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ABSTRACT 

Today, the energy used for the heating and cooling of offices, shopping centres, schools, 

residential areas, and other buildings is as large as 50% of the total energy consumption in the 

world. The climate change, global warming, and environmental issues have forced high 

requirements for energy efficiency and clean energy production in buildings. The general targets 

in all sectors are toward nearly zero energy buildings (nZEB) and the next step solution is 

positive energy buildings (PEB). To achieve a net zero carbon footprint and even positive energy 

buildings, sustainable energy production systems that mainly rely on renewable energy 

combined with energy efficiency and integration technologies must be implemented.  

Geothermal energy has a unique position among the renewable energy resources. Near-surface 

or shallow ground maintains almost a constant temperature during the seasons, and therefore 

ground can be used as a heat source during the winter and as a heat sink during the summer. A 

ground source heat pump system (GSHP) consists of a heat pump, which is connected to the 

delivery system and a ground heat exchanger (GHE).  

The majority of the ground source heat pump systems in Europe use vertical borehole heat 

exchangers (BHE). The key problem here is obtaining the largest possible heat flow exchanged 

with the rock mass. The energy demand and ground properties are the most parameters that 

influence the performance of a GSHP. The amount of heat taken from the rock mass depends on 

the thermal conductivity of the surroundings and the borehole thermal resistance. Numerous 

attempts have been made to reduce the thermal resistance of the borehole in different ways 

but until recently, little attention has been paid to the enhancement of properties of the 

material used to produce GHEs.  

In light of the above considerations, a novel thermoplastic composite, to have lower thermal 

resistance in the GSHP systems that affects the maximum heat flow exchanged between the 

heat carrier and the rock mass, has been introduced. This includes the development of a state-

of-the art research and development infrastructure to support the use of new materials and test 

methods for the BHEs. High density polyethylene (HDPE) composites reinforced with inorganic 

fillers and their properties were investigated. The composites were prepared by melt blending 
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and injection moulding. In the context of this study, the thermo-physical, mechanical, and 

morphological properties of these composites were studied; thereafter, using a numerical 

model simulation, the effectiveness of the new material was evaluated. The very positive 

finding was that the addition of talc particulates, not only improved the thermal conductivity 

and thermal diffusivity of the composites, but it also simultaneously increased the properties of 

the composites regarding stiffness and impact resistance, which are important parameters in 

the deep GSHP system.  

Thermal conductivity, thermal diffusivity, and density values of the composites increased almost 

linearly, but the increase in moisture absorption in the long-term showed non-linear behaviour 

under the chosen experimental conditions. The maximum thermal conductivity was up to 70% 

higher than for the unfilled HDPE at a talc concentration of 35 wt.-%. The numerical simulation 

showed that the enhancement of the thermal conductivity of the material can significantly 

reduce the overall borehole thermal resistance.   

Melt rheological investigation of the HDPE-talc blends at constant shear stress and constant 

shear rate indicated that the melt obeyed the power-law model and shear thinning behaviour.   

The results have also illustrated that the presence of talc has considerable effect on the lifetime 

expectancy of the product. It was presented that the thermal stability was enhanced, while the 

oxidation induction time decreased in cooperation with the talc. Furthermore, the temperature 

of the α relaxation shifted toward higher temperature and finally, the strain hardening modulus 

for the HDPE/talc composites was assessed and compared to the neat HDPE as a measure of 

environmental stress crack resistance. 

Keywords: High-density polyethylene, talc, thermal conductivity, thermal diffusivity, thermal 

stability, melt rheology, oxidation induction time, α relaxation, strain hardening 
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1. INTRODUCTION 

1.1. Geothermal 

Today, the energy used for the heating and cooling of houses, commercial offices, shopping 

centres, and other buildings is a large portion of the total energy consumption in the world, with 

the majority derived from fossil fuels. Use of fossil fuels is a major cause of the climate change 

and greenhouse gas emissions as well as being finite resources. A new wave of global warming 

awareness is arising and this time to every corner of the world since the issue is affecting every 

individual on the planet. Any means of mitigating this issue is of relevant interest to both 

academics and practitioners. Following the Paris Agreement on December 12, 2015, most 

countries have already accepted plans to contribute to the reduction of the greenhouse gas 

emissions. Based on this road map, all new buildings in the European Union shall be nearly zero 

energy buildings (nZEB) by the year 2021 and globally, the concept of the net zero energy 

buildings should be implemented between 2020 and 2030. The next step solution would be 

positive energy buildings (PEB) and districts as an energy efficient building that produces more 

energy than it uses via renewable sources.1 To achieve these ambitious goals, sustainable 

energy systems that mainly rely on renewable energy combined with energy efficiency must be 

implemented. Initial investment costs were and still are a significant barrier to the development 

of the renewable energies. Moreover, inflation in the price of the fossil fuels and global 

awareness of environmental issues have helped to establish the renewable energies at the end 

of the last century. Renewable energies could come from various energy sources such as wind, 

solar power, geothermal energy, waves, biomass, or hydropower. From this definition, it is 

obvious that the renewable energies strongly rely on the reliability and availability of the 

resource due to the fact that these resources are mostly unpredictable and inconsistent.  

Therefore, it is difficult to produce huge amounts of energy compared to those generated by 

fossil fuel systems. In other words, we should enable delivery of competitive renewable energy 

on demand and at scale. This means that in order to achieve a sustainable goal, renewable 

energy must be combined with efficient energy consumptions. Geothermal energy has a unique 

position among the above-mentioned energy resources since it is potentially able to deliver 

competitive green energy on demand on different scales, while no other competing solution can 
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do this. For example, fossil fuels and natural gas are not green, meanwhile wind and solar are 

not available on demand and finally, hydropower and biofuel are economically feasible on a 

specific scale. Geothermal energy uses the heat that is stored in the Earth. In addition to the 

above facts, other reasons for the success of these systems are related to high efficiency, no 

noise pollution, no local greenhouse gas or particulate emissions, and long service time.  

Near-surface geothermal energy consists of exploiting the thermal inertia of the ground to 

gather heat in the winter and release heat from the ground in the summer. A fluid (e.g., 

glycol/water mixture) transfers the heat from the ground to the heating system and vice versa. 

The most widespread technology to utilize the shallow geothermal resources is borehole heat 

exchangers (BHEs), equipped with ground source heat pumps (GSHP).2 A typical GSHP system 

with different combinations of ground heat exchangers is shown schematically in Figure 1.  

 

Figure 1. Schematic GSHP system with different ground heat exchangers e.g., slinky loop, BHE, 
horizontal loop, and pond collector. (photo: https://www.geopowerasia.com/geothermal-heat-

pump-warm-and-cool-your-house.html) 

 

The most common configuration is the vertical mode, where a BHE is installed inside a borehole, 
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with backfilling material or without any grouting material and just has contact with the ground 

water. Figure 2 illustrates the components of a ground source heat pump system after heat 

pump in the heat source/sink side.  

 

Figure 2. Borehole heat exchanger loop (a), installation of a BHE in a borehole (b) and several 
BHEs that are connected to the main pipes via two manifold chambers for a residential area (c). 

(Photos: https://www.muovitech.com/?page=about&underpage=gallery)  

Surface soil temperature varies from season to season as a function of solar radiation, rainfall, 

and other thermal activities. Figure 3 shows a typical temperature profile along a borehole in 

Mynämäki, Finland. As can be seen, the temperature variation near the ground surface caused 

by weather conditions is quite vast. It is generally accepted that the variation affects the 

temperature levels up to 15 meters below the surface. 
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Figure 3. Undisturbed ground temperature and temperature evolution with depth in the 
borehole (left) and thermal response test (TRT) on a BHE (right). (Photo taken by author) 

 

At that level, the temperature of the bedrock is not affected by weather conditions and is 

almost the same as the average annual temperature of the surface, which in this case is typically 

6–7 °C. The coldest point (6.2 °C) is at about 50 meters depth, and the temperature starts to rise 

linearly after 125 meters. The thermal gradient in the borehole is about 1.43 °C/100 m. In fact, 

geothermal energy utilizes the heat stored in the ground due to activities in the core of the 

earth (thermal gradient) or due to the absorbed energy from the sun. Any attempts to utilize 

the higher temperatures in the source combined with any solutions to reduce the temperature 

in the supply side can improve the efficiency of the whole system. One important parameter in 

the source side is the borehole thermal resistance, which depends on the conductive and 

convective resistance of the fluid, the properties of GHE, and the backfilling material. The goal is 

to keep the borehole thermal resistance as low as possible.3  

1.2. Aim of the study 

The interest in using shallow geothermal energy via borehole heat exchangers and heat pump 

systems has been on the rise in the last few decades. This renewable energy source is currently 
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one of the most efficient and cost-effective heating and cooling systems available. The 

performance of the vertical ground heat exchanger depends primarily on the building heating 

and cooling loads, the ground thermal conductivity, the average ground temperature, the 

thermal conductivity of the heat exchanger pipe installed, and the backfill material in the 

borehole. Basically, the amount of heat that can be transferred between the ground and the 

heat exchanger depends mainly on the thermal conductivity of the ground and the borehole 

thermal resistance. Therefore, when considering implementation of shallow geothermal energy 

as a renewable source for heating and cooling of the building, special care should be taken in 

the borehole thermal resistance of the system to keep it as low as possible. Many attempts 

have been made to reduce the thermal resistance of the borehole in different ways but until 

recently, little attention has been paid to enhancement of the properties of the material used 

for the GHEs.  

The aim of the work described in this thesis was to develop novel thermoplastic composites to 

have lower thermal resistance in the GSHP systems. In this study, commercially available HDPE 

pipe materials were used as a matrix. Typically, these pipes raw material includes natural resin, 

carbon black added to approximately 2.5 wt.% as an outdoor stabilizer to protect the material 

against UV radiation, processing stabilizers, and other antioxidants. Melt mixing with a twin–

screw compounder was used in this study to make the HDPE with particles composites and 

blends. In the context of this study, the thermos-physical, mechanical, and morphological 

properties of these composites were studied; thereafter, using a numerical model simulation, 

the effectiveness of the new material was evaluated. 
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2. LITERATURE REVIEW 

2.1. High density polyethylene  

Our world has been influenced by polymers and polymer technology. In fact, modern industry 

cannot be imagined without them. Polymers, both natural and synthetic, are large 

macromolecules composed of many small units or blocks connected to each other. These units 

are known as monomers. Polyethylene (PE) is one of the most used polymers around the world 

in many applications. It was discovered in 1898 by accident by the German chemist Hans von 

Pechmann. In 1933, Reginald Gibson and Eric Fawcett discovered the synthesis of industrially 

practical PE at the Imperial Chemical Industries in Northwich, England. PE produces by reacting 

gaseous ethylene monomers to obtain chains with various values of n (until over 3,000,000 

g/mol). Ethylene is highly reactive; thus, purity should be kept high, with a very low amount of 

water, oxygen, and other alkenes (some ppm).4 This monomer is commonly produced from 

crude oil but can also be of bio-based origin by dehydration of ethanol, for example, from sugar 

beet or sugar cane. Generally speaking, there are two macromolecular factors that govern the 

final properties of a PE compound. The length of the molecule is related to the molecular weight 

distribution (coefficient n in Figure 4), and the shape is related to the configuration of the 

macromolecule, for example, the presence of side branching. The synthesis of PE has evolved 

considerably from 1933 to the present, with the development of processes, catalysts, and 

additives. These developments led to the synthesis of PE with different lengths of chains, 

degrees of crystallinity, molecular mass distribution, and short or long side branching and, by 

those techniques different properties to accommodate specific needs. 

 

Figure 4.  Polymerization of ethylene into polyethylene 

 

Low density polyethylene (LDPE) with long chain branches is produced as a result of free radical 

polymerization of ethylene initiated by organic peroxides at high pressure and high 
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temperature. Figure 5 shows the three major types of PE. The other types of PE are produced 

using catalysts under milder conditions with main-chain and short-chain branches.  

 

Figure 5.  Schematic microstructure of the major types of PE. Low Density Polyethylene (top), 
High Density Polyethylene (middle), and Linear Low Density Polyethylene (bottom) 

 
PE grades, regardless of the production methods, are usually classified by their density, which 

also includes the ratio of crystallized (1.00 g/cm3) and amorphous fractions (0.86g/cm3), as 

illustrated in Figure 6. The scale goes from LDPE with a density of approximately 0.915–0.930 

g/cm3 to HDPE with densities around 0.940–0.958 g/cm3.5
 

 

 

 
Figure 6. Density of the different grades of polyethylene 

 

PE is a semi-crystalline polymer for which the morphological structure constitutes a 

combination of crystalline and amorphous phases. The crystalline fraction is due to the 

organization of the macromolecules into lamellas. These lamellas could be organized as 

spherulites as shown in Figure 7. Between the lamellas, the remaining unorganized 

macromolecules form the interlaminar amorphous phase.6 The crystalline phase acts as 

reinforcement in the molecule and provides the mechanical properties of the polymer.  
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Figure 7. Organization of the macromolecules at solid state of PE 7 

 

2.2. Pressure pipe application  

 
Over the last 80 years, plastic pipes systems have increasingly replaced traditional steel, copper, 

and concert pipes in water and gas networks, industrial pipe applications, as well as drainage 

systems. The first PE pipes were introduced to the market as early as the 1940s, with the 

commercialization of the PE materials. As a result of the continuous development of PE 

materials, the efficiency of PE pipes and fittings have been improved considerably. The main 

reason for the success of PE pipes in these applications has to do with properties like, low 

weight, corrosion resistance, fusion jointing, and long service life. PE pipes for pressure pipe 

applications are no longer classified by their density and are now ordered into minimum 

required strength (MRS) classes, based on the international standard ISO 9080. There have been 

three generations of PE pipes. The first generation of PE pipes was produced from LDPE and 

from Medium Density Polyethylene, known later as PE32 and PE63 in which the digits after PE 

show the MRS class. The second generation of PE pipes, which is called PE80, was made by a 

unimodal distribution and mostly used for gas distribution. The last and current generation of 

PE pipes is made from a bimodal distribution known as PE100 pipes.8 PE100 pipes are made 

from a bimodal molecular weight distribution type considered as HDPE and have a MRS of 10 

MPa. The aim of using bimodal molecular weight distribution polyethylene is to combine the 

low and high molecular weight components in the different concentrations. The bimodal PE can 

be produced by using two series reactors (or multi connected reactors), each of which performs 

specific sub-process polymerization.5 PE100 grade is desirable because it can combine the 
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advantageous mechanical properties such as resistance to slow crack growth due to the high 

molecular weight fraction combined with the improved processing properties of the low 

molecular weight fraction.9 A typical PE100 pipe compound includes the base bimodal HDPE 

resin, carbon black added to approximately 2.5 wt.% as an outdoor stabilizer to protect the 

material against degradation from the UV radiation, processing stabilizers intended to provide 

protection against oxidation during pipe extrusion at high temperature and other antioxidants 

to prevent oxidation caused by long-term exposure to oxidative agents such as water 

disinfectants and air (oxygen) dissolved in the water. 

2.3. Post-polymerization modification 

Most properties of polymers can virtually be enhanced, using various reinforcing agents, 

additives, and fillers to fulfil the requirement of materials for very specific application. By adding 

fillers and additives to the polymers, the mechanical,10,11 electrical, and thermal properties,12,13 

as well as their UV stability, can be improved.14 Many types of fillers have been used, such as 

metals, carbon, glass fiber, and ceramic, each of which can result in different qualities and 

properties for the intended end use; therefore, it is important to fully understand the effect of 

different additives in a particular polymeric matrix. Heat transfer properties are of particular 

interest in many advanced applications, since polymers are mainly thermal insulators. To 

improve the thermal conductivity of the polymers, several inorganic materials e.g., graphite or 

metallic powders, have frequently been used as thermally conductive fillers. Of course, one 

important parameter is the thermal conductivity matrix and the thermal conductivity filler. 

Meanwhile, it was shown that if the ratio of the thermal conductivity of the filler to the thermal 

conductivity of the matrix is greater than 100, then the thermal conductivity of the compound is 

not increased.15 An important practical conclusion that can be drawn from this is that inorganic 

fillers with rather low thermal conductivity can be used equally effectively as metallic fillers to 

improve the thermal conductivity of polymer composites.  

Talc (see Figure 13) is a mineral composed of hydrated magnesium silicate, arranged in three 

disc-shape layers. In the middle, there is a layer of magnesium-oxygen/hydroxyl octahedra, 

while the two outer layers are composed of silicon-oxygen tetrahedra. These layers are kept 
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together only by van der Waals’ forces, and the layers have the ability to slip over each other 

easily, which makes talc the softest known mineral, measured as 1 on the Mohs hardness 

scale.16,17 Thanks to its unique characteristics such as softness, chemical inertness, slipping, oil 

and grease absorption, whiteness, availability, and its rather low price, talc has been used for 

many years as an attractive filler in a wide range of industries such as paper, pharmaceuticals, 

polymers, paint, lubricants, ceramics, and cosmetics.18 In recent years, there has been interest 

in investigating the effect of talc in polypropylene (PP) blends—not only as a filler because of 

financial considerations, but also due to some of its functional properties. Thus, there have 

been several studies on the influence of talc on the mechanical properties, crystallinity, thermal 

stability, and crystallite nucleation of PP/talc blends.19-23 

2.4. Thermal analysis of a borehole heat exchanger 

Heat transfer is the physical phenomenon for which energy is transferred from one object to 

another when there is a temperature difference between these objects. A temperature 

difference is essential for the thermal interaction. The higher the temperature differences of 

two systems, the greater the transfer heat from the hotter to the colder system. Heat can be 

transferred to or from a material in three fundamental ways: conduction, convection, and/or 

radiation. In a gas or liquid phase, molecules carry kinetic energy by fluid movement in a certain 

direction (advection) or by random molecular motion (diffusion).24 In solids, heat cannot be 

transferred by convection; therefore, the primary mechanism of heat transfer is by conduction. 

In solids like metals, phonons, electrons, or photons transfer the energy. In contrast, in 

polymers, the primary mechanism of heat conduction is through phonon since free movement 

of the electrons is not available. It is also due to phonon scattering from many sources, leading 

to a very low thermal conductivity of polymers compared to metals25.  

Heat can be extracted from or injected into the ground using ground heat exchangers. Ground 

heat exchangers are mainly used in ground-coupled heat pumps, although there are some 

applications in which ground heat exchangers are used without a heat pump, for example, to 

pre-heat the ambient air for the air conditioning systems in a cold climate. However, a proper 

design of the borehole is essential to ensure good efficiency and a key prerequisite for the 
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simulation and optimization of the temperature of the circulating fluid inside the borehole. A 

ground heat exchanger is situated in the ground (vertically in the boreholes or horizontally in 

the trenches), in which a heat carrier fluid circulates into the probes to extract and/or reject the 

heat from/to the ground. Their characteristics are critical to the performance of the ground-

coupled geothermal pumps. Figure 8 shows the cross section of a common vertical borehole.   

 

Figure 8. Cross section of a borehole. In Scandinavia, grouting is not obligatory, and the 
borehole is water filled   

 

A well-known methodology to model the thermal behaviour of a borehole heat exchanger 

considers the thermal interaction between the fluid flowing within the ground heat exchanger 

and the borehole wall.26 There are mainly two heat transfer modes inside a BHE when the 

system works: convection and conduction. Since the temperature inside a borehole is rather 

low, the heat transport through the thermal radiation might be neglected. First, the convection 

heat transfer between the fluid and the inner pipe wall, then the conduction through the pipe 

and the grout and finally, the conduction through the ground. In some Scandinavian countries, 

there is no grouting inside the borehole; thus, the BHE is directly in contact with the ground 
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water (it is known as ground water-filled boreholes). In this condition, the heat transport 

outside of the BHE is driven by natural convection and advection. From this perspective, it is 

very important to analyse the heat transfer from the rock through probes in a BHE. Thus, this 

section reports the mathematical background of heat conduction across circular tubes.  

2.5. Conduction in the cylindrical geometry  

Conduction occurs within a solid substance or even on a fluid when the motion is absent. When 

a solid has one surface at a higher temperature than the other, conduction takes place. The 

fundamental differential equation for conduction heat transfer is Fourier’s law, which states: 

���
�� = −�� �	

�
                   (1) 

 

Where dqx/dt is the heat flux (W/m2) at time t, λ material thermal conductivity (W/m.°K), A 

surface area normal to the direction of heat flow, and dT/dx is the temperature gradient in the 

direction of the heat flow. The negative sign shows that the heat is always transferred from an 

area with higher temperature into another part at a lower temperature. The thermal process in 

the ground is mainly radial during the first few years and becomes three dimensional after 

several years.27 The thermal process in the rock under the ground is governed by the three 

dimensional heat conduction equations, by using Fourier’s law, in cylindrical coordinates as 

follows:  

       
�
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�� + �́ = ��� 	�                      (2) 

Here, cp and ρ are the specific heat and density of the material respectively. It is worth noting 

that the thermal conductivity typically varies with temperature and direction. A common 

simplification in heat transfer calculations is to assume that this term is constant within the 

conditions of the system. Figure 9 shows the radial heat conduction of a pipe (neglecting the 

heat transfer through the pipe ends). 
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Figure 9. Radial conduction through a pipe heat exchanger. Since T1>T2, the heat flows from 
inside of the pipe to the outside of the pipe 

 

Since there is no heat generation in the pipe and the thermal conductivity is constant for a 

steady state, the Fourier law becomes: 

 
�
�� ������

�	
��� = 0                     (3) 

                      
�
�� �r

� 
��� = 0                             (4)   

Although the equation looks simpler than the three dimensional, there are still some issues. 

Looking at Figure 9, it is obvious that the heat transfer surface area (A=2πr L) is continually 

increasing from the inside toward the outside. Therefore, there is no simple expression for the 

area being accurate. Neither the inner surface area, nor the area of the outer surface area can 

be used in the equation. The solution for the above equation is given by: 

 

       T = c�	ln� + �&                      (5) 

Where c1 and c2 are the constants of the integration, and boundary conditions are applied to 
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determine them. The temperature distribution is thus given by: 
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                      (6) 

The heat transfer rate,  �́ (per unit of length) is given by:  

�́ = −�� �	
�� = 2- .�	'(	��

)*�+�+'�
= 	'(	�

� '
�/0�)*�

+�
+'
�
           (7) 

Analogy could be defined between the conduction heat transfer and the electrical circuits. The 

similarity of �́ is the electrical current, and the equivalence of the temperature difference,	 is 

the voltage difference. From this point of view, the pipe, as seen in Figure 9, acts as a resistance 

against the heat transfer in a borehole system; thus, a new equation  �́ = 	'(	�
1  can be defined. 

Also, it is evident that the pipe thermal resistance Rpipe (per unit of length) can be written as: 

  2�3�4 =
)*	�+�+'�
&5.                           (8) 

An important practical conclusion which can be drawn from equation 8 is that increasing the 

thermal conductivity of the pipe or improving the mechanical properties in order to reduce the 

wall thickness of the pipe would be used effectively to decrease the pipe thermal resistance.24  
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3. EXPERIMENTAL 

3.1. Materials 

The addition of fillers into a polymer leads to the formation of a composite structure and hence 

to a change in the properties of the polymer material. Some changes in the properties may be 

desired and some disadvantageous. Depending on the application where the composites are 

used, some properties can be more crucial than others; therefore, the emphasis in this research 

is on enhancement of thermal conductivity of the composites without scarifying other 

properties.  The focus of papers I and II was on the thermo-physical properties of the HDPE and 

the talc composites with and without particle modification. However, papers III and IV dealt 

with other properties such as rheological, process abilities, and long-term behaviour of these 

composites. Relevant information on materials used, including sources of materials and details 

regarding any necessary preparation are given in each paper.  

In this study, commercially available pipe materials were used as a matrix. Specifically, they 

included HDPE pipe grade, both strength class of PE80 and PE100 in granular. These HDPEs are 

commercially used for extruded pipes and are classified as MRS 8 and 10, according to ISO 9080. 

Typically, these pipe raw materials include natural resin, carbon black added to approximately 

2.5 wt.% as an outdoor stabilizer, and other antioxidants. These stabilizers include carbon black 

to protect the material against degradation from the UV radiation, processing stabilizers to 

provide protection against oxidation during the pipe extrusion at high temperature, and other 

antioxidants to prevent oxidation caused by long-term exposure to oxidative agents such as 

water disinfectants and air (oxygen) dissolved in the water. It is worth nothing that in this study, 

PE80 was used as a unimodal molecular distribution and PE100 as a bimodal molecular weight 

distribution. However, in the text where PE is used, it refers to the whole family, while when 

PE80 or PE100 is used it states more specifically to a HDPE pipe grade with MRS 8 and 10, 

respectively.   

In order to investigate the effect of carbon black on the properties, in paper I, a sample of the 

same neat HDPE resin without carbon black was also obtained (from the same supplier). Typical 

properties of these grades of HDPE material (PE80 and PE100) are shown in Table 1.  
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Table 1.  General properties PE pipe grades 

Characteristic Standard PE 80 PE 100 

Minimum Required Strength, MRS  EN ISO 9080 8 MPa 10 MPa 
Density at 23˚C ISO 1180 0.94 g/cm3

 0.95 g/cm3
 

Min tensile strength ISO 6259 15 MPa 19 MPa 
Elongation at break ISO 6259 350 % 350 % 
Oxidation induction time - OIT ISO 11357-6 >20 min >20 min 
Hydrostatic strength 20°C, 100 h 
Hydrostatic strength 80°C, 165 h 
Hydrostatic strength 80°C, 1000 h 

EN ISO 1167 
EN ISO 1167 
EN ISO 1167 

10 MPa 
4.6 MPa 
4 MPa 

12.4 MPa 
5.5 MPa 
5 MPa 

 

The literature review was done, not only to give a summary of a subject field that supports the 

identification of specific research question but also to propose the initial material that might be 

of relevant interest. Therefore, the first part of research was dedicated to choosing a good 

enough treatment, followed by an in-depth investigation and comprehensive characterization of 

these composites. Table 2 shows the materials used throughout this study for both parts.  

Table 2.  Selected properties of materials used 
 

Material Role 

Density 

(g/cm
3
) 

Thermal 

conductivity 

(W/m.°K) 

Particle size 

D50 

(μm) 

Description 

PE80  Matrix 0.954 0.4135a
 __ Paper I 

PE100 Matrix 0.959 0.4417a
 __ Papers II, III, IV, and V 

Talc Filler 2.77 2.97b
 0.6–10.5 Papers I, II, III, IV, and V 

Calcium 
Carbonate 

Filler 2.6 2.3b
 2 Thesis 

Titanium dioxide  Filler 4.25 8.95b
 1 Thesis 

Bentonite Filler 2.5 0.6b
 3 Thesis 

Carbon Nanotubes Masterbatch __ 0.7492a
 __ Thesis 

Isopropyl 
tri(dioctyl)phos
phato titanate 

Coupling agent 1.04 __ __ Paper II 

a 
Measured value 

b 
Value from data sheet 

 
 

3.2. Process and characterization 

 

Melt mixing with a twin-screw compounder was used in this study to make the HDPE 

composites and blends. The polymer granules were fed together with the particulates’ material 

(or masterbatch from Table 1) into the hopper unit of the compounder for selected mixing time. 
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Then, the molten blends were used either to make a test specimen by injection moulding or to 

make strands and then cut into pellets with a diameter of about 3 mm. Detailed process 

information, including important process parameters are described in the respective papers I–V. 

The methods and characterization used in the thesis are summarized in Table 3.  

Table 3.  Selected properties and methods used in the original publications 

Characterization Unit Method/Instrument Description 

Thermal conductivity W/(m.°K) TPS Papers I,II 
Thermal diffusivity m2/s TPS Papers I,II 
Volumetric heat capacity MJ/(m3.°K) TPS Papers I,II 
Particle size distribution µm Mastersizer Paper I 
Thermal decomposition  -- TGA Papers I,II,IV,V 
Filler content Wt. % TGA Papers I,II,IV,V 
Tensile properties  MPa Tensile test Papers I,II,V 
Modulus of elasticity MPa Tensile test Papers I,II 
Impact resistance  kJ/m2

 Charpy impact test Papers I,II 
Density g/cm3

 Archimedes Paper I 
Scanning electron microscopy -- SEM Papers I,II 
Void content % Archimedes Paper II 
Specific heat  J/(g.°K) DSC Paper II 
Pipe thermal resistance  (m.°K)/W Simulation Paper III 
Borehole thermal resistance (m.°K)/W Simulation Paper III 
Melt viscosity  Pa.s MFI Paper IV 
Melt density g/cm3

 MFI Paper IV 
Die swell % MFI Paper IV 
Melt flow ratio g/10min MFI Paper IV 
Melt viscosity  Pa.s Capillary rheometer Paper IV 
Oxidation induction time min DSC Paper V 
Crystallization kinetics % DSC Paper V 
Thermal stability -- TGA Paper V 
Storage modulus (E’) MPa DMTA Paper V 
Loss modulus (E’’) MPa DMTA Paper V 
Tan δ -- DMTA Paper V 
Strain hardening modulus <Gp>   MPa Tensile test Paper V 

 

The specimens (rectangular and dog bone shapes) in papers I and II were made by injection 

moulding, followed by compounding. However, the sample preparation in paper V was more 

complicated. After compounding, the extruded strand was cooled in air, pelletized by cutting, 

and kept in a glass desiccator. Plates were then made by compression moulding of the blended 

material to obtain 100 mm x 100 mm plates with a thickness of around 1 mm as shown in Figure 

10.  After pressing, the samples were annealed in a furnace. Finally, specimens were cut by a 

laser machine to specimens for tensile testing and dynamic mechanical thermal analysis.  
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Figure 10. Specimen’s shape and dimensions that were used in paper V. Samples were made 
first by compression moulding with a thickness of 1 mm and then cut by laser cutting machine  
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4. RESULTS AND DISCUSSION 

4.1. Thermal conductivity of HDPE/particles  

 

The thermal properties of the components in a GSHP system like thermal diffusivity of grouting 

or thermal conductivity of BHEs are important parameters that influence the efficiency of the 

system e.g., a low thermal diffusivity of grouting means a longer time to achieve a certain 

temperature level in the fluid. Furthermore, a high specific heat capacity will influence the 

desired amount of energy in a thermal energy storage system. Thus, an accurate determination 

of the thermal properties for the involved materials is essential in these systems.  There  are  

several  methods  to  measure  the thermal  properties  of  materials  at  ambient  

conditions.28,29 Among them, Transient Plane Source (TPS), or hot-disk method, is a widely used 

technique for measuring the thermal properties of materials. This method can be used for 

simultaneous determination of thermal conductivity, thermal diffusivity, and volumetric heat 

capacity of an isotropic material. Gustafsson et al.30 first demonstrated the TPS principle. The 

TPS method uses a sensor, which is a combined heat source and resistance thermometer. A 

constant power is supplied to the sensor, and the temperature in the sensor is continuously 

measured. The thermal properties of the sample can be calculated by using the temperature 

development in the sensor. The TPS sensor is fabricated in the shape of a double spiral. It is 

made of 20 μm thick nickel foil, capsulated in 25 μm thick Kapton foil for protection and 

electrical insulation. The sensor used in this study has a diameter of 2,001mm. The detailed 

measurement method is described in the standard ISO 22007-2.  

In this study, the TPS method called submodule ‘isotropic’ was used for the determination of 

the thermal properties of PE compounds. The sensor is clamped between two samples of the 

same material. The clamp was home designed and constructed to hold the specimens. In the 

real-life experiment, one must consider several technical aspects involved in using the method. 

For example, the sample is not infinite, heat capacity of the sensor is non-negligible, there is a 

small gap between the sensor and the sample, etc. For every level of concentration, two 

random rectangular injection moulded pieces (the dimensions same as Charpy impact) were 

selected and sandpapered. The sandpapering was done so that the thickness was changed as 
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little as possible while achieving a flat surface.  

The measurement results are presented in Table 4 as mean values of three/four measurements 

for the neat material and compounds with different fillers. The measurement uncertainties of 

thermal conductivity, thermal diffusivity, and heat capacity were estimated as standard 

deviations resulting from repeated measurements.  

Table 4.  Measured thermal properties of PE composites as a function of filler content. Values in parentheses show 
standard deviation 

Matrix Filler 

 

Filler content 

(wt.%)  

Thermal 

conductivity 

(W/m,°K) 

Thermal 

diffusivity
 (m

2
/s) 

 

Heat capacity 

 (MJ/(m
3
. °K)) 

 

Replication 

PE80  -- 0 0.4135 (0.0001) 0.2548 (0.0306) 1.6467 (0.1968) 3  

PE100 -- 0 0.4715 (0.0143) 0.2849 (0.0035) 1.6553 (0.0665) 3  

PE100 Talc 5 0.5061 (0.0091) 0.4183 (0.0089) 1.2100 (0.0165) 4  

PE100 Calcium 
Carbonate 

5 0.4734 (0.0175) 0.2767 (0.0174) 1.7200 (0.1531) 4 

PE100 Titanium dioxide 5 0.4720 (0.017) 0.2738 (0.0133) 1.7193 (0.0518) 4 

PE100 Bentonite 5 0.4672 (0.0139) 0.2814 (0.0163) 1.6658 (0.1093) 4 

PE100 Talc 25 0.6578 (0.0056) 0.9116 (0.0508 0.7236 (0.0363) 4 

PE100 Calcium 
Carbonate 

25 0.5470 (0.0136) 0.3218 (0.0039) 1.7005 (0.0528) 4 

PE100 Titanium dioxide 25 0.5575 (0.0098) 0.2931 (0.0292) 1.9163 (0.1445) 4 

PE100 Bentonite 25 0.4764 (0.0056) 0.3530 (0.0083) 1.3500 (0.0294) 4 

PE80 Carbon 
Nanotubes 

1.5 0.4754 (0.0085) 0.2784 (0.0130) 1.8227 (0.1206) 3 

PE80 Carbon 
Nanotubes 

7.5 0.5598 (0.0033) 0.3459 (0.0118) 1.6203 (0.0577) 3 

HDPE Carbon 
Nanotubes 

15 0.7492 (0.0092) 0.4640 (0.0727) 1.6489 (0.2235) 3 

 

In the first part of this research, thermal properties of the HDPE filled with different particulates 

were determined using the TPS method. Among the particles mentioned in Table 2, one grade 

of HDPE loaded 15 wt.% multiwall carbon nanotubes (CNT) as masterbatch was used to 

investigate the thermal conductivity enhancement. PE80 was used as matrix with HDPE/CNT 

masterbatch to dilute CNT to 1.5, 7.5, and 15 wt.% of CNT.  

The thermal conductivities of the fillers used in this study are listed in Table 2. The measured 

value for pure PE80 is in good agreement with the value reported in the technical data sheet. 
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Meanwhile, this grade of PE100 showed slightly higher thermal conductivity compared with 

other commercial PE100 material. The average thermal conductivity of pure PE100 is around 

0.42 – 0.43 W/m.°K. A comparison of the data for PE80 and PE100 indicates that bimodal 

molecular weight distribution improved to some extent the thermal conductivity of the 

material. This may have been due to changes in the crystallinity of the PE100 material. Since the 

density of the PE100 is slightly higher than PE80, this suggests that the crystallinity of PE100 

resin should be higher. The results of earlier research are in agreement where they investigated 

the effect of crystallinity of polytetrafluoroethylene on its thermal conductivity.31 The results of 

studies on the thermal conductivity are presented in Figure 11. The increase in the thermal 

conductivity of Bentonite filled HDPE composites is relatively poor, whereas talc and carbon 

nanotube increased the thermal conductivity of the HDPE suggestively.  

 

 

Figure 11. Thermal conductivity of injection-moulded HDPE composites with different fillers and 
various filler fractions 

 

Furthermore, from Figure 11 one can see that the enhancement of thermal conductivity of 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0 10 20 30 40

T
h

e
rm

a
l 

co
n

d
u

ct
iv

it
y

 (
W

/
m

.°
K

)

Filler content (wt.%)

Calcium Carbonate

Titanium dioxide

Bentonite

Carbon Nanotubes

Talc

PE 80

PE100



22 

 

PE100 with the use of titanium dioxide and calcium carbonate is in the same range. Figure 12 

shows the thermal diffusivity of the investigated materials.  

 

Figure 12. Comparison of thermal diffusivity at room temperature of NCT and talc filled HDPE 
samples for different filler fractions 

 

4.2. Thermal and mechanical properties of HDPE/talc composites  

It can be seen that the thermal diffusivity of talc filled HDPE is considerably higher than the 

diffusivity of the CNT filled HDPE of the investigated composites. Therefore, looking at Table 4 

and Figures 11 and 12, it is clear that the talc filled HDPE gives the best overall heat transfer 

properties under the chosen experimental condition. Meanwhile, in paper I, many other 

properties of PE80 / talc blends and the effects of the carbon black are discussed in more 

details.     

In this part of the study, a HDPE pipe grade of strength class PE80, pre-compounded with 2.5 

wt.% carbon black, was blended in the compounder with talc up to 35 wt.% loadings. The 

mechanical properties of the composites were studied by tensile testing and by impact testing. 

The thermal conductivity, thermal diffusivity, and specific heat were evaluated using the TPS 
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method. The density and long-term water absorption characteristics were also measured and 

analysed. In the paper I, demonstrated that the thermal conductivity, the thermal diffusivity, 

and the specific density of the composites were enhanced, while the specific heat capacity 

decreased. Talc particles, due to the plate-like shape and high aspect ratio, could contribute to 

enhance the impact resistance. Figure 13 shows the general micrograph of talc, in which the 

plate-like shape of the particles can clearly be seen. Talc is a mineral composed of hydrated 

magnesium silicate and is composed of three disc-shape layers. In the middle, there is a layer 

consisting of magnesium–oxygen/hydroxyl octahedra, while the two outer layers are composed 

of silicon–oxygen tetrahedra. 

 

Figure 13. A micrograph of the talc before compounding, in which the plate-like shape of the 
particles can clearly be seen 

 

Figure 14 presents two Scanning Electron Microscopy (SEM) images of the area on a 

cryofractured specimen. Talc particles are visible in Figure 14a, and it is clear that the filler is 
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well dispersed and uniformly distributed in the matrix. The layers of talc, which are held 

together by weak van der Waals’ forces, are oriented along the direction of injection flow. The 

SEM image suggests that the parts of the filler that were pulled out from the surface appear to 

lack residues of matrix, which would not have been the case if the adhesion was good. The pull-

out of talc particles can be seen from the imprints left on the surface (the white circle in Figure 

14 b). On these grounds, it was concluded that the adhesion between talc and matrix in the 

system was poor, which explains why the tensile strength did not increase very much. The 

dimensions of the imprints were in quite good agreement with the size measured for talc. 

 

Figure 14. Scanning electron microscopy images of the cryofractured surface of HDPE/talc. Well 
dispersed and homogeneous distribution of talc (a) and imprints left by talc particles on the 

surface (b)   

 

In the initial phase, different commercial types of talc with a wide range of particle sizes were 

used as filler, and thermal conductivity of these samples did not show significant differences. 

Previous studies have also confirmed that particle size has a minor effect on thermal 

conductivity of filled polymers.32 One important parameter which influences the effective 

thermal conductivity of talc filled HDPE is the contact thermal resistance between the filler 

particles and on the interface of two phases (HDPE– talc filler) as it is shown in Figure 14. 

In paper I, it was reported that an adequate talc input enhanced the thermal conductivity of the 

HDPE/talc blends, while the mechanical properties of the composites remained almost 
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unchanged because the adhesion between talc and matrix in this system was poor. Therefore, it 

would be advantageous to modify the talc particle surface in order to increase the particle 

adhesion to the matrix, which should further decrease the amount of micro voids, and as a 

result might increase the thermal conductivity of the composites as well as improve the 

mechanical properties. This was done during the ongoing project, and the results are published 

in paper II. In this paper, the formation and the properties of thermally conductive composites 

of HDPE and talc in the presence of a titanate coupling agent was examined. The aim was to 

investigate the properties of PE100 composites based on the talc filler and to compare the 

effects of the coupling agent on thermal and mechanical properties. A HDPE pipe grade with a 

strength of PE100 was blended in a micro-compounder up to a talc loading of 35 wt.%, and 

isopropyl tri(dioctyl)phosphato titanate was used as a coupling agent. The mechanical 

properties of the composites were studied using tensile testing. The thermal conductivity of the 

specimens before and after the long-term water absorption was evaluated using the TPS 

method. The void content of the composites was also measured and analysed.  

 

The values obtained for the mechanical properties are shown in Figure 15. In the absence of the 

coupling agent, the difference in the mechanical properties between neat HDPE and its 

composites suggested that talc has a minor reinforcing effect on PE100. However, the addition 

of talc to HDPE yields composites with an elastic modulus that is significantly higher than that of 

the neat material. 
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  Figure 15. Mechanical properties of the composites as a function of the filler and treatment 
(a) tensile strength (a) and tensile modulus (b). Uncertainties represent the standard deviation 

 

Average increases of 11% for tensile strength and 24% for tensile modulus were obtained with 

the coupling agent compared to the untreated talc. The increased tensile modulus with the talc 

content may mainly be attributed to the replacement of HDPE by the more rigid talc particles 

and also the talc filler restricting the mobility and deformability of the matrix. The 

improvements in the tensile strength and stiffness of the composites, thus, are partly explained 

by the better bonding between the matrix and the reinforcement. It is well known that adhesion 

between the polymer matrix and the reinforcement is one of the key factors that influence the 

properties of composite materials. The introduction of a coupling agent into the system 

promotes the bonding of polymer to filler; hence, it improves the performance of the 

composite.  

Other studies have shown an improvement of the mechanical properties for filled PP as a result 

of coating the fillers with different types of coupling agents such as silane, titanate, and 

amine.33-35 Li et al. also examined the mechanical and morphological properties of HDPE/talc 

compounds and showed that the presence of silane coupling agents resulted in higher stiffness, 

lower strain at break, and almost unchanged tensile strength.36 

While the mechanical properties of HDPE/ talc composites have been improved by treatment of 

the filler, most of the thermal characteristics (thermal conductivity and thermal diffusivity) of 
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the untreated samples, however, showed similar values with the values for the treated samples. 

It is suggested that there is a negligible effect of the titanate coupling agent on thermal 

conductivity. This result indicates an interesting conclusion. Although the untreated samples 

suffered from the presence of higher voids due to poor wetting as shown earlier, the effective 

thermal conductivity was as high as that for treated fillers. Lee et al.37 reported that HDPE-

containing surface-treated aluminium nitride fillers showed a slightly improved thermal 

conductivity than for HDPE-containing untreated fillers.  

The moisture content also largely influences the thermal conductivity; for example, the thermal 

conductivity of a wet material is considerably greater than that of the dry material and water 

itself. However, in this research, PE100/talc composites with absorbed moisture (for groups, 

treated and untreated of filler) had almost the same thermal conductivity, thermal diffusivity, 

and volumetric heat capacity values as their unabsorbed counterparts.  

4.3. Rheological properties of talc-filled HDPE 

The addition of fillers to a polymer brings changes in the process conditions and the rheological 

properties of the polymer. Rheological and melt flow properties are important indications of the 

polymer processing behaviour and might impact all stages of material use, from formulation 

development, post polymerization, and compounding to processing and product performance. 

Melt rheology governs the process ability, including how a melt is transferred, final shape, and 

also many defects, such as those associated with the final products.38,39 Therefore, melt 

rheology was studied in a melt flow indexer in a constant shear stress and in a capillary 

rheometer in a constant shear rate for the talc filled HDPE composites. Paper IV deals with the 

viscous and elastic behaviours of melt composites when subject to force.   

Figure 16 outlines the dependence of the apparent shear viscosity on the shear rate for neat 

material and talc filled HDPE composites at a temperature of 190 °C at low shear rate. It can be 

seen that the shear viscosities decrease dramatically with an increasing shear rate, confirming 

the shear-thinning (pseudoplastic) behaviour of the studied systems. From the figure, it can also 

be inferred that the talc does not influence the shear viscosity in the temperature range of the 

experiment. This is more pronounce in the higher shear rates. Only a few disperse systems have 
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been documented in the literature where the fillers do not have an influence on the shear 

viscosity.40 This phenomenon might be attributed to the morphology of the talc particle, i.e., 

when applying shear forces, the particles have the ability to slide past each other and have a 

lubricating function in the melt flow. 

 

Figure 16. Apparent shear viscosities of the HDPE/talc composites as a function of the shear rate 
at varying filler concentrations in the melt flow indexer 

 

Figure 17 demonstrates the relationship of viscosity (ƞa) at the die wall versus shear rate (γ6�  at 

190 and 220 °C for the 10wt.% talc-HDPE composite and compared with the neat PE by capillary 

rheometer in shear rate range of 1 to 10000 s-1. It can be observed from Figure 17 that the melt 

viscosity generally decreases linearly with the increase of apparent shear rate, for both the 

unfilled HDPE melt and the HDPE/talc composite melt in a logarithm scale. The relationship 

between ƞa and (γ6 �  for the melts may be expressed as follows:39 

ƞa =7�γ6 �	*(�     (9) 

Where n is the non-Newtonian index and K is the consistency of polymer melt. The values of K 

and n under different shear rates (for 10wt. % talc at 220 °C), which were obtained by using a 

linear regression method, are 3.62 kPa.s and 0.3033, respectively. The linear correlation 

coefficient (R2) for these two parameters is as high as 0.99. Since the value of the non-
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Newtonian index is less than unity, it implies a pseudoplastic (shear-thinning) nature of the melt 

composites as shown earlier. 

 

Figure 17.  The comparison of viscosity and shear rate of neat HDPE and HDPE/talc composite 
for 10 %wt. talc under 190 and 220 °C in logarithm scale 

 
 

Figure 18 illustrates the dependence of the melt densities of the HDPE-talc composite on 

temperature at a constant load of 5kg. It is found that the melt densities of both the neat 

material and talc filled HDPE composites decrease with increasing temperature. 
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Figure 18. Relationship between melt density and filler weight fraction 

 

Figures 19 shows the relationship between the melt flow ratio (MFR) of the composite systems 

and the talc content under test conditions with 5 kg load and different temperatures. The 

measured value of MFR for the neat material is in good agreement with the value reported in 

the technical data sheet. The measurements confirm that talc does not have influence on the 

MFR as we have seen from the viscosity measurements. It can also be seen that the MFR of the 

composite systems increases with a rise of temperature. This is because the movement or 

transition ability of macromolecular chains of resins is enhanced with a rise of temperature, and 

the melt viscosity reduces, resulting in an increase of the melt flow rate for each composite 

system with a rise of temperature. 
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Figure 19. Dependence of melt flow ratio on temperature and filler contents of HDPE/talc 
systems at 5kg load 

 

The elastic behaviour of the system was investigated by die swell methods. Figure 20 displays 

the general photographs of two cut-offs of the post extrude samples with 15 wt.-% talc at 

190 °C/5 kg load and neat HDPE at 220 °C /12.16 kg, respectively.  
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Figure 20. General photograph of the cut off samples after MFR test. Composite with 15 wt.% 
talc at 190 °C /5 kg load (a) and HDPE neat material at 220 °C /12.16 kg load (b) 

 

From this picture, the strong effect of the talc particle on the reduction of the swelling is 

obvious. A general trend observation was the more the swelling, the more the tendency of 

bending in the extrudates. This behaviour is related to the more elastic melt behaviour and 

confirms that the extrudate swell has a significant effect on the quality of the final product. 

 

4.4. Lifetime and long-term performance  

The properties of polymers like polythene can be tailored to meet the needs of different 

applications. The most important parameter, governing resin properties, is density which is 

taken as a measure of crystallinity and amount of short chain branches i.e., high-density 

polyethylene. However, polyethylene materials used in pressure pipe applications are no longer 

classified by density; instead, they are now classified by minimum required strength (MRS) 



33 

 

classes based on the international standard ISO 9080 i.e., the pipe must withstand a hoop stress 

of 10 MPa for up to 50 years at 20 °C. It is widely recognized that fracture at low stresses is the 

most common mode of failure for pressure PE pipes, known as slow crack growth (SCG) or 

environmental stress crack.41 Typically, a graph is constructed showing the logarithm of pipe 

hoop stress versus logarithm of failure time. From the graph, the transition from ductile to 

brittle failure (knee) is extrapolated to a desired lifetime, and the maximum hoop stress (or 

MRS) can be extracted. However, many investigators have recently demonstrated the link 

between the GCG and the resistance against further deformation above the natural draw ratio 

like strain hardening modulus <Gp>.42,43Therefore, this part of the study was undertaken to 

investigate the influence of talc filling in a bimodal PE100 matrix on the thermal oxidation, 

morphology, dynamic mechanical behaviour, and strain hardening. Detailed results are 

discussed in paper V.  

 The thermal stability of PE100 and PE/talc composites was tested by TGA, and their 

thermogravimetric (TG) curves in air atmosphere are shown in Figure 21.  

 

Figure 21. TGA curves and mass loss (%) versus temperature with a heat rate of 10 ˚C/min in air 
atmosphere for talc, HDPE and HDPE/talc blends 
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This figure shows that the mass loss for pure talc in the interval from room temperature up to 

800 °C was about 2.5%, indicating that talc is quite stable thermally. In addition, nearly 100% of 

the PE100 in all samples degraded up to 500 °C, and the remaining residue contained carbon 

black and talc. The amount of final residue increased correspondingly with the proportion of 

filler, and the percentage of residue was in accordance with the percentage of talc added in the 

compounding. According to the TG plots, the onset thermal decomposition temperature (T5) of 

PE100 is noticeably increased with the addition of talc. However, with increasing talc content, 

the onset temperature for HDPE/talc composites changes slightly.  

A practical implication that can be drawn from this conclusion is that enhanced thermal stability 

by adding talc may have a positive effect on the process conditions related to the allowable 

welding temperatures during the electrofusion process.44 During the electrofusion welding 

process, excessive welding time can result in high temperatures in the area of fusion joints, 

where thermal degradation of HDPE may occur.  

Figure 22 illustrates a schematic diagram of a typical oxidation induction time (OIT) 

thermogram. This method was used to investigate the antioxidant content of the test samples. 

The OIT values represent a sensitive measure of stabilizer consumption and residual 

stabilization effectiveness during the lifetime of the pipe application. The more resistant the 

sample is to oxidative degradation, the higher the value for the oxidation induction time (OIT).  

 

Figure 22. Schematic diagram for the determination of OIT as the onset of oxidation 
decomposition 
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Figure 23 compares the effect of talc on the oxidation induction time for PE100. Unexpectedly, 

it was observed that the OIT values decreased continuously with increasing talc content. 

 

Figure 23. Comparing the oxidation induction time of the PE100 and PE100/talc composites 
(mean value of at least three measurements, error bar shows calculated standard deviation) 

 

The most likely explanation for the negative result is that the increase in the hydroxyl groups (–

OH) in the composite material provided by talc can lead to side reactions during 

decompositions, which accelerates the thermal oxidation.45,46
 Based on the observation, it can 

be inferred that talc might reduce the efficiency of stabilizers by adsorbing them on their 

surface, which as a result reduces the expected service lifetime of the stabilizers. This adverse 

effect might be reduced or prevented by adding more stabilizers to compensate for the 

adsorbed part, or by adding modifiers with a higher affinity for talc to coat the talc surface. 

However, there is a need for more intense investigation to test the robustness of this issue.  

The influence of talc filler on the crystallization and melting of PE100 was studied by DSC 

measurements. Some important parameters such as melting and peak temperatures, heat of 

fusion, initial crystallization temperature, and the maximum crystallinity temperature, are 

extracted from the DSC curves and provided in Table 5.  
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Table 5. Thermal properties by DSC of neat PE100 and PE100/talc composites by a standard heating–cooling–
heating procedure at a rate of 10 °C/min (Mean value of three measurements are listed) 

Sample  Tm onset  (°C) Tm peak  (°C) ∆Hm 
(J/g) 

Tc onset (°C) Tc peak (°C) Xc(%) ±Std* 

PE 117.3 132.6 172.0 117.8 110.9 59.9±1 

10% 117.2 131.0 156.3 120.3 113.1 60.9±1.7 

15% 117.3 132.8 143,2 120.5 113.1 59.2±0.2 

25% 117.7 131.9 131.8 120.9 114.3 62.3±1.3 

* Calculated standard deviation of three measurements 

  
One of the most noteworthy trends extracted from Table 5 is that both the onset and the peak 

crystallization temperatures increased by 3°C when adding talc, which implies that the 

introduction of the talc even in the lowest concentration could promote crystallization 

capability of the PE100 resin. The increasing of onset crystallization temperatures in the 

presence of talc particles might be attributed to the heterogeneous nucleation caused by 

fillers.47 This means that the crystallization kinetics is enhanced with the addition of nucleation 

seeds. 

 

In the pipe industry, it has been widely accepted that the production of large diameter and thick 

wall pipes is problematic.48 Due to the large wall thickness, the cooling process of the pipe after 

leaving the extruder die head is very slow; therefore, the gravity of the resin leads to sagging of 

the melted polymer,49 resulting in very inhomogeneous wall thickness distribution. Thus, the 

wall thickness at the upper part of the pipe becomes smaller than at the lower part of the pipe. 

Another problem is the formation of thermal gradient across the pipe wall during the cooling 

process. The outside and inside surfaces are cooled down by a water spray and solidified 

quickly. The crystallization and shrinkage of the core region will therefore be much slower, 

which causes formation residual stress within a pipe.50 These residual stresses act as 

compression stress along the outer wall and as tension stress along the inner wall thickness of 

the pipe. It is reasonable to expect that these residual stresses accelerate the failure in the pipes 

under pressure.51 Hence, it can be deduced that talc can obviously promote the nucleation rate 

and crystallization behaviours of PE100 and higher viscosity at very low shear rate. Therefore, 
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the gravity-induced sag and residual stress in pipe production is expected to be effectively 

avoided due to the fast hardening of the molten material and needs higher shear stress to sag.  

 

The time-temperature dependency of the mechanical properties was determined by dynamic 

mechanical thermal analysis (DMTA). In this study, the specimens were deformed under flexure 

using a single cantilever clamp arrangement, at a frequency of 1Hz. The variations of the storage 

modulus (E’) and loss modulus (E”), with a temperature for different formulated PE100/talc 

composites are graphically presented in Figure 24.  

 

 

Figure 24. Variation of the storage modulus (E’) and loss modulus (E”) with a temperature for 
the PE100 and talc composites at 1HZ 
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compared to the corresponding modules of neat PE100, which indicates an increased stiffness 
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Young’s modulus or stiffness. It might be argued that the storage modulus measured by DMA, 

however, is not exactly the same as Young’s modulus of the classic stress–strain curves, because 

Young’s modulus is normally calculated from the slope of the initial linear part of a stress–strain 

curve, while the E’ can be viewed just as a point on the line; nonetheless, this approximation is 

good enough for many engineering applications.  

 

Plots of loss modulus E” against the temperature for neat material and the PE100/talc 

composites show the loss peak seen at around 45 °C, which corresponds to the α transition 

regions. The peak intensity and broadness increase with the talc concentration in the PE100/talc 

composites.  

 

Tensile test was carried out to calculate the strain hardening modulus. Compression moulding 

of the blended material was used to obtain 100 mm x 100 mm plates with a thickness of around 

1 mm (Figure 10). The modulus <Gp> was calculated from Neo-Hookean Strain Measure model 

between a true strain of 8 and up to the point of maximum stress, but less than the strain of 

12.6, according to the data treatment suggested in ISO 18488:2015. Tests were performed in 

two different conditions: 1) at room temperature at a drawing speed of 0.5 mm/min and 2) at 

80 ˚C at a constant traverse speed of 20 mm/min. The elongation was determined with a laser 

extensometer; therefore, two reflecting and self-adhesive gauge marks were attached to the 

test specimens (see Figure 25). The initial distance between these marks (gauge length) was set 

to 12.5 mm. 
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Figure 25. Tensile test to obtain strain hardening modulus of PE100/talc composites at room 
temperature with a laser extensometer 

 
 

Stress–strain curves of the studied samples, expressed in the form of true stress–draw ratio 

curves, obtained at the strain rates of 0.5 mm/min at room temperature, are shown in Figure 

26b. The main differences between the studied samples are found in their post-yield and strain 

hardening development.  
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Figure 26. Schematic tensile test of HDPE, showing the strain hardening zone after natural draw 
ratio(a) and true stress–true strain curves performed for composites at room temperature at 0.5 

mm/min (b) 

 

The behaviour of the neat PE and PE/talc 10 wt.% is common for a bimodal PE resin. These show 

significant cold drawing, good deformability, and undergoes strain hardening, which results in a 

high strength at break. A small slope difference between the curves for HDPE and 10% loading 

can be recognized above the natural draw ratio. However, at higher particle concentrations 

(15% and 25%), a pronounce decrease in the draw ratio and vanished strain hardening without a 

trace were observed. 

 

4.5. Numerical model simulation 
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heat exchangers (GHE) is critical to the design and energy analysis of ground source heat pump 

(GSHP) systems. Thermal load profiles vary significantly from season to season and building to 
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Figure 27 plots the relationship for the pipe thermal resistance against the thermal conductivity 

of the material in the range of polymers-thermal conductivity according to equation 8. As shown 

in this figure, pipe thermal resistance depends strongly and inversely on the thermal 

conductivity and the standard dimension ratio (SDR, the ratio between the pipe diameter and 

the wall thickness) of the pipe. This figure also emphasizes that the pipe thermal resistance is a 

significant portion of the overall borehole resistance, so any efforts to decrease the pipe 

thermal resistance are appreciated. However, increasing the thermal conductivity of the 

material above 2 W/m.°K cannot have so much of an effect on the pipe thermal resistance.  

 

 

Figure 27. Pipe thermal resistance vs. thermal conductivity of pipe material at different 
pipe dimensions. The legend shows outside diameter * pipe wall thickness 

 

Erath Energy Design (EED v3.22) was used to simulate the heat transfer associated with the 

enhanced thermally conductive HDPE composites. Four different single U pipe configurations 

inside the borehole were investigated and compared. The properties and dimensions of the 

pipes are given in Table 6. Synthetic building loads for a normal private house in Sweden were 
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used, with an average seasonal performance factor of 3 in the simulation for a period of 25 

years.  

 

Table 6.  Pipe properties and dimensions used in the numerical model 

Case  Thermal cond.   Thermal diff. Spec. heat cap.  Density Dimension 

Case I 0.4 W/m.K 0.255 m2/s 1728  J/Kg.K 1.204 g/cm3
 Ø40*2.3 SDR 17 

Case II 0.7 W/m.K 1.026 m2/s 5621 J/Kg.K 0.953 g/cm3
 Ø40*2.3 SDR 17 

Case III 0.4 W/m.K 0.255 m2/s 1728  J/Kg.K 1.204 g/cm3
 Ø40*3.6 SDR 11 

Case IV 0.7 W/m.K 1.026 m2/s 5621 J/Kg.K 0.953 g/cm3
 Ø40*3.6 SDR 11 

 

The output of the simulation program is the borehole length, the effective borehole resistance, 

and the mean temperature of the fluid at the end of month for the design period. A summary of 

these results is shown in Table 7.  

Table 7.  Borehole thermal resistance and borehole length computed with EED for the enhanced thermally 
conductive material 

Case  
Borehole Thermal Resistance 

(m.°K/W) 
Borehole Length 

(m) 

Pipe Thermal 
Resistance(m.°K/W) 

Case I 0.1313  147  0.0486  
Case II 0.1179   141.2  0.0278  
Case III 0.1495   154.8  0.079  
Case IV 0.1285   145.8  0.0451 

 

Table 7 indicates that the effective borehole thermal resistance can be decreased by up to 21% 

when using a thermally enhanced pipe in GHE with a single U bend. The lowest borehole 

resistance occurs for case II, where a pipe with SDR 17 and thermally enhanced material was 

used. The thermally enhanced pipe reduces the borehole thermal resistance by 10% and 14% 

for the pipes SDR 17 and 11, respectively. The reduction is greater for SDR 11 due to the fact 

that the pipe has thicker wall thickness and the performance of the thermal conductive PE 

would be more effective. The borehole length required for a given system can be reduced by 

decreasing the borehole thermal resistance by up to 9% (cases II and III); therefore, the length 

of the GHE can be decreased to reduce the total installation costs.    

Raymond et al.54 have also studied the performance of thermally enhanced pipes in vertical GHE 

systems. Using a numerical modelling by COMSOL Multiphysics, they have shown that the 
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enhancement of the thermal conductivity of the pipe reduces the borehole thermal resistance 

by up to 24% for GHEs made with a single U-bend. They also made several thermal response 

tests, and the measurement of the decrease in the borehole thermal resistance associated with 

the thermally enhanced HDPE pipe is on the order of 20%. Due to an increase in the thermal 

conductivity of the material, the pipe thermal resistance is reduced; accordingly, the overall 

borehole resistance is also reduced. 
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5. CONCLUSIONS 

 

The influence of nano and micro fillers on the thermos-physical, properties of high density 

polyethylene (HDPE) was studied. Results have confirmed that particle size has a minor effect 

on thermal conductivity of filled polymers. Thus, HDPE with micro size inorganic fillers such as 

talc with a rather low thermal conductivity can be used equally effectively as nano fillers to 

improve the thermal conductivity of polymer composites. Both unimodal and bimodal HDPE/ 

talc composites should exhibit a balance of good thermal conductivity and adequate mechanical 

properties while retaining ease of processing. It was shown that due to the plate-like shape and 

high aspect ratio of talc particles according to the SEM analysis, talc is a promising particulate to 

enhance the impact strength and the thermo-physical characteristics of HDPE.  

Melt mixing of commercial talc fillers with HDPE led to a good dispersion; moreover, in the 

presence of isopropyl tri(dioctyl)phosphato titanate as a coupling agent, an increased adhesion 

was observed between the filler and the matrix. However, results revealed that the coupling 

agent had a negligible effect on the thermal conductivity, thermal diffusivity, and specific heat 

capacity of the composites.   

In this study, the melt flow and the viscoelastic properties of the HDPE/talc composites have 

been investigated. The study highlights that the talc particulates did not influence the melt 

viscosity compared with the neat HDPE but decreased the elasticity of the polymer system. The 

HDPE/talc systems obeyed the power-law model in shear stress–shear rate variations. The 

power-law indexes were less than one, indicating a pseudoplastic (shear-thinning) nature of the 

composites. At the same time, the die-swell increased with an increased wall shear rate and 

shear stress. The melt density of the composites increased linearly with an increase of the filler 

weight fraction and decreased with the increase of the testing temperature. The MFR of the 

composite systems increases with a rise of temperature. 

It was presented that the thermal stability measured by TGA is enhanced, while the oxidation 

induction time decreases in the presence of talc. An increase in the crystallization temperature 

is evidenced. Storage modulus as recorded from the dynamic mechanical analysis is also 
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increased in all composites; furthermore, the loss modulus and tan δ registered different peaks 

for the α relaxation. Strain hardening modulus as a measure of environmental stress crack 

resistance of the HDPE/ talc composites deteriorated with an increase in the talc concentration 

The thermal and mechanical analyses presented in this research give promising results, 

indicating the feasibility of this type of modification for the ground source heat pump systems. 

Simulation model indicates that the effective borehole thermal resistance can be decreased up 

to 21% when using a thermally enhanced pipe in the GHE with a single U bend. The borehole 

length required for a given system can be reduced by decreasing the borehole thermal 

resistance by up to 9%. Therefore, the length of the GHE can be decreased to reduce the total 

installation costs.    
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6. FUTURE STUDIES 

The work described in this thesis was to develop novel thermoplastic composites to have lower 

thermal resistance in the ground heat exchangers. In the context of this study, the thermos-

physical, mechanical, and morphological properties of HDPE (both unimodal and bimodal 

molecular weight distribution) with different particles were studied and evaluated. Recently, 

other high performance polymers with outstanding mechanical properties and higher MRS 

have been successfully tested and implemented in the pressure pipe industry. It might be of 

interest to use other high performance polymers as a matrix and try to make high conductive 

performance polymers for the ground source heat pump systems.  

In paper V, it was shown that the oxidation induction time and strain hardening modulus of the 

composites were reduced in presence of talc. Future studies should be conducted to investigate 

the MRS values of the composites with the long-term hydrostatic pressure tests according to 

ISO 9080.  

Finally, in this research, it was assumed that the particles and composites are isotropic; 

therefore, the possibilities of anisotropic behaviour and its effects on the thermos-physical 

properties should be studied.        
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