNT dispersion in the nanocomposites leads 
to a decrease in TC values, showing that the MWCNT dispersion in the matrix has an important role in 
enhancing thermal conductivity. 
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Figure 1.3. Thermal conductivity of PLA/LNR as a function of (a) temperature and (b) MWNCT loading at 30 °C 
Recreated from [112] 

 

1.5. Conclusions and research directions 
 
Polymer/carbon nanotube (CNT) nanocomposites have attracted substantial research and 

industrial interests owing to the CNTs outstanding thermal conductivity, electrical conductivity and 
mechanical properties. The increased usage of CNTs in polymers has opened up a new necessity for the 
manufacturing industry: the integration of polymer/CNT nanocomposites data in a CAD/CAE simulation 
for extrusion or injection molding process. Reliable numerical simulations of the melt manufacturing 
processes (e.g., injection molding and extrusion) can be performed using reliable material information 
(e.g., physical, mechanical, and rheological properties and specific volume) for each polymer/CNT 
nanocomposites. 

In the last years, numerous investigations have been conducted to characterize the polymer/CNT 
nanocomposites. However, the material property data for numerical simulation may be acquired by 
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combining the physical, thermal, and mechanical properties from different sources. This compromise may 
lead to very serious errors since the material properties are influenced by many factors, such as polymer 
matrix, CNTs type, dispersion and alignment of CNTs within the polymer matrix etc. 

From literature review, the rheological behavior of polymer/CNT nanocomposites revealed 
important details about the characteristics of the interface and the extent of polymer–nanotube interfacial 
interactions. Generally, the shear viscosity increased with increasing CNT loading due to the fact that the 
addition of CNTs blocks the movement and extensional activities of the macromolecular chains; therefore 
the rheological percolation threshold of the polymer-based CNT composites can be achieved under a 
CNT loading of 5 wt.%. The effect of CNTs is more important at low shear rates, while, at higher shear 
rates, the shear-thinning effect is enhanced regardless of CNT loading due to the CNT orientation. The 
general behavior reported is that, with increasing the CNT loading, a transition from a liquid-like to solid-
like rheological response is observed, where the Newtonian plateau fades and the storage and loss moduli 
curves flatten in the low frequency region. 

Studies regarding the pVT behavior of polymer/CNT nanocomposites were not available in the 
literature; therefore the pVT behavior of polymers and other nanocomposites was discussed. Generally, 
the specific volume decreases with increasing pressure and decreasing temperature. Also, the specific 
volume was influenced by the filler added in the polymer matrix. 

Generally, the thermal conductivity of polymer/CNT nanocomposites increased with increasing 
temperature and increasing the CNT loading due to the changes at the interface between the polymer and 
CNTs. However, no information regarding the thermal conductivity dependency on pressure of 
polymer/CNT nanocomposites was found in literature. 

 

A single source of material property data is needed for engineering calculations and simulations 
of manufacturing process, such as the injection molding process. The literature showed that the pVT and 
TC behaviors of polymer/CNT nanocomposites were barely investigated amongst the mechanical and 
rheological characterization, meaning that a reliable numerical simulation can not be performed. 
Therefore, the main objective of this thesis is to determine the material properties as analytical models 
that can be used in processing simulation and material properties prediction since they are affected by 
crystallinity, filler addition, processing conditions etc. 

The objective was partly fulfilled by characterizing the polymer-based CNT composites through 
differential scanning calorimetry (DSC), capillary rheometry and pVT and TC measurements (Figure 1.4). 
The DSC1 scans were performed to study the thermal transitions (melting/crystallization behavior, the 
degree of crystallinity, glass transitions etc.) of the polymer-based CNT composites. The rheological 
parameters (viscosity, shear stress, shear rate, power-law index) were determined due to their importance 
in deciding the suitable processing techniques and temperatures in the manufacturing processes. The pVT 
diagrams were drawn to provide the specific volume at different pressures and temperatures, as well as 
the variation of the glass transition temperature with pressure. Lastly, the TC behavior based on pressure, 
temperature and MWCNT loading was investigated since it is an important parameter to reduce the 
occurrence of hot spots in injection molding specimens and for optimizing the heat transfer. However, the 
mechanical and electrical properties of the polymer/CNT nanocomposites are not presented in this work, 
but can be found in various research articles affiliated to the Center of Excellence Polymer Processing, 
Dunarea de Jos University of Galati. 

 

 
Figure 1.4. Representation of the measurements performed 

                                                           
1 The DSC measurements were performed by the Institute of Macromolecular Chemistry “Petru Poni” (Iasi, Romania). 

Polymer/MWCNTs 
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2. MATERIALS AND CHARACTERIZATION METHODS 
 
 

2.1. Materials 
 
The materials analyzed in this thesis are thermoplastics, such as low-density polyethylene 

(LDPE), high-density polyethylene (HDPE), ethylene vinyl acetate (EVA), polypropylene (PP) and 
thermoplastic polyurethane (TPU). The polymer matrices are filled with 0.1, 0.3, 0.5, 1, 3, and 5 wt.% of 
multi-walled carbon nanotubes (MWCNTs, Nanocyl NC7000TM) [113], designed for extrusion and/or 
injection molding processes and supplied by Nanocyl S.A. (Belgium) [114-118]. 

The NC7000TM carbon nanotubes were produced by Catalytic Chemical Vapor Deposition 
(CCVD) method, with an average diameter of 9.5 nm and length of 1.5 µm [113]. Industrial NC7000™ 
CNTs are used in transportation, electronics (packaging, EMI-shielding, sensors), energy (Lithium-ion), 
and industrial applications (dynamic rubber parts, coatings and heating elements) [113]. 

PlasticylTM masterbatches are thermoplastic/ multi-walled carbon nanotubes concentrates, mostly 
used for applications that require superior electrical conductivity and electrostatic discharge properties 
[113]. Table 2.1 presents the grade of the thermoplastic used in the processing of the nanocomposites, the 
mixing temperature and name of the masterbatches used for the extrusion of the pellets. Nanocomposites 
with 1–5 wt.% of MWCNTs were obtained by successive dilutions of commercially available 
masterbatches (10, 15 or 20 wt.% of MWCNTs) on a 48 mm twin screw extruder and the compounds 
with 0.1–0.5 wt.% of MWCNTs were made from the 1–5 wt.% nanocomposites. The compound dilutions 
were performed by Nanocyl S.A. in order to preserve the industrial character of the dilution process. 

 
Table 2.1. Polymer grades analyzed 

Thermoplastic Grade 
Mixing temperature 

(°C) 
Masterbatch 

LDPE ExxonMobilTM LDPE LD 655 135 LDPE2001 
HDPE BormedTM HE9621-PH 220 HDPE1501 
EVA EVATANE® 2020 170 EVA2001 
PP Moplen HP400R 230 PP2001 

TPU Estane® 54610 170 TPU1001 

 
2.1.1. LDPE/MWCNT nanocomposites 

 
The LDPE/MWCNT nanocomposites analysed were obtained by successive dilutions of 

LDPE2001 (Nanocyl S.A., Belgium) conductive masterbatch, which is LDPE (grade ExxonMobilTM LD 
655, [129]) filled with 20 wt.% of MWCNTs [114]. LDPE2001 is ideal for extrusion and injection 
molding processes due to its low viscosity and high flow [114]. The main characteristics of LDPE2001 
given in the technical data sheet (TDS) [114] are a density of 0.93 g/cm3 and a MFI (190 °C, 21.6 kg, 4 
mm) of 10.1±2.1 g/10 min. The matrix properties include a typical value of density of 0.913 g/cm3, a MFI 
(190 °C, 2.16 kg) of 150 g/10 min and a peak melting temperature of 101 °C [129]. 

 
2.1.2. HDPE/MWCNT nanocomposites 

 
The HDPE/MWCNT nanocomposites analysed were obtained by successive dilutions of 

HDPE1501 (Nanocyl S.A., Belgium) masterbatch, which is HDPE (grade BormedTM HE9621-PH, [130]) 
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filled with 15 wt.% of MWCNTs [115]. The main characteristics of HDPE1501 given in the TDS [115] 
are a MVR (190 °C, 21.6 kg, 4 mm) of 25.0±3 g/10 min and a melting point of 135 °C. The matrix 
properties include a typical value of density of 0.964 g/cm3, a MFR (190 °C, 2.16 kg) of 12 g/10 min and 
a peak melting temperature of 133 °C [130]. 

 
2.1.3. EVA/MWCNT nanocomposites 

 
The EVA/MWCNT nanocomposites analysed were obtained by successive dilutions of 

EVA2001 (Nanocyl S.A., Belgium), which is a conductive masterbatch based on EVA (grade 
EVATANE® 20–20, containing 20 wt.% of VA [135]) filled with 20 wt.% of MWCNTs [116]. The main 
characteristic of EVA2001 given in the technical data sheet [116] is a MFI (230 °C, 20 kg, 4 mm) of 
6±1.2 g/10 min. EVATANE® 20–20 properties include a typical value of density of 0.95 g/cm3 and a 
MFI (190 °C, 2.16 kg) of 17–23 g/10 min [135]. 

 
2.1.4. PP/MWCNT nanocomposites 

 
The PP/MWCNT nanocomposites analysed were obtained by successive dilutions of PP2001 

(Nanocyl S.A., Belgium) conductive masterbatch, which is PP (grade Moplen HP400R [136]) filled with 
20 wt.% of MWCNTs [117]. The main characteristics of PP2001 given in the TDS [117] are a density of 
0.872 g/cm3 and a melting point of 165 °C. Moplen HP400R is a homopolymer polypropylene that 
exhibit high fluidity combined with a good stiffness, suitable for food contact and used for injection 
molding applications [136]. Its properties include a density of 0.9 g/cm3, a MFR (230 °C, 2.16 kg) of 25 
g/10 min and a MVR (230 °C, 2.16 kg) of 34 cm3/10 min [136]. 

 
2.1.5. TPU/MWCNT nanocomposites 

 
The TPU/MWCNT nanocomposites analysed were obtained by successive dilutions of TPU1001 

(Nanocyl S.A., Belgium) masterbatch, which is TPU (grade Estane® 54610, [139]) filled with 10 wt.% of 
MWCNTs [118]. The main characteristics of TPU1001 given in the technical data sheet [118] are a MVR 
(190 °C, 15 kg, 4 mm) of 25.6±3 cm3/10 min and a density of 1.216 g/cm3. Estane® 54610 is an aromatic 
polyester-based thermoplastic polyurethane that exhibit good physical properties, chemical resistance and 
a wide processing window and is mainly used in calendering and film extrusion [139]. Its properties 
include a tensile strength of 37.2 MPa, a melting temperature of 120 °C and a glass transition temperature 
of -25 °C [139]. 

 

2.2. Characterization 
 

2.2.1. Differential Scanning Calorimetry 
 
Differential scanning calorimetry (DSC) measurements were used to study the influence of the 

MWCNT loading on the thermal transitions (melting/crystallization behavior, the degree of crystallinity, 
glass transitions etc.) of the composites. Literature shows that CNT loading significantly affects the 
thermal domains of the polymers [144,145]. After the DSC curves were obtained, the crystallinity degree, 
χ, was calculated [146] 

  100
1










c

p

H

H
 (%), (2.1) 

where ΔHp is the melt enthalpy of tested polymer, in J/g, ΔHc – melt enthalpy of fully crystalline material 
as reference, in J/g, and   – weight fraction of MWCNTs. 



Materials and Characterization Methods 

 7 

 

2.2.2. Bulk density 
 
The bulk density of the polymer/CNT nanocomposites was measured on a AB-204-S/FACT 

balance (Mettler Toledo, USA) equipped with a density determination kit. The bulk density of the sample 
was calculated based on the Archimedes’s principle. The same pellets were weighed in air, then in 
ethanol. The bulk density is calculated with [148] 

  LLEA

A  


 0  (g/cm3), (2.2) 

where A and E are the weights (g) of the pellets measured in air, respectively in ethanol, ρ0 is the density 
of ethanol (varies with temperature) and ρL is the density of air, 0012.0L  g/cm3. The reported results 

of the bulk density are the averages and the standard deviations of ten measurements. 
 

2.2.3. Capillary rheometry 
 
The flow behavior and viscosity of the polymer/CNT nanocomposites were determined on a 

Rheograph 75 high-pressure capillary rheometer (Göttfert, Germany) that can make measurements at 
temperatures up to 400 °C, shear rates up to 107 s-1, in accordance to ASTM D3835. Before rheological 
measurements, the nanocomposites were dried in a vacuum oven (Raypa, Spain) to eliminate any 
moisture using the drying conditions presented in Table 2.2.  

 
Table 2.2. Vacuum drying conditions 

Thermoplastic 
Temperature 

(°C) 
Time 

(h) 
LDPE 
HDPE 

2 

TPU 
PP 

80 
4 

EVA 60 3 
 

For each temperature, three capillary dies were used that have a 1 mm diameter round-hole and 
three length-diameter ratios (L/D) of 30/1, 20/1 and 10/1 with 180° entrance angle. Then the linear Bagley 
and Weißenberg-Rabinowitsch corrections were performed using the WinRheo II software (Göttfert, 
Germany). For each temperature, the shear viscosity was determined using the true shear rate and shear 
stress. Table 2.3 shows the investigated temperature and shear rate ranges for the polymer/CNT 
nanocomposites analysed. 

 
Table 2.3. Experimental conditions for viscosity measurements 

Thermoplastic 
Temperature ranges 

(°C) 
Shear rate ranges 

(s-1) 
LDPE 110 – 150 50 – 5000 
HDPE 170 – 230 75 – 5000 
EVA 120 – 180 100 – 5000 
PP 190 – 230 10 – 10000 

TPU 180 – 210 10 – 5000 

 
2.2.4. Specific volume 

 
In this thesis, the pressure-Volume-Temperature (pVT) diagrams of the polymer/CNT 

nanocomposites was determined using the RG75 capillary rheometer equipped with a pVT device (the 
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pVT capillary die is blocked by a capillary plug); procedure standardized in ISO 17744. The pVT 
measurements were based on the isothermal compression in order of decreasing temperature (Table 2.4) 
and increasing pressures from 10 to 1250 bar. 

The experimental pVT data were then fitted to the modified 2-domain Tait model [31] using the 
WinRHEO II software. The obtained pVT diagrams (i) represent the existent relationship between 
pressure, specific volume and temperature; (ii) show transition temperatures as a function of temperature 
and pressure and (iii) can be used to determine the compressibility and volumetric thermal-expansion 
coefficients. 

 
Table 2.4. pVT diagram experimental conditions 

Thermoplastic 
MWCNTs 

(wt.%) 
Loading temperature 

(°C) 
Testing temperatures 

(°C) 
0.1 – 3 110 

LDPE 
5 115 

30 – 160 

0.1 – 1 138 
HDPE 

3, 5 140 
50 – 200 

0.1 – 1 110 
EVA 

3, 5 115 
50 – 180 

PP 0.1 – 5 190 80 – 220 
TPU 0.1 – 5 140 50 – 180 

 
2.2.5. Thermal conductivity 

 
Thermal conductivity (TC) measurements of the polymer/CNT nanocomposites were conducted 

using a RG75 capillary rheometer equipped with a lockable die and a thermal conductivity probe, which 
was inserted into the nanocomposite melt. The TC probe consists of a thin walled piston with a 
thermocouple and a heating element in the centre and generates a defined heat flow through the sample 
with a 69 volts DC power supply. Thermal conductivity measurements were according to ASTM D5930. 
Measurements were made at various testing temperatures (Table 2.5), in decreasing order, and at 
increasing pressures from 100 to 500 bar. Before the measurements, the nanocomposites were dried under 
the vacuum drying conditions presented in Table 2.2. 

The thermal conductivity, λ (W/m·K), was calculated from the slope of the measurement points 
in the time range of 60 and 120 s (inset of Figure 2.4) and their respective temperatures. Two fixed values 
are used in the software based on the dimensions of the TC probe [149]: the specific heat energy of the 

probe, 765.159Q  W/m, and the correction constant of the probe, 51.0C . 

 
Table 2.5. Experimental conditions for TC measurements 

Thermoplastic 
MWCNTs 

(wt.%) 
Loading temperature 

(°C) 
Testing temperatures 

(°C) 
0.1 – 0.5 110 

LDPE 
1 – 5 115 

50 – 140 

0.1 – 0.5 140 
HDPE 

1 – 5 145 
80 – 200 

0.1 – 1 110 
EVA 

3, 5 115 
50 – 180 

TPU 0.1 – 5 140 60 – 210 
PP 0.1 – 5 190 70 – 200 
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3. THERMAL PROPERTIES OF POLYMER/MWCNT NANOCOMPOSITES 
 
 

3.1. Experimental results 
 

3.1.1. Thermal behavior of LDPE/MWCNT nanocomposites 
 
The typical DSC curves corresponding to the first heating, cooling, and second heating scans for 

the LDPE/MWCNT nanocomposites are shown in Figure 3.1. The first heating scan displays a shouldered 
peak at around 80–87 °C and an endothermic peak at around 104–107 °C while the second heating scan 
only shows an endothermic peak at around 102–103 °C. In the cooling scan, the crystallization 
temperature of the nanocomposites is nearly constant at around 90 °C for the nanotube loadings up to 1 
wt.% while, at higher nanotube loadings, is shifted towards lower values due to the variations in the 
nucleation activity of the CNTs [150]. 
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Figure 3.1. DSC curves for LDPE/MWCNT nanocomposites 
 
Table 3.1 summarizes the melt enthalpy ( pH ), the melting and crystallization temperatures 

(Tm, Tc) of the LDPE/MWCNT nanocomposites determined by the DSC analysis software. The 
LDPE/MWCNT nanocomposites show a significant change in the melt enthalpy with values from 60 to 
89 J/g for MWCNT loadings ranging from 0.1 to 5 wt.% (Table 3.1), but without a clear trend. For the 
determination of the crystallinity degree (χ), the equation (2.1) was used, where the value of the melt 
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enthalpy of fully crystalline LDPE ( cH ) was selected to be 293.6 J/g [151]. The results of the second 

heating scan show that the % crystallinity of the LDPE/MWCNT nanocomposites has an increasing 
tendency compared with the first heating scan. The highest % crystallinity was obtained for the LDPE/5 
wt.% of MWCNTs nanocomposite while the lowest % crystallinity was observed for the nanocomposite 
with 3 wt.%. 

 

Table 3.1. DSC results for the LDPE/MWCNT nanocomposites 
1st heating scan cooling scan 2nd heating scan MWNCTs 

(wt.%) mT  (°C) pH  (J/g)   (%) cT  (°C) pH  (J/g) mT  (°C) pH  (J/g)   (%) 

0.1 104.78 66.25 22.59 89.67 -87.00 102.76 78.94 26.91 
0.3 104.71 71.63 24.47 89.87 -83.24 102.00 82.44 28.16 
0.5 103.80 84.72 29.00 89.70 -91.65 101.76 88.78 30.39 
1 105.40 68.77 23.66 89.23 -82.23 102.40 80.29 27.62 
3 106.91 60.08 21.10 88.04 -67.65 102.40 67.65 23.75 
5 104.36 72.73 26.08 86.70 -85.18 103.30 86.34 30.96 

 

3.2. Discussions 
 
The cooling scans of the semi-crystalline polymers/MWCNT nanocomposites displayed a single 

crystallization peak. The DSC measured crystallization temperatures are presented in Figure 3.2 as a 
function of MWCNT loading. A linear trendline function on the graphs was performed in order to asses 
the results. An increase of the crystallization temperature was observed when the MWCNT loading 
increased for the PP/MWCNT nanocomposites. The gradual shift to higher temperatures indicates that the 
crystallization process is facilitated in the presence of MWCNTs (i.e., the nucleation starts around CNTs). 
When the MWCNT loading increased on the nanocomposites that have a LDPE, HDPE and EVA matrix, 
a small decrease of the crystallization temperature was observed. 
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Figure 3.2. Crystallization temperature of the 

polymer/MWCNT nanocomposites as a function of 
MWCNT loading (cooling scan) 

Figure 3.3. Melting temperature of the 
polymer/MWCNT nanocomposites as a function of 

MWCNT loading (second heating scan) 
 
Figure 3.3 shows the MWCNTs influence on the melting temperature from the second heating 

scan (after removal of the thermal history due to processing–melt mixing conditions) for the 
polymer/MWCNT nanocomposites. A linear trendline function on the graphs was performed in order to 
asses the results. A small increase of the melting temperature was observed when the MWCNT loading 
increased for the nanocomposites that have a LDPE, HDPE, and PP matrix. The melting temperature 
slightly decreased with increasing MWCNT loading for the EVA and TPU/MWCNT nanocomposites. 
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4. VISCOSITY AND RHEOLOGICAL BEHAVIOR OF POLYMER/MWCNT 
NANOCOMPOSITES 

 
 

4.1. Experimental results 
 

4.1.1. Melt flow curves of LDPE/MWCNT nanocomposites 
 
The rheological measurements on LDPE/MWCNT nanocomposites were performed at shear 

rates ranging from 50 to 5000 s-1 and at temperatures ranging from 110 to 150 °C. The apparent shear 
stress increased with increasing shear rate due to the shear-thinning behavior (i.e., non-Newtonian 
behavior) of the nanocomposites, meaning that the shear stress/viscosity is dependent on the shear rate 
(Figure 4.1). The non-Newtonian behavior can be attributed to the chain alignment that results in an 
increase of the shear stress (i.e., decreased viscosity). 

The apparent shear stress decreased with increasing temperature, more significantly at low shear 
rates. Therefore, the shear stress is dependent on temperature since the molecules disentangle and align, 
which increase the mobility of polymer molecules [182]. For example, at 1000 s-1, the apparent shear 
stress of LDPE/MWCNT nanocomposites decreased by 45.24% to 38.40% when the temperature 
increased from 110 to 140 °C. The change in shear stress decreased when the MWCNT loading increased 
(i.e., the 45.24% and 38.40% decrease is attributed to the nanocomposites with 0.1 and 5 wt.% of 
MWCNTs, respectively). By further increasing the shear rate to 5000 s-1, the temperature dependency on 
the shear stress decreased (i.e., 33.36% and 29.68% decrease for the 0.1 and 5 wt.%, respectively). 
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Figure 4.1. Apparent shear stress vs apparent shear rate for LDPE/MWCNT nanocomposites (L/D = 30/1) 
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4.2. Discussions 
 

4.2.1. Shear rate dependency of melt shear stress 
 
The apparent shear stress versus apparent shear rate plots for polymer/MWCNT nanocomposites 

at different temperatures, L/D = 30/1 capillary die and MWCNT loadings are presented in Figure 4.2, in a 
log-log scale. The symbols represent the experimental data and the continuous lines represent the 
trendline analysis (linear or logarithmic fit). The shear stress clearly increases with increasing shear rate, 
showing the shear rate dependency for all polymer/MWCNT nanocomposites. 

In the case of LDPE/MWCNT nanocomposites, at low nanotube loadings (0.1 to 0.5 wt.%) and 
shear rates up to 100 s-1, as shown in Figure 4.2.a, the logarithm of the apparent shear stress deviates from 
a linear shape, indicating that the nanocomposites exhibit Newtonian flow behavior. However, at higher 
nanotube loadings, as shown in Figures 4.2.b-d, the LDPE/MWCNT nanocomposites exhibit non-
Newtonian behavior even at low shear rates (50 to 100 s-1). At higher shear rates, the shear-thinning 
behavior is present since the rigid MWCNT bundles in the polymer matrix tend to orient under shear 
force, thus disturbing the formation of the polymer chain entanglements [56]. 
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Figure 4.2. Apparent shear stress vs apparent shear rate (log-log) for LDPE/MWCNT nanocomposites 
(L/D = 30/1) 

 
For all polymer/MWCNT nanocomposites, the shear stress decreases with increasing 

temperature, indicating an increase of the free volume [56]. Particularly, the decrease of shear stress with 
the temperature was significantly higher for the nanocomposites with the LDPE, EVA, and TPU matrix. 
Meanwhile, the apparent shear stress slightly decreases with increasing melt temperature for the HDPE 
and PP/MWCNT nanocomposites. Meanwhile, the shear stress increases with increasing MWCNT 
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loading, which indicates a transition from a liquid-like to a solid-like behavior due to the formation of a 
percolated nanotube network that impedes the motion of polymer chains [63]. 

The relationship between the apparent shear stress, a , and shear rate, a , can be described by 

the power-law equation [45,82] 
n
aa K    (Pa·s), (4.1) 

where K represents the consistency of the polymer melt and n is the shear-thinning index. An exponent of 
1n  is associated with a Newtonian behavior, while 1n  counts for shear-thinning [45,49]. Table 4.1 

shows that both temperature and MWCNT loading have a significant effect on the K and n parameters for 
the polymer/MWCNT nanocomposites. 

In the case of LDPE/MWCNT nanocomposites, the values of the K parameter was found to 
increase with increasing MWCNT loading and to decrease with increasing temperature, while the shear-
thinning index (0.22–0.38) was found to decrease with increasing MWCNT loading, indicating shear-
thinning behavior over the investigated shear rates. The values of K are lower for LDPE/MWCNT 
nanocomposites with 0.1 wt.% than for composites containing 5 wt.% (Table 4.1). On the other hand, the 
values of n are found to be higher for composites with lower MWCNT loading than for the 
nanocomposites with higher MWCNT loading. 

 
Table 4.1. Parameters of the power-law model for the LDPE/MWCNT nanocomposites 

MWCNTs (wt.%) 
Parameter 

Temperature 
(°C) 0.1 0.3 0.5 1 3 5 
110 3.646 3.690 3.680 3.741 3.852 4.093 
120 3.482 3.530 3.513 3.613 3.732 3.955 
130 3.336 3.372 3.361 3.459 3.607 3.843 

K 

140 3.180 3.202 3.187 3.315 3.481 3.747 
110 0.297 0.288 0.291 0.279 0.264 0.224 
120 0.324 0.313 0.318 0.296 0.279 0.242 
130 0.348 0.340 0.344 0.322 0.297 0.257 

n 

140 0.376 0.372 0.376 0.346 0.316 0.269 
110 0.999 1.000 1.000 0.999 0.999 1.000 
120 1.000 0.999 1.000 0.999 1.000 0.999 
130 1.000 1.000 1.000 1.000 1.000 0.999 

R2 

140 1.000 1.000 1.000 1.000 1.000 0.999 

 
Figure 4.3 presents the shear-thinning index as a function of temperature and polymer matrix. It 

clearly shows that, as the MWCNT loading increases, the temperature dependency of the n index 
decreases. For example, when the temperature increased from 180 to 210 °C, the shear-thinning index 
increased by 58.68% and 7.17%, for TPU/MWCNT nanocomposites with 0.1 and 5 wt.%, respectively. 

 
4.2.2. Temperature dependency of melt shear viscosity 

 
Temperature influences the rheological properties of the polymer matrix, but it can also affect 

the state of dispersion of the nanocomposites via changes in the nanotube–nanotube interactions and in 
the wettability of the CNTs with the matrix [183]. The temperature dependence of the melt shear viscosity 
of the LDPE/MWCNT nanocomposite is governed by the Arrhenius law and is depicted in Figure 4.4 for 
different apparent shear rates. The slopes of the graphs ( ga RE / ) define the flow activation energy, aE , 

where gR  is the gas constant, 314.8gR  J/(mol·K). The values of the activation energy of 

LDPE/MWCNT nanocomposites are presented in Table 4.2. 
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Figure 4.3. Shear-thinning index of the polymer/MWCNT nanocomposites (L/D = 30/1) 
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Figure 4.4. Dependence of shear viscosity of LDPE/MWCNT nanocomposites 

on temperature and apparent shear rate 
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Table 4.2. Activation energy of LDPE/MWCNT nanocomposites, based on Arrhenius equation 

Activation energy, aE  (kJ/mol) App. shear rate, 
  (1/s) 0.1 wt.% 0.3 wt.% 0.5 wt.% 1 wt.% 3 wt.% 5 wt.% 

75 37.986 39.880 39.584 35.303 29.769 26.880 
250 29.722 30.432 30.183 27.297 27.928 24.134 
500 26.806 27.163 27.125 25.670 24.639 23.061 
1000 25.723 24.564 24.457 24.603 24.236 21.168 
2000 21.816 21.936 21.997 20.905 20.742 18.555 
3000 20.839 20.778 20.677 20.048 19.793 17.025 
4000 19.407 19.407 19.286 18.504 18.308 16.014 
5000 18.391 18.380 18.302 17.413 17.893 15.355 

 
For all polymer/MWCNT nanocomposites, the aE  decreases with increasing shear rate and with 

increasing MWCNT loading from 0.1 to 5 wt.%, indicating that the nanotubes are less restricted and have 
less interactions with the polymer chains, meaning that more nanotube–nanotube interactions exist 
[183,184]. The sensitivity of the viscosity to the nanotube loading weakens at high shear rates and 
temperature since the motion ability of polymer chains is enhanced, thus significantly decreases the 
resistance between the melt layers, reducing the melt viscosity [184-187]. 

 
4.2.3. Effect of MWCNTs of melt shear viscosity 

 
The variation of the apparent shear viscosity with apparent shear rate during the capillary flow of 

the LDPE/MWCNT nanocomposites at two temperatures is presented in Figure 4.5, in a bi-logarithmic 
scale. The melt shear viscosity of all polymer/MWCNT nanocomposites increases with increasing 
MWCNT loading at the shear rates investigated. With the increase of nanotube loading, nanotube–
nanotube interactions increase and the polymer chains are generally more restrained. As a result, the 
apparent viscosities of the nanocomposites melt increases. 

At a constant shear rate, the viscosity curves of LDPE/MWCNT nanocomposites with low 
loadings (0.1, 0.3, and 0.5 wt.%) are overlapped with each other, as illustrated in Figure 4.5, indicating 
that the effect of low MWCNT loadings on the shear viscosity is less pronounced. It is evident that the 
apparent shear viscosity almost decreases linearly with increasing the shear rate, especially for the LDPE 
filled with 1, 3, and 5 wt.% of MWCNTs. At a given MWCNT loading and L/D ratio, the apparent shear 
viscosity decreases with increasing temperature, indicating an increase of the free volume [56]. Same 
tendancies were present for the HDPE, EVA, PP, and TPU/MWCNT nanocomposites. 
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Figure 4.5. Apparent shear viscosity vs apparent shear rate (log-log) of LDPE/MWCNT nanocomposites 

at (a) 120 °C and (b) 140 °C melt temperatures (L/D = 30/1) 
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To further present the effect of MWCNT loading the shear viscosity, the apparent melt shear 
viscosity is plotted versus MWCNT loading in Figure 4.6 for different apparent shear rates and two melt 
temperatures. It was observed that the apparent shear viscosity linearly increases with increasing 
MWCNT loading. 
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Figure 4.6. Linear relationship between apparent viscosity and MWCNT loading for 

LDPE/MWCNT nanocomposites at (a) 120 °C and (b) 140 °C melt temperatures (L/D = 30/1) 
 
In the case of LDPE/MWCNT nanocomposites, at a temperature of 120 °C (Figure 4.6.a) and a 

shear rate of 75 s-1, the apparent shear viscosity increased from 245.22 Pa·s to 551.19 Pa·s when nanotube 
loading increased from 0.1 to 5 wt.% (apparent shear viscosity increased with 125%). At a shear rate of 
5000 s-1, the apparent shear viscosity increased from 41.13 Pa·s to 54.08 Pa·s when nanotube loading 
increased from 0.1 to 5 wt.% (apparent shear viscosity increased by 31.49%). 

The solid lines in Figure 4.6 represent the best fit of apparent shear viscosity assuming a linear 
relationship between viscosity and MWCNT loading is formed by 

   (Pa·s), (4.2) 

where   is the MWCNT loading (wt.%) and α and β are constants. The best-fit parameters for the 

LDPE/MWCNT nanocomposites are given in Table 4.3, at different shear rates and melt temperatures. 
 

Table 4.3. Values of α and β parameters for the LDPE/MWCNT nanocomposites 

Melt temperature (°C) App. shear rate,   (1/s)     (Pa·s) 

75 70.358 313.550 
250 32.112 205.250 
1000 11.540 114.110 

110 

5000 3.038 46.021 
75 58.740 237.770 
250 26.836 162.170 
1000 9.998 91.591 

120 

5000 2.604 40.402 
75 51.102 176.170 
250 23.485 130.310 
1000 8.943 76.301 

130 

5000 2.514 35.174 
75 46.828 126.770 
250 20.925 102.840 
1000 8.166 63.556 

140 

5000 2.398 30.450 
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The values of  and β parameters decrease with increasing apparent shear rate or temperature, 
indicating that the sensibility of the apparent shear viscosity on the nanotube loading is weakened by 
increasing apparent shear rate and temperature. At low shear rates, the movements of the macromolecule 
chains of the polymer matrix melt are blocked by the presence of MWCNTs, which eventually form 
nanotube–nanotube networks. This results to an increase in flow resistance during capillary extrusion, 
which increases with increasing MWCNT loading [150]. Whereas, at high shear rates, the nanotubes align 
along the shearing direction, which leads to a decrease in melt flow resistance through the capillary (i.e., a 
decrease in viscosity) [150]. 

 
4.2.4. Effect of pressure on capillary flow 

 
The Bagley correction was performed to correct the entrance and exit effects on the capillary 

rheological data and to determine the true wall shear stress, τw, [49-51]. The linear Bagley (i.e., pressure 
loss) and Weißenberg-Rabinowitsch (i.e., pseudo-plastic behavior) corrections were applied using the 
WinRheo II software (Göttfert, Germany) [181] from capillaries with the L/D ratios of 30/1, 20/1 and 
10/1, to determine the true shear viscosity. 

Figure 4.7 shows the Bagley plots for the LDPE/MWCNT nanocomposites with 0.1 to 5 wt.% of 
MWCNTs at 140 °C for apparent shear rates ranging from 75 to 5000 s-1. The pressure drop increases 
with increasing shear rate and is influenced by the MWCNT loading, more observed at higher loadings. 
The determination coefficients (R2) of the regression lines were used to assess the linearity of the Bagley 
plots [150]. 
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Figure 4.7. Bagley plots for LDPE/MWCNT nanocomposites at 140 °C 
 
Figure 4.8 clearly displays a high degree of linearity between the pressure drop and L/D ratio 

even at low shear rates, and, in general, the values of R2 were higher than 0.994, indicating that, with 
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short durations, the pressure effect is not significant [150]. By examining the pressure drop across the 
capillary from different sets of results, it could be determined that the short-term effect of pressure on the 
shear viscosity is not significant [150]. The pressure drop also increases with increasing MWCNT loading 
and the increase is more evident at higher shear rates (Figure 4.8). For example, at a shear rate of 5000 s-1 
and a temperature of 140 °C, the pressure drop increased from about 2.14 to 3.87 MPa as the nanotube 
loading increased from 0.1 to 5 wt.% of MWCNTs. 
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Figure 4.8. Bagley plots for LDPE with 0.1 and 5 wt.% of MWCNTs 

at (a) 120 °C and (b) 140 °C temperatures 
 
The tendancy of pressure drop to increase with increasing shear rate and MWCNT loading is 

also found for the polymer/MWCNT nanocomposites with the HDPE, EVA, PP, and TPU matrix. When 
the MWCNT loading increased from 0.1 to 5 wt.% of MWCNTs, the pressure drop of the 
polymer/MWCNT nanocomposites increased, regardless of temperature and shear rate. 

Figure 4.9 shows the dependence of the pressure drop on the melt temperature for the 
LDPE/MWCNT nanocomposites with 0.1 and 5 wt.% at three apparent shear rates. The pressure drop 
decreases almost linearly when the melt temperature increases due to the fact that, at higher temperatures, 
the mobility of the molecular chains is enhanced and the melt through the capillary die shows a lower 
viscosity. The pressure drop dependency on temperature is significantly lower at higher shear rates, 
regardless of the polymer matrix, as shown in Figure 4.9. 
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Figure 4.9. Dependence of pressure drop on temperature for LDPE/MWCNT nanocomposites 
under various apparent shear rates 
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5. PRESSURE-VOLUME-TEMPERATURE DIAGRAMS OF POLYMER/MWCNT 
NANOCOMPOSITES 

 
 

5.1. Experimental results 
 

5.1.1. pVT diagrams of LDPE/MWCNT nanocomposites 
 
The pVT behavior of LDPE/MWCNT nanocomposites was investigated at increasing pressures 

ranging from 10 to 1500 bar and at decreasing temperatures ranging from 160 to 30 °C (isothermal 
mode). The pVT diagrams of LDPE/MWCNT nanocomposites are shown in Figure 5.1 and display three 
distinct regions: the solid, transition, and melting region, respectively. The step decrease in the specific 
volume indicates the crystallization transition of the composite. 
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Figure 5.1. pVT data for LDPE/MWCNT nanocomposites 
 
As expected from the literature review, the specific volume decreased with increasing pressure 

and decreasing temperature due to reducing the free volume available to molecules which resulted in an 
increase in the intermolecular interactions [29]. Also, the decrease in the specific volume is associated 
with the crystallization process. With increasing pressure, the specific volume change gets smaller and 
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smaller, corresponding to a decrease in compressibility [150]. In the solid state, the specific volume 
change (the solid compressibility) is much smaller than that in the melt state (the melt compressibility) 
[150]. 

At 10 bar, the specific volume of the LDPE nanocomposite with 5 wt.% of MWCNTs (Figure 
5.1.d) varies between 1041.23 mm3/g at 30 °C and 1227.55 mm3/g at 160 °C, an increase of 18%. At 
1500 bar, the specific volume variation is only 11% and has values of 994.39 mm3/g and 1103.09 mm3/g 
at temperatures of 30 °C and 160 °C, respectively. 

 

5.2. Discussions 
 

5.2.1. Pressure and temperature dependencies of specific volume 
 
Based on the pVT diagrams of LDPE/MWCNT nanocomposites (Figure 5.1), the change in 

specific volume within the pressure-temperature (p-T) window is about 5 to 20%, depending on the 
MWCNT loading. The specific volume of the LDPE/MWCNT nanocomposites decreases with increasing 
pressure and the decrease is the same for every MWCNT loading, about 11%–12% and 5% in the melt 
and solid state, respectively. Meanwhile, the specific volume increases with increasing temperature with 
changes of 11%–13% and 18%–21% at pressures of 10 and 1500 bar, respectively. The effect of the 
temperature on the pVT data of the LDPE/MWCNT nanocomposites is apparently more significant than 
the effect of the pressure due to the phase change that occurs in the investigated temperature range, 
regardless of the MWCNT loading [150]. 

From the pVT data of all polymer/MWCNT nanocomposites, the effect of temperature on the 
specific volume is shown to decrease with increasing pressure, which corresponds to a decrease in 
compressibility. Meanwhile, the pressure dependency on the specific volume increases with increasing 
temperature with a peak in values that can be observed in the transition region. 

 
5.2.2. Effect of MWCNTs on specific volume 

 
The pVT data for the LDPE filled with 0.1, 1, 3, and 5 wt.% of MWCNTs are compared in 

Figure 5.2 to illustrate the effect of MWCNT loading on the specific volume at the lowest and highest 
pressure. It can be seen that, for the nanocomposites with the LDPE (Figure 5.2), HDPE, and PP matrix, 
the specific volume is nearly constant with increasing nanotube loading up to 1 wt.%, where a further 
increase of MWCNT loading results in a decrease in the specific volume. However, the specific volume 
of the EVA/MWCNT nanocomposites has similar values only at the low MWCNT loadings (0.1, 0.3, and 
0.5 wt.%) with a decreasing trend with increasing the MWCNT loading. Regarding the pVT data of the 
TPU/MWCNT nanocomposites, the specific volume in the solid state has lower values at 1 wt.% than the 
ones found at low MWCNT loadings. 

The reduction of the specific volume with the addition of MWCNTs can be explained by the 
nanotubes that do not expand or contract as the temperature changes and that counteract shrinkage effects 
due to molecular orientation [155]. Also, the effect of MWCNTs on the specific volume slightly 
decreases by increasing pressure. 

 
5.2.3. Effect of MWCNTs on specific density 

 
The specific density calculated from the pVT data as a function of temperature and pressure is 

presented in Table 5.1. At a constant pressure, the specific density of the polymer/MWCNT 
nanocomposites decreases with increasing temperature and increases with increasing MWCNT loading. 
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In addition to the temperature dependence, the density is also dependent on the pressure, i.e., the specific 
density shifted to lower values with increasing pressure [155]. 

The bulk density of the LDPE/MWCNT nanocomposites calculated using equation (2.2) was 
also listed in Table 5.1 and represented in Figure 5.3. As expected, the densities of the HDPE/MWCNT 
nanocomposites are higher than the nanocomposites with the LDPE matrix due to the side chains that 
allow the HDPE polymer backbone to align and pack together to form a crystalline, high-density material 
[123]. Also, the density of the PP/MWCNT nanocomposites are lower than LDPE and HDPE, as 
expected [125], by 6 to 8%. Compared with the density mentioned in the technical data sheets of the 
polymer matrix (dashed lines in Figure 5.3, the density of the TPU matrix was not available), the bulk 
densities of the polymer/MWCNT nanocomposites are lower by up to 4%, which can be caused by the 
density measurement procedures used in the TDS. 
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Figure 5.2. Effect of melt temperature and MWCNT loading on the specific volume of the 

LDPE/MWCNT nanocomposites at (a) 10 bar and (b) 1500 bar 
 
Figure 5.4 presents the pVT density of the polymer/MWCNT nanocomposites at the lowest 

temperature and at the lowest pressure of 10 bar. It can be observed that the pVT density has higher values 
than the bulk density since the measurements were done under pressure. The effect of MWCNTs on the 
bulk density is similar to that of the pVT density – the density is independent of MWCNTs at MWCNT 
loadings up to 1 wt.% and it increases with further wt.% increase [155]. 
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Table 5.1. Density of LDPE/MWCNT nanocomposites as a function of temperature and pressure 

pVT density (g/cm3) 
MWCNTs (wt.%) Temperature (°C) 

10 bar 1500 bar 
Bulk density (g/cm3) 

30 0.9505 0.9967 
0.1 

160 0.7903 0.8833 
0.8940±0.0012 

30 0.9537 1.0004 
0.3 

160 0.7904 0.8840 
0.8960±0.0008 

30 0.9382 0.9836 
0.5 

160 0.7840 0.7975 
0.8976±0.0012 

30 0.9497 0.9959 
1 

160 0.7976 0.8894 
0.8969±0.0036 

30 0.9472 0.9928 
3 

160 0.8016 0.8926 
0.9026±0.0036 

30 0.9595 1.0047 
5 

160 0.8138 0.9057 
0.9162±0.0015 
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Figure 5.3. Bulk densities of polymer/MWCNT nanocomposites as a function of MWCNT loading 
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Figure 5.4. pVT densities of polymer/MWCNT nanocomposites at 10 bar as a function of MWCNT loading 
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6. THERMAL CONDUCTIVITY OF POLYMER/MWCNT NANOCOMPOSITES 
 
 

6.1. Experimental results 
 

6.1.1. Thermal conductivity of LDPE/MWCNT nanocomposites 
 
The thermal conductivity of LDPE/MWCNT nanocomposites was measured at increasing 

pressures ranging from 100 to 500 bar and at decreasing temperatures ranging from 140 to 50 °C 
(isothermal mode). The TC of LDPE/MWCNT nanocomposites as a function of temperature and pressure 
are shown in Figure 6.1 and three distinct regions can be distinguished: the solid, transition, and melting 
region, respectively. 

 

0.20

0.25

0.30

0.35

0.40

30 60 90 120 150
Temperature (°C)

T
h

er
m

al
 c

on
d

u
ct

iv
it

y 
(W

/m
 K

)

100 bar
250 bar
500 bar

0.20

0.25

0.30

0.35

0.40

30 60 90 120 150
Temperature (°C)

T
h

er
m

al
 c

on
d

u
ct

iv
it

y 
(W

/m
 K

)
100 bar
250 bar
500 bar

 
a) 0.1 wt.% of MWCNTs b) 1 wt.% of MWCNTs 

0.20

0.25

0.30

0.35

0.40

30 60 90 120 150
Temperature (°C)

T
h

er
m

al
 c

on
d

u
ct

iv
it

y 
(W

/m
 K

)

100 bar
250 bar
500 bar

0.20

0.25

0.30

0.35

0.40

30 60 90 120 150
Temperature (°C)

T
h

er
m

al
 c

on
d

u
ct

iv
it

y 
(W

/m
 K

)

100 bar
250 bar
500 bar

 
c) 3 wt.% of MWCNTs d) 5 wt.% of MWCNTs 

Figure 6.1. Thermal conductivity of the LDPE/MWCNT nanocomposites as a function 
of temperature and pressure 

 
In the solid state, TC decreases with increasing temperature up to 70 °C, which is the complete 

crystallization of the melt, whereas, in the melt state, the TC is nearly independent of temperature from 
100 °C. With increasing pressure, the TC values increase in the melt state due to the melt compressibility; 
therefore the MWCNTs are more close together. However, in the solid state, the effect of pressure is less 
significant due to the low solid compressibility (see Chapter 5). For example, in the melt state, when the 
pressure increased from 100 to 500 bar the TC increased by up to 5% to 10%, depending on the MWCNT 
loading. 
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Based on the pVT diagrams (Figure 5.1), at 500 bar, the LDPE/MWCNT nanocomposites can be 
considered that are in solid state up to 70 °C and in melt state starting with 110 °C. In the solid state, the 
TC of the LDPE/MWCNT nanocomposites with low MWCNT loadings (0.1 to 0.5 wt.%) can be 
approximated to a value of 0.286 W/m K, regardless of the applied pressure. With further increasing the 
MWCNT loading to 5 wt.%, the TC increases up to 0.362 W/m K, a 26.62% change. Meanwhile, in the 
melt state, the TC of the LDPE/MWCNT nanocomposites with low MWCNT loadings increases with 
increasing pressure from 100 to 500 bar with values from 0.227 to 0.239 W/m K, respectively. At 5 wt.% 
of MWCNTs, the thermal conductivity varies between 0.289 and 0.310 W/m K in the pressure range of 
100 and 500 bar. 

 

6.2. Discussions 
 

6.2.1. Pressure and temperature dependencies of thermal conductivity 
 
The thermal conductivity is influenced by the temperature and pressure, regardless of the 

MWCNT loading, which reflects the morphological changes during the cooling of the composite melts. 
The thermal conductivity of the semi-crystalline polymer/MWCNT nanocomposites as a function of 
temperature displays three distinct regions: the solid, transition, and melting region, respectively. Due to 
the low crystallinity of EVA matrix and the amorphous TPU matrix, the transition region is not present. 

The effect of pressure is very important for the injection molding process; the experimental 
results indicate that the TC increases with increasing pressure, especially in the melt state, due to the fact 
that the pressure significantly reduces the inter-tube distance, therefore reducing the contact between 
adjacent nanotubes, enhancing the photon transport [150]. In the melt state, the effect of pressure on the 
thermal conductivity is more significant than in the solid state due to the MWCNTs that are able to move 
and align, which allows phonon transport [110,163,191,192]. 

Figure 6.2 represents the thermal conductivity of the polymer/MWCNT nanocomposites with 5 
wt.% in order to compare the effect of temperature on the analysed nanocomposites at a pressure of 100 
bar. In the solid state, the TC decreases with increasing temperature, whereas, in the melt state, the TC is 
nearly independent of temperature. Also observed in the solid state, the TC has higher values than in the 
melt state, especially for the semi-crystalline polymers, due to the formation of crystals that enhance the 
heat transport mechanism [107,150,193]. Between the solid and melt states, the TC changes are of 
20.45%, 51.54%, and 36.28% for the 5 wt.% nanocomposites with the LDPE, HDPE, and PP matrix, 
respectively. However, for the nanocomposites with the EVA and TPU matrix, the changes were only of 
2.85% and 1.29%, respectively. 
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Figure 6.2. Thermal conductivity of the polymer/MWCNT nanocomposites with 5 wt.% 

as a function of temperature at a pressure of 100 bar 



Thermal Conductivity of Polymer/MWCNT Nanocomposites 

 25 

 

The TC of the nanocomposites with 5 wt.% of MWCNTs is presented in Figure 6.3 as a function 
of pressure for the solid and melt states. When the pressure increased from 100 to 500 bar, the TC in the 
solid state increased for the nanocomposites with the EVA and TPU matrix by only 6.86% and 5.49%, 
respectively. This behavior can be attributed to their low or no crystallinity, where the CNTs are able to 
interact under applied pressure since the nanotubes are not encapsulated into the crystallizing matrix 
[60,160,163]. Comparing the nanocomposites with the LDPE and HDPE matrix, the TC values of the 
HDPE/MWCNT nanocomposites are higher, especially in the solid state, which can be attributed to its 
higher crystallinity [15,103] (i.e., crystallinity degree values of 30.96% and 65.04% for the 5 wt.% 
nanocomposites with the LDPE and HDPE matrix, respectively). 
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Figure 6.3. Thermal conductivity of the polymer/MWCNT nanocomposites with 5 wt.% 
as a function of pressure in the (a) solid state and (b) melt state 

 
6.2.2. Effect of MWCNTs on thermal conductivity 

 
When the effects of temperature and pressure were separated from that of the MWCNTs, the 

results indicated a moderate enhancement in the thermal conductivity of the polymer/MWCNT 
nanocomposite (24–46%) with increasing MWCNT loading from 0.1 to 5 wt.% (Table 6.1), although 
MWCNTs can exhibit thermal conductivity as high as 3000 W/m·K [194,195]. In the solid state, at 500 
bar, the TC increased with increasing MWCNT loading from 0.1 to 5 wt.% for the nanocomposites with 
the LDPE, HDPE, EVA, and PP matrix by approx. 26%, 32%, 24%, and 32%, respectively, whereas the 
highest change was found for the nanocomposites with the TPU matrix by 46%. 

 

Table 6.1. Thermal conductivity of polymer/MWCNT nanocomposites in the solid state 

Thermal conductivity (W/m K) Pressure 
(bar) 

MWCNTs 
(wt.%) LDPE HDPE EVA PP TPU 

0.1 0.290 0.465 0.231 0.252 0.225 
100 

5 0.363 0.622 0.294 0.334 0.319 
0.1 0.284 0.469 0.243 0.250 0.227 

250 
5 0.358 0.628 0.304 0.333 0.328 

0.1 0.288 0.469 0.254 0.252 0.231 
500 

5 0.364 0.621 0.315 0.332 0.336 
 

The increase in TC with increasing MWCNT loading is mainly due to a denser nanotube network 
that is formed as the MWCNT loading increases, which allows phonon transport [110,150,163,191,192] 
and in part due to the effect of CNTs on the crystallization of the polymer. In the solid state, the TC of 
semi-crystalline polymers is affected by the crystallinity due to the phonon scattering at the interface 
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between the amorphous and crystalline phases [15,37,150,196], which successively is affected by the 
MWCNT loading that contributes nucleation sites for polymer crystallization and accelerates the crystal 
growth rate, as well as modifying the crystal size [63,150,156,158,160,161,180]. 

Figure 6.4 shows the effect of MWCNT loading on the TC of the polymer/MWCNT 
nanocomposites at a pressure of 500 bar. The variation in thermal conductivity suggests two distinct 
zones for the semi-crystalline polymers, which hold for both the solid and melt states [150]. Below 1 
wt.% of MWCNTs, the TC of the semi-crystalline polymer/MWCNT nanocomposites was nearly 
constant with nanotube loading, especially in the melt state. Meanwhile, the TC of the TPU/MWCNT 
nanocomposites increased linearly with increasing MWCNT loading from 0.1 to 5 wt.%. 
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Figure 6.4. Thermal conductivity of the polymer/MWCNT nanocomposites as a function of  
MWCNT loading in the (a) solid state and (b) melt state at 500 bar 

 

In the nanocomposites with semi-crystalline matrix and lower wt.%, an insulating trans-
crystalline layer around MWCNTs may form since MWCNTs act as nuclei for crystallization [197]. 
Therefore, the interface thermal resistance between the MWCNTs and semi-crystalline matrix is larger 
than the critical value [107,193,196] and there are too few nanotubes for photons to move effectively. In 
the semi-crystalline polymer/MWCNT nanocomposites with higher wt.%, the thermal conductivity is 
steadily increasing with increasing MWCNT loading (Figure 6.4). The increase in TC could be mainly 
related to the formation of a heat transport pathway between MWCNTs, which significantly facilitates the 
photons’ movement through the nanocomposites [150]. Based on these considerations, it was concluded 
that 1 wt.% loading is in the region of the thermal percolation in the case of the nanocomposites with 
semi-crystalline matrix [150]. 



Analytical Modeling of Material Properties 

 27 

 
 

7. ANALYTICAL MODELING OF MATERIAL PROPERTIES 
 
 

7.1. Introduction 
 

7.1.1. Cross–WLF model 
 
The Cross–WLF viscosity model is the most common model used by injection molding 

simulation software, offering the best fit to most rheological data [51]. The seven parameter Cross–WLF 
model describes the viscosity dependency on shear rate, temperature and pressure,  pT ,,  , for a shear-

thinning melt [51,200,201,204]. If the melt viscosity at infinite shear rate is negligible (Figure 7.1), the 
Cross–WLF model can be written as 

 
n

pT






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 
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1

*
0

0

1

,,








  (Pa·s), 

(7.6) 

where η0 is the zero-shear rate viscosity, τ* is the critical shear stress at which the onset of shear-thinning 
behavior occurs and n is the shear-thinning index. 
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Figure 7.1. Schematic of the viscosity approximation using the Cross–WLF model 

Recreated from [51] 
 
Beside the temperature dependence, pressure dependence is known. With increasing pressure, 

the viscosity is increased [44] and the free volume is reduced, thus reducing molecular mobility [1]. An 
increase in viscosity is reflected from the fact that high pressure raises Tg and Tm [1]. The combination of 
high pressure and low temperature tends to promote crystallization, orientation and structural changes [1]. 

 
7.1.2. The modified 2-domain Tait model 

 
According to the modified 2-domain Tait model equation, the relationship between the specific 

volume and the pressure and temperature represents the pVT data of polymer solids and melts with an 

accuracy of 6101   to 6102   m3/kg [31]. The Tait equation is valid only for extremely low cooling 
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rates and it fails to accurately predict pVT behavior at high cooling rates found in normal processing 
conditions [31]. 
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where C is a universal constant, 0894.0C  [92,94,205], 
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in which 

5bTT  , (7.11) 

pbbTt  65 , (7.12) 

where 1b  to 9b are material constants, Tt is the pVT transition temperature between melt and solid state 

(subscript m and s) was found to be a linear function of pressure [205]. 
By inserting zero pressure, p = 0, in equation (7.12), the b5 parameter represents the transition 

temperature at zero pressure,   50 bpTt   [31]. 

From equation 

p

ggg

C

VT

dP

dT







, (7.13) 

the transition temperature increases almost linearly with pressure [31]. Differentiation of 
equation (7.12) yields 

 
6b

dP

PdTg  , (7.14) 

where Vg is the specific volume at glass transition temperature,  , pC  are the volume expansion 

coefficient difference and the excess heat capacity, respectively, between polymer melt and solid, b6 is the 
rate of change of Tg and Tt with pressure for amorphous and semi-crystalline polymer, respectively. 

 

7.2. Modeling of the shear viscosity 
 

7.2.1. Master curves of LDPE/MWCNT nanocomposites 
 
Based on the corrected melt shear viscosity, master curves were constructed by employing the 

Time-Temperature-Superposition (TTS) principle at a reference temperature of 130 °C. Figure 7.2 
compares the melt shear viscosity master curves obtained for LDPE nanocomposites with 0.1, 1, 3, and 5 
wt.% of MWCNTs, with the coefficients listed in Table 7.1. With increasing MWCNT loading, the zero 
viscosity increases due to the addition of MWCNTs that blocks the movement and extensional activities 
of the macromolecular chains. 

All the LDPE/MWCNT nanocomposites exhibited solid-like behavior and the shear-thinning 
exponent n decreased with increasing MWCNT loading (Table 7.1) [150]. This behavior is an indication 
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that MWCNT–MWCNT interactions are dominant as the MWCNT loading increases and the shear rate 
affects both the CNT network and the polymer entangled network [150]. 
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Figure 7.2. Master curves of the LDPE/MWCNT nanocomposites for the corrected rheological data 

 
Table 7.1. Cross-WLF parameters for the master curves of the LDPE/MWCNT nanocomposites 

at a 130 °C reference temperature 
MWCNTs (wt.%) 

Parameters 
0.1 0.3 0.5 1 3 5 

0  (Pa s) 276.546 381.761 380.719 332.029 395.089 1093.517 

*  (kPa) 38.365 28.161 28.595 40.465 42.938 29.113 

  (s) 0.007 0.014 0.013 0.008 0.009 0.038 

n 0.379 0.398 0.400 0.362 0.347 0.354 

R2 0.999 0.998 0.999 0.996 0.989 0.999 

 

7.3. Modeling of the specific volume 
 

7.3.1. Specific volume prediction for LDPE/MWCNT nanocomposites 
 
Figure 7.3 shows the pVT diagrams for LDPE/MWCNT nanocomposites and the corresponding 

DSC cooling scans since the pVT measurements were performed in cooling mode. Generally, at 
temperatures above Tm, the composites must be treated as a melt mixture of polymer and MWCNTs. For 
temperatures between Tg and Tm, a combination of crystals, MWCNTs and melt polymer exists while, for 
temperatures lower than Tg, the composite solidifies and can be regarded as solid. 

The pVT diagrams display three distinct regions: the solid, transition, and melting regions, 
respectively. The step decrease in the specific volume indicates the crystallization transition. Therefore, 
the solid curve )( pTTt   indicates the onset of the transition associated with the crystallization (below 

this curve the melt starts to crystallize), which is clearly dependent on the pressure [150]. 
At the lowest pressure, i.e., 10 bar, and 110 °C, the nanocomposite is well above the Tt curve 

(i.e., melting temperature) and is highly expanded, typical of a polymer melt. As the pressure increases, 
the nanocomposite crystallizes as can be seen by following down the line at 110 °C and the crystallization 
shifts to higher temperatures with increasing pressure. The LDPE/MWCNT nanocomposites are able to 
crystallize at a higher temperature than that found by DSC only through increasing the applied pressure. 
However, the crystallization process occurs over a temperature range and the onset transition temperature 
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at low pressure (10 bar, for example) is in good agreement with the DSC onset crystallization temperature 
[150]. 
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Figure 7.3. pVT diagrams of the LDPE nanocomposites with (a) 1 wt.%, (b) 3 wt.%, 

and (c) 5 wt.% of MWCNTs. The solid lines show data fitting to the Tait model 
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The Tait model coefficients of LDPE/MWCNT nanocomposites are presented in Table 7.2 with 
respect to the MWCNT loading. In the experimental window, the parameter b5 turns to be nearly 
independent of MWCNT loading. The average value for b5 was found to be 102.42±0.42 °C. 

 
Table 7.2. Parameters estimated by 2-domain Tait model for LDPE/MWCNT nanocomposites 

MWCNTs (wt.%) 
Parameters 

0.1  0.3 0.5 1 3 5 

b1s (mm3/g) 1.1018×103 1.0968×103 1.0976×103 1.0969×103 1.0815×103 1.0060×103 

b2s (mm3/g °C) 0.7860 0.7615 0.6290 0.7156 0.5372 0.1017 

b3s (bar) 1.0294×103 1.0945×103 1.0742×103 1.1483×103 1.1377×103 1.8648×103 

b4s (1/°C) 0.0120 0.0109 0.0121 0.0101 0.0118 0.0105 

b1m (mm3/g) 1.1863×103 1.1782×103 1.2029×103 1.1844×103 1.1899×103 1.1739×103 

b2m (mm3/g °C) 1.2794 1.3516 1.1170 1.2138 1.0137 0.9333 

b3m (bar) 7.1798×102 7.2243×102 7.5580×102 8.3479×102 8.6149×102 8.5315×102 

b4m (1/°C) 0.0005 0.0005 0.0016 0.0035 0.0038 0.0032 

b5 (°C) 102.5101 101.5450 102.4029 102.5101 102.8318 102.7245 

b6 (°C/bar) 0.0204 0.0211 0.0203 0.0220 0.0195 0.0192 

b7 (mm3/g) 71.1385 66.1666 90.4323 73.9621 92.7879 151.1069 

b8 (1/°C) 0.0337 0.0351 0.0264 0.0264 0.0266 0.0169 

b9 (1/bar) 0.0006 0.0006 0.0004 0.0005 0.0004 0.0004 

 
Figure 7.4 shows the transition temperature as a function of pressure and MWCNTs, calculated 

by the Tait model (equation (7.12)). The transition temperature of the LDPE/MWCNT nanocomposites 
increased linearly with increasing pressure [150]. The shift of the transition temperature to higher value 
indicates that, under pressure, the LDPE/MWCNT nanocomposites crystallizes at higher temperatures as 
compared with the DSC transition temperature [150], which varies between 88 to 90 °C (Table 3.1). No 
significant effect of the MWCNTs addition on the transition temperature of the LDPE/MWCNT 
nanocomposites was observed. 
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Figure 7.4. pVT transition temperature of LDPE/MWCNT nanocomposites 

as a function of pressure and MWCNT loading 
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From manufacturing point of view, the dependence of crystallization temperature on the pressure 
is very important [150]. For example, during the packing stage of the injection molding process, the melt 
is held constant under high pressure [89,150,190,206-208], which can induce changes in crystallinity and, 
consequently, in the final properties of the parts. This effect is even more important in the presence of 
nanotubes, which provides sites for nucleation process [150,156,207]. As illustrated in Figure 7.3, the 
crystallization temperature of the LDPE/MWCNT nanocomposites may be increased by about 29–33 °C 
if the nanocomposite is cooled under pressure, which leads to a better mechanical performance when 
subjected to various stresses in a relatively high temperature environment [190,206]. 

 

7.4. Discussions 
 

7.4.1. Effect of MWCNTs on the shear-thinning index 
 
Figure 7.5 presents the shear-thinning index from the Cross–WLF model as a function of 

MWCNT loading and polymer matrix. The shear-thinning index indicates that the polymer/MWCNT 
nanocomposites are suitable for injection molding. Furthermore, the values of shear-thinning index 
indicate that the nanotubes are in a state of good dispersion and aligned in the flow direction. No trend 
was specifically found between the addition of MWCNTs and shear-thinning index; however, a change in 
the shape of the graphs is found at the nanocomposites with 1 wt.% of MWCNTs. 
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Figure 7.5. Cross–WLF shear-thinning index of polymer/MWCNT nanocomposites 

as a function of MWCNT loading and polymer matrix 
 

7.4.2. Effect of MWCNTs on the activation energy 
 
Based on the corrected melt shear viscosity, the master curves were constructed by employing 

the TTS principle and the shift factors required for the numerical simulation were determined using the 
WinRheo II software (Göttfert, Germany). In the process, the activation energy, Ea (J/mol), was also 
calculated and is presented in Table 7.3 and Figure 7.6. 

A significant change in the activation energy with increasing MWCNT loading from 0.1 to 5 
wt.% was present for the nanocomposites with TPU matrix, where between 0.1 and 5 wt.%, the change 
was approx. 80%, indicating that the nanotubes are less restricted and have less interactions with the 
polymer chains [183,184]. In the case of the HDPE/MWCNT nanocomposites, the Ea decreases when the 
MWCNT loading increases up to 3 wt.% of MWCNTs, then increases for the nanocomposites with 5 
wt.% of MWCNTs, a difference of 223% between the 3 and 5 wt.%. For the nanocomposites with the 
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LDPE, EVA, and PP matrix, average values for the activation energy of 41.936±2.119, 40.616±1.044, 
and 43.290±3.925 kJ/mol, respectively, were found. 

 
Table 7.3. Activation energy of polymer/MWCNT nanocomposites from the TTS principle 

MWCNTs (wt.%) 
Polymer matrix 

0.1 0.3 0.5 1 3 5 

LDPE 40354.812 40956.957 40833.899 43616.272 45881.551 39967.547 

HDPE 21409.548 21819.211 18735.487 26724.060 15537.272 50135.320 

EVA 39495.236 40354.859 39894.527 41990.554 42106.898 39855.811 

PP 40151.755 37191.234 44717.904 45230.321 42880.345 49569.519 

TPU 85329.345 83796.367 83927.385 82808.937 76611.782 16216.425 
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Figure 7.6. The activation energy of polymer/MWCNT nanocomposites 

as a function of MWCNT loading and polymer matrix 
 

7.4.3. Effect of MWCNTs on the specific volume and density at zero pressure 
 
The specific volume at the zero pressure, )(0 TV , represented in Figure 7.7, was obtained by 

extrapolating the pVT data using the 2-domain Tait model. It can be seen that, for the nanocomposites 
with the LDPE (Figure 7.7.a), HDPE (Figure 7.7.b), and PP (Figure 7.7.d) matrix, the specific volume is 
nearly constant with increasing nanotube loading up to 1 wt.%, where a further increase of MWCNT 
loading results in a decrease in the specific volume. However, the specific volume of the EVA/MWCNT 
nanocomposites (Figure 7.7.c) has similar values only at the low MWCNT loadings (0.1, 0.3, and 0.5 
wt.%) with a decreasing trend with increasing the MWCNT loading. Regarding the TPU/MWCNT 
nanocomposites (Figure 7.7.e), the specific volume at 1 wt.% do not follow the normal tendency. The 
reduction of the specific volume with the addition of MWCNTs can be explained by the nanotubes that do 
not expand or contract as the temperature changes and that counteract shrinkage effects due to molecular 
orientation. 

The specific density, sp , was determined from the inverse relationship that exists between the 

volume and density. Table 7.4 clearly shows the effect of MWCNT on the specific density, which 
increases with MWCNT loading, regardless of temperature. With increasing temperature, the specific 
density decreases due to the expansion in volume of the polymer melt without an increase in weight. 
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Figure 7.7. The specific volume at the zero pressure as a function of temperature and MWCNT loading 
 

Table 7.4. Specific density of polymer/MWCNT nanocomposites at zero pressure 
MWCNTs (wt.%) Polymer 

matrix 
Temperature 

(°C) 0.1 0.3 0.5 1 3 5 
30 0.951 0.953 0.938 0.949 0.946 0.958 

LDPE 
160 0.794 0.795 0.789 0.797 0.801 0.815 

50 0.985 0.990 0.989 0.991 1.001 1.013 
HDPE 

200 0.758 0.760 0.759 0.761 0.772 0.783 

50 0.930 0.930 0.933 0.936 0.945 0.955 
EVA 

180 0.816 0.818 0.819 0.825 0.832 0.843 

80 0.919 0.920 0.922 0.925 0.935 0.943 
PP 

220 0.750 0.751 0.749 0.752 0.765 0.770 

60 1.194 1.194 1.197 1.190 1.209 1.214 
TPU 

180 1.062 1.074 1.091 1.069 1.105 1.109 
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Figure 7.8 represents the specific density for the polymer/MWCNT nanocomposites and clearly 

shows that the addition of MWCNT influenced the specific densities. A linear relationship can be used to 

show the effect of MWCNT loading on the specific density, such as 955.0.%008.0  wtLDPE
sp , 

997.0.%005.0  wtHDPE
sp , 969.0.%005.0  wtEVA

sp , 941.0.%005.0  wtPP
sp , and 

224.1.%005.0  wtTPU
sp  for the nanocomposites with the LDPE, HDPE, EVA, PP, and TPU matrix, 

respectively. 
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Figure 7.8. The specific density at zero pressure of polymer/MWCNT nanocomposites 

as a function of MWCNT loading and polymer matrix 
 

7.4.4. Effect of MWCNTs on the pVT transition temperature 
 
At zero pressure, the pVT transition temperature from equation (7.12) is equal to the b5 

parameter. Table 7.5 and Figure 7.9 show the transition temperatures as a function of polymer matrix and 
MWCNTs. No significant effect of the MWCNTs addition on the transition temperature of the 
nanocomposites with the LDPE, HDPE matrix was observed. Therefore, the Tt of the polymer/MWCNT 
nanocomposites can be approximated by the average values of 102.421±0.417, 135.734±0.739, and 
87.731±1.095 °C for the LDPE, HDPE, and EVA matrix, respectively. However, the effect of the 
MWCNTs addition was significant for the nanocomposites with the PP and TPU matrix and the following 

linear relationships can be drawn: 22.166.%493.0  wtT PP
t  and 08.142.%223.1  wtT TPU

t . 

 
Table 7.5. pVT transition temperature of polymer/MWCNT nanocomposites at zero pressure 

MWCNTs (wt.%) 
Polymer matrix 

0.1 0.3 0.5 1 3 5 

LDPE 102.510 101.545 102.403 102.510 102.832 102.725 

HDPE 135.218 136.025 135.756 136.564 136.429 134.411 

EVA 87.205 87.475 87.385 88.648 89.550 86.123 

PP 139.755 142.560 143.220 145.200 146.520 147.345 

TPU 165.964 166.129 166.293 167.445 167.938 168.431 
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Figure 7.9. The pVT transition temperature of polymer/MWCNT nanocomposites 

as a function of MWCNT loading and polymer matrix 
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8. CONCLUDING REMARKS, PERSONAL CONTRIBUTIONS AND FUTURE 
RESEARCH DIRECTIONS 

 
 

This research aimed to determine the material properties of polymer/MWCNTs nanocomposites 
as analytical models that can be used in processing simulation of the injection molding process and 
material properties prediction. The effect of MWCNTs on the rheological behavior, specific volume and 
thermal conductivity of polymer/MWCNT nanocomposites was also investigated. As reported in the 
previous chapters and sub-chapters, the objectives of this thesis have been achieved. The structure in 
Figure 8.1 shows the main tasks performed during the whole thesis work procedures. 

 

 
Figure 8.1. Summary of the measurements performed 

 
In Chapter one, the state-of-the-art was presented for better understanding the three types of 

measurements for determining the physical properties: viscosity, specific volume and thermal 
conductivity. The rheological behavior of the polymer/carbon nanotube nanocomposites was reviewed to 
asses the influence of CNTs, temperature and shear rate on the viscosity. Mainly, the rheological 
properties were characterized using rotational viscometers, which are restricted in their use only to low 
shear rates for unidirectional shear and low-frequency oscillations during oscillatory shear. The second 
review presents the available articles that studied the influence of pressure and temperature on the specific 
volume. Lastly, the third part of the state-of-the-art shows the various types of methods to determine the 
thermal conductivity of conductive materials, such as polymer/MWCNT nanocomposites. 

The nanocomposites analyzed in this thesis (Chapter two) are thermoplastics, such as low-
density polyethylene (LDPE), high-density polyethylene (HDPE), ethylene vinyl acetate (EVA), 
polypropylene (PP) and thermoplastic polyurethane (TPU) filled with 0.1, 0.3, 0.5, 1, 3, and 5 wt.% of 
MWCNTs. The five types of measurements performed on the polymer/MWCNT nanocomposites were 
DSC, bulk density, capillary rheometry, specific volume and thermal conductivity. 

Chapter three presents the thermal properties of the polymer/MWCNT nanocomposites 
analyzed. The addition of carbon nanotubes influenced the crystallization behavior of semi-crystalline 
polymers since they act as nucleating agents. The crystal growth, a stage of the crystallization process, 
can be accelerated by the CNTs presence as a result of the heterogeneous nucleation process. Also, the 
CNT networks can restrict the diffusion of polymer chains, which slows the crystallization rate and/or 
block the crystal growth by forming an external barrier (i.e., the barrier effect of CNTs). 

The rheological behavior of the polymer/MWCNT nanocomposites analyzed is presented and 
discussed in Chapter four. Several findings were discussed in this chapter. First, the shear stress clearly 
increased with increasing shear rate, showing the shear rate dependency for all polymer/MWCNT 
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nanocomposites. The nanocomposites exhibited non-Newtonian behavior at low shear rates, while, at 
higher shear rates, the Newtonian behavior was present since the rigid MWCNT bundles in the polymer 
matrix tend to orient under shear force, thus disturbing the formation of the polymer chain entanglements. 
Second, the temperature dependence of the melt shear viscosity of the polymer/MWCNT nanocomposite 
was governed by the Arrhenius law, where the activation energy decreases with increasing shear rate and 
with increasing MWCNT loading from 0.1 to 5 wt.%. Lastly, the sensibility of the shear viscosity on the 
nanotube loading was found to be weakened by increasing apparent shear rate and temperature. 

The pVT diagrams in Chapter five showed that the specific volume of all polymer/MWCNT 
nanocomposites was found to decrease with increasing MWCNT loading and pressure, while it increased 
with increasing temperature. The reduction of the specific volume with the addition of MWCNTs can be 
explained by the nanotubes that do not expand or contract as the temperature changes and that counteract 
shrinkage effects due to molecular orientation. 

The experimental data in Chapter six showed that the thermal conductivity increased with 
increasing pressure, especially in the melt state, due to the fact that the pressure significantly reduces the 
inter-tube distance, therefore reducing the contact between adjacent nanotubes, enhancing the photon 
transport. In the melt state, the effect of pressure on the thermal conductivity was more significant than in 
the solid state due to the MWCNTs are able to move and align, which allows phonon transport. A 
moderate enhancement (24–46%) in the thermal conductivity of the polymer/MWCNT nanocomposites 
was found with increasing MWCNT loading from 0.1 to 5 wt.%, although MWCNTs can exhibit thermal 
conductivity as high as 3000 W/m·K. The increase in thermal conductivity with increasing MWCNT 
loading was mostly due to the fact that a denser nanotube network is formed, which allows phonon 
transport. 

Chapter seven presents the analytical modeling of material properties of the polymer-CNT 
based composites, i.e., the rheological and specific volume behavior using the Cross–WLF and 2-domain 
Tait models, respectively, in order to perform numerical simulations of the injection molding process. 
First, based on the corrected melt shear viscosity, the master curves were constructed by employing the 
TTS principle and the shift factors required for the numerical simulation were determined. The shear-
thinning index indicated that the polymer/MWCNT nanocomposites are suitable for injection molding 
and the nanotubes are in a state of good dispersion and aligned in the flow direction. No trend was found 
between the MWCNT loading and shear-thinning index. Second, the specific volume at the zero pressure 
was obtained by extrapolating the pVT data using the Tait model. The specific volume was nearly 
constant with increasing nanotube loading up to 1 wt.%, where a further increase of MWCNT loading 
resulted in a decrease in the specific volume. 

 
Personal contributions. Over the doctoral research and development period, the main personal 

contributions presented below were made. 
 The state-of-the-art on the rheological behavior and thermal conductivity of the polymer/CNT 

nanocomposites and the specific volume of polymer-based composites; 

 The experimental characterization (bulk density, rheometry, pVT diagrams, thermal 
conductivity) of thermoplastics such as LDPE, HDPE, EVA, PP and TPU filled with 0.1 – 5 wt.% of 
MWCNTs was perfomed; 

 The effect of MWCNT loading on the rheological behavior, specific volume and thermal 
conductivity of the polymer-based CNT composites was assessed; 

 The effect of shear rate and temperature on the rheological behavior of the polymer-based 
CNT composites was assessed; 

 The effect of pressure and temperature on the specific volume and thermal conductivity of the 
polymer-based CNT composites was assessed; 
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 Based on the experimental measurements, the analytical models of the rheological behavior 
(Cross-WLF), pVT (Tait model) and TC of the polymer-based CNT composites were determined. 

 
The future research directions are related to the limitations of the current thesis. 
 The characterization of other types of polymer-based composites. This thesis presents only the 

thermal, rheological, pVT, and TC behaviors of only 5 polymers filled with 0.1–5 wt.% of MWCNTs; 
 The rheological behavior of the polymer/CNT nanocomposites at lower shear rates (<100 s-1), 

which could be performed only using a rotational viscometer; 
 The influence of the cooling rate on the DSC and pVT diagrams of the polymer/CNT 

nanocomposites; 
 The numerical simulation of manufacturing processes using polymer/CNT nanocomposites, 

which require the physical, thermal, and mechanical properties. 
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