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ABSTRACT 

 

The study deals with the preparation and characterization of polystyrene (PS) capsules 

containing M3 paraffin wax as phase change material for thermal energy storage embedded 

in a polypropylene (PP) matrix. Blends of PP/PS:wax and PP/PS were prepared without and 

with SEBS as a modifier. The influence of PS and PS:wax microcapsules on the morphology 

and thermal, mechanical and conductivity properties of the PP was investigated. The SEM 

images of the microencapsulated PCM show that the capsules were grouped in irregular 

spherical agglomerates of size 16-24 μm. However, after melt-blending with PP the much 

smaller, perfectly spherical microcapsules were well dispersed in the PP matrix. The results 

also show fairly good interaction between the microcapsules and the matrix, even in the 

absence of SEBS modification. The FT-IR spectrum of the microcapsules is almost exactly 

the same as that of polystyrene, which indicates that the microcapsules were mostly intact 

and that the FTIR only detected the polystyrene shell. The amount of wax in the PS:wax 

microcapsules was determined as 20-30% from the DSC and TGA curves. An increase in 

PS:wax content resulted in a decrease in the melting peak temperatures of PP for both the 

modified and the unmodified blends due to the plasticizing effect of the microcapsules. The 

thermogravimetric analysis results show that the thermal stability of the blends decreased 

with an increase in PS:wax microcapsules content as a consequence of lower thermal stability 

of both the wax and PS. The DMA results show a drop in storage modulus with increasing 

PS:wax microcapsules content. The microcapsules acted as a plasticizer and thus enhanced 

the mobility of the polymer chains. Generally the thermal conductivity of the unmodified and 

modified blends decreased with increasing PS:wax microcapsule content when compared to 

PP. The polystyrene shell has a lower conductivity than the PP matrix, which explains the 

lower thermal conductivities of the blends with increasing PS content.  
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Chapter 1: General introduction 

 
1.1 Background 

 

There are more and more interest in the research of renewable energy sources and materials 

in the globe with the growing energy crisis [1,2]. There are different forms in which energy 

can be stored i.e. mechanical, electrical and thermal energy. Amongst the different energy 

storage forms, thermal energy storage is the most attractive because of the storing and 

releasing ability [3]. Thermal energy can be stored as a change in internal energy of a 

material as sensible heat or latent heat, or thermochemical energy storage. Sensible heat 

storage is carried out by adding energy to the material thus increasing the temperature of the 

material without changing its phase. Latent heat storage is based upon absorption or release 

of energy when a storage material undergoes a phase change. Thermochemical energy 

storage depends on energy absorbed and released by breaking and reforming of molecular 

bonds in a reversible chemical reaction [3-5]. 

 

Amongst the above mentioned thermal energy storage methods, latent heat storage is the 

most attractive due to high energy storage at a constant temperature corresponding to the 

phase transition temperature of the storage material [3,9]. The phase change can be solid-

liquid, solid-solid, solid-gas or liquid gas. In the solid-solid transition, heat is stored when a 

storage material is transformed from one crystalline state to another. Generally, this system 

has small latent heat when compared to solid-liquid transitions. Solid-gas and liquid-gas 

transitions have high latent heat when compared to solid-liquid transitions, but the major 

disadvantage is their large volumes which tend to make the system complex and impractical. 

Solid-liquid transitions are useful because they store a relatively large quantity of heat at a 

narrow temperature range, with small volume changes [3,6-9].  

 

Phase change materials are latent heat storage materials. The thermal energy transfer occurs 

when a material changes from solid to liquid or from liquid to solid and this is called a 

change in phase or state [10]. However, for PCMs to be used as latent heat storage materials 

these materials must exhibit certain desirable thermal, physical, kinetic, chemical and 

economical properties (Table 1.1). 
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Table 1.1 Main desirable properties of PCMs 

Thermal 
properties 

Physical 
properties 

Kinetic 
Properties 

Chemical 
properties 

Economical 
properties 

Suitable phase 
transition 

temperature 

High density No 
supercooling 

No fire hazard Abundant 

High latent heat 
of fusion 

Small volume 
change 

Sufficient 
crystallization

No toxicity Available 

Good heat 
transfer 

Low vapour 
pressure 

 Long term chemical  
stability 

Inexpensive 

 
 

To choose a PCM for a certain application, the operating temperature for cooling or heating 

should match the transition temperature of the PCM. Good heat transfer is required since high 

conductivity will assist in charging and discharging of energy storage. Phase change 

materials (PCM) should minimize supercooling since supercooling of a few degrees will 

interfere with the extraction of energy from the storage material. PCMs should also be non-

toxic, non-flammable and non-explosive. Economical PCMs should be available on a large 

scale and also at a low cost [3,7,11-12]. 

 

Phase change materials can be classified into the following categories: Organic compounds, 

inorganic compounds, and eutectics of inorganic and organic compounds. Inorganic 

compounds include salt hydrates, salts, metals, and alloys [13,14]. Inorganic PCMs are the 

most important group of PCMs, especially salt hydrates. The most attractive properties of salt 

hydrates are: high latent heats, relatively high thermal conductivity, small volume changes on 

melting, and many salt hydrates are sufficiently available at low cost for their use in energy 

storage [3,14]. The inorganic materials have not been investigated as extensively as the 

organic materials because of their undesirable properties such as incongruent melting and 

supercooling. 

 

The organic materials are classified as non-paraffins and paraffins. The non-paraffins consist 

of a lot of phase change materials with highly varied properties. Each of these materials will 

have its own properties. The major properties of these materials include high heat of fusion 

and inflammability. Their major drawback is their cost, which is 2-2.5 times greater than that 

of paraffins. They are also mildly corrosive and have low thermal conductivity [3]. Paraffins 



3 
 

are mixtures of many hydrocarbons and have a melting range rather than a sharp melting 

point. Some of the paraffins investigated for energy storage include waxes, n-eicosane, n-

octadecane, and others. Paraffin waxes in particular have been of interest due their promising 

properties as phase change materials. Paraffin wax is safe, reliable, predictable, less 

expensive, and non-corrosive. They are chemically inert, show little volume change during 

melting and have low vapour in the melt [13,15]. 

 

Apart from the favourable properties of paraffin waxes, such as congruent melting and self 

nucleating properties, they are not easy to be used directly in practical applications because of 

undesirable properties such as leakage, low thermal conductivity and low thermal stability 

[3,16]. However, all of these undesirable effects can be eliminated by modifying the wax and 

the storage system [3]. There are different ways in which the storage system can be modified, 

such as direct incorporation of wax into the polymer and encapsulation of wax by 

microencapsulation or macroencapsulation. Macroencapsulation is the inclusion of PCM in 

some form of package such as tubes, pouches, spheres, and panels. Previous experiments 

with macroencapsulation have failed due to the poor conductivity of the PCM and hence the 

lack of effective heat transfer [3,11,28]. Microencapsulated or encapsulated PCM is 

composed of PCM as a core and a polymer shell to maintain the shape and prevent leakage of 

PCM during a phase change process [19]. The advantages of encapsulated wax are: reduction 

of the reactivity of the wax with the outside environment, increase in the heat-transfer area, 

reduction of volume changes as phase change occurs [17-20].  

 

Microcapsules may be obtained by means of chemical or physical methods. The use of some 

of the techniques has been limited due to high cost of processing, regulatory affairs, and the 

use of organic solvents, which are of concern for health and the environment. Physical 

methods include spray drying and fluidized bed processes that are inherently not capable of 

producing microcapsules smaller than 100 μm. Chemical processes are associated with 

interfacial, in situ and suspension polymerization. Microencapsulation methods based on in 

situ and suspension polymerization techniques were quite successful to produce 

microcapsules with improved thermal capacity in relation to the PCM content [11,17-18,21]. 

 

Even though the PCM is responsible for storage and absorption or release of energy, the 

selection of an appropriate shell material is important [21,22]. An appropriate shell material 

is one that withstands hot and dry conditions. Several polymers have been used as PCM shell 
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materials, and these include gelatine-formaldehyde, toluene-2,4-diisocynate, melamine-

formaldehyde, urea-formaldehyde, diethylene triamine and polystyrene [22]. The 

formaldehyde shell materials such as melamine-formaldehyde, gelatine-formaldehyde and 

urea formaldehyde have attracted many researchers because of their unique properties such as 

good seal tightness, endurance, water resistance, alkaline resistance, and fire resistance. 

However, formaldehyde copolymer shells release the formaldehyde which is poisonous, and 

this limits their use as shell materials. There is still little information available on the 

reduction of the formaldehyde content [23]. In the previous studies, PCMs were successfully 

encapsulated by a single polystyrene (PS) polymer cover [21]. In this context, polystyrene is 

a promising polymer to be used as shell material in the preparation of microcapsules. In 

addition, polystyrene has advantages of being hard, clear, easily processed, low cost and a 

modulus of elasticity between 3200-3600 MPa [22,24].  

 

PCMs absorb and release energy as is shown below in Figure 1. 

  

 

Figure 1 Schematic representation of a phase change process [11] 

 

All materials absorb heat during a heating process while its temperature increases constantly. 

A large amount of heat is absorbed in the melting process of paraffin waxes inside the 

polymeric shell. As the surrounding temperature decreases, the PCM inside the polymer starts 

to crystallize and the PCM capsules release the stored heat energy and consequently the PCM 
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solidifies. When comparing the heat absorption of phase change materials with those of 

normal materials, a lot of heat is absorbed by PCMs [11]. 

 

In terms of applications, PCM microcapsules can be mixed with gypsum boards to form 

smart boards. These kinds of smart boards are used as wall materials in buildings, which can 

absorb solar radiation during the day and release the stored energy during the night. As a 

result, the room temperature can be maintained in a comfortable range without extra energy 

which makes the whole system attractive considering energy shortage these days [4,18,25]. 

To suit for a certain application, PCMs are selected on the basis of their transition 

temperature [3,27]. For example, materials that melt below 15 °C are used for keeping 

coolness in air-conditioning applications, while materials that melt above 90 °C are used to 

drop the temperature if there is sudden increase in temperature [27]. 

 

1.2  Objective of the study  

 

The objective of the study was to investigate the morphology and properties of polypropylene 

(PP) containing PS encapsulated soft paraffin wax. The PS:wax powder (capsules) was mixed 

into a PP matrix in the composition range of 10-40% and styrene-ethylene/butylene-styrene 

(SEBS) was used as a compatibilizer to improve the adhesion between the PP and PS. The 

samples were characterized using scanning electron microscopy (SEM), thermogravimetric 

analysis (TGA), differential scanning calorimetry (DSC), tensile testing, dynamic mechanical 

analysis (DMA), Fourier-transform infrared spectroscopy (FTIR), and the hot disk transient 

plane source (TPS) thermal conductometer. 

 

1.3. Thesis outline 

 

The outline of this thesis is as follows: 

 

 Chapter 1: General introduction 

 Chapter 2: Literature review 

 Chapter 3: Materials and methods 

 Chapter 4: Results and discussion 

 Chapter 5: Conclusions 
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Chapter 2: Literature review 

 

2.1  Introduction 

 

2.1.1 Definition of paraffin wax, sources, and uses 

 

 Paraffin wax is a tasteless and odourless white translucent solid hydrocarbon. The source of 

paraffin wax is petroleum. Typically, waxes are produced as extracted residues during the 

dewaxing of lubricant oil. It consists of mixture of solid aliphatic hydrocarbons of high 

molecular weight having the general formula CnH2n+2. Paraffin wax is used in the 

manufacture of candles, paper coating, protective sealant for food products and beverages, 

glass-cleaning preparations, floor polishing and stoppers for acid bottles [1-3]. The specific 

heat capacity of latent heat paraffin waxes is about 2.1 J g-1 K-1 and their melting enthalpy 

lies between 180 and 230 J g-1. The combination of these two values results in an excellent 

energy storage density [4-5]. 

 

Hydrocarbons with more than 17 carbon atoms per molecule are waxy solids at room 

temperature. The molecular weight, melting temperature and heats of fusion of paraffin 

waxes increase with an increase in the number of carbon atoms. The carbon atom chain 

lengths for paraffin waxes with a melting temperature range between 30 and 90 ˚C range 

from 18 to 50 (C18-C50), and the viscosity of paraffin wax increases with increasing 

molecular weight. Because of steric effects caused by the arrangements of atoms in the 

molecule, there is a difference between hydrocarbons (paraffin wax) with odd and even 

number of carbon atoms. The even numbered hydrocarbons have higher latent heat of fusion 

than the odd numbered ones, as illustrated by Table 2.1 [6]. 
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Table 2.1 Technical data for n-alkanes 

n-Alkanes Number of 

carbons 

 

Molecular weight 
(g mol-1) 

Melting point  
(K) 

Latent heat      
(J g-1) 

Heptane 7 100 182.6 141 

Octane 8 114 216.4 181 

Nonane 9 128 219.7 170 

Decane 10 142 243.5 202 

Undecane 11 156 247.6 177 

Dodecane 12 170 263.6 216 

Tridecane 13 184 267.8 196 

Tetradecane 14 198 278.9 227 

Pentadecane 15 212 283.1 207 

Hexadecane 16 226 291.3 236 

Heptadecane 17 240 295.1 214 

Octadecane 18 254 301.3 244 

Nonadecane 19 268 305.2 222 

Eicosane 20 282 309.8 248 

Heneicosane 21 296 313.4 213 

Docosane 22 310 317.2 252 

Tricosane 23 324 320.7 234 

Tetracosane 24 338 338.0 255 

Pentacosane 25 352 323.8 238 

Hexacosane 26 366 326.7 250 

Heptacosane 27 380 329.5 235 

Octacosane 28 394 331.9 254 

Nonacosane 29 408 336.4 239 

Triacontane 30 422 338.6 252 
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2.2 Preparation and morphology 

 

2.2.1 Polymer/wax blends 

 

Paraffin waxes blended with polymers appear to be the best candidates for the preparation of 

smart polymeric phase change materials for different applications. A polymeric matrix fixes 

the phase change material in a compact form and suppresses leaking. A variety of polymer 

matrices, based on thermoplastic and thermoset resins, are available with a large range of 

chemical and mechanical properties. Polyethylene seems to be most frequently used polymer 

for blending with paraffin waxes to obtain PCMs. Polyolefin/wax blends were mainly 

prepared by melt extrusion, melt mixing and mechanical methods [1-5,7-13]. Each of these 

mixing methods results in different properties of the blends. To investigate the morphology of 

polyolefin/wax blends, techniques such as scanning electron microscopy (SEM), differential 

scanning calorimetry (DSC), and transmission electron microscopy (TEM) were used. Most 

studies have demonstrated that at 30% wax content and more a two- phase morphology is 

observed which implies the immiscibility of the polyolefins and wax [7,14]. SEM images of 

the polyolefin/paraffin wax blends indicate that paraffin wax disperses in the three-

dimensional net structure formed by polymers [11,13].  Luyt and co-workers [4] indicated 

that the miscibility and behaviour of polyolefin/wax blends do not only depend on the 

structure and molecular weight of waxes, but also on the structures of the polymers. 

 

Several thermoplastic polymers have been blended with different grades of paraffin wax to 

form polyolefin/wax blends. Polyethylenes and polypropylene belong to the most studied 

matrices [1-14]. Krupa et al. [4] investigated phase change materials based on low-density 

polyethylene blended with respectively soft and hard paraffin waxes. The blends were 

prepared by melt mixing. The SEM images showed differences in morphology for the two 

types of blends. LDPE blended with a hard Fischer-Tropsch paraffin wax showed a 

homogenous surface with slight wax separation, whereas the same polymer blended with a 

soft paraffin wax showed immiscibility between the two phases. The reason for the different 

morphologies was the difference in morphology of the two waxes, i.e. the soft paraffin wax 

had a low molecular weight and was able to separate from the blends much easier than the 

hard wax, with its higher molecular weight. 
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Krupa et al. [5] investigated polypropylene as a potential matrix for the creation of shape 

stabilized phase change materials. The same types of waxes mentioned in the previous 

paragraph were blended with polypropylene by melt mixing to form polyolefin/wax blends. 

In this case, however, the SEM images showed immiscibility of both types of waxes with 

polypropylene. The thermal and mechanical properties of extruded LLDPE/wax blends were 

also investigated [1]. The SEM pictures showed that an increase in wax content causes 

LLDPE/wax blends to rupture along different lines, and the immiscibility at wax contents 

greater than 20% was confirmed by DSC.  

 

High density polyethylene was blended with paraffin wax to form shape-stabilized 

composites [11]. Different types of paraffin wax (refined and semi-refined) were used during 

blending. The preparation of the blends was done through melt mixing. It was observed from 

the SEM micrographs that both semi-refined and refined paraffin wax had similar textures. It 

was further observed that the paraffin wax was contained in the three-dimensional netted 

structure of the solidified HDPE. Similar SEM micrographs were observed when HDPE was 

blended with a paraffin hybrid through melt extrusion [13]. 

 

2.2.2 Microencapsulated phase change materials (MicroPCMs) 

 

Several researchers prepared microcapsules with different shell/core ratios in order to find the 

optimum conditions to prepare stable microcapsules with the greatest phase change enthalpy 

[15-19]. Several physical and chemical methods have been developed for the production of 

microcapsules. The most often used microencapsulation methods are polymerization methods 

such as in situ, suspension, and interfacial polymerization. In these polymerization methods 

the monomers polymerise around droplets of an emulsion and form a solid polymeric wall. 

There are certain parameters that have a significant influence on the size and shape of the 

capsules. Most studies found that parameters such as shell/core ratio, chain transfer agent, 

types of monomers, effect of stirring rate, and addition of modifiers were important when 

preparing the capsules [19-28]. These researchers also found four types of morphologies 

depending on these factors [19-33]. The observed morphologies were: well-encapsulated 

capsules, half moon capsules, irregular capsules and pure polymer (no core) particles. These 

findings demonstrated that when the content of the core (paraffin wax) was higher than that 

of the polymer, the shell material became rather thin and fragile. The SEM pictures of the 

microcapsules showed shells with semi-spherical or irregular shapes. The authors concluded 
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that the polymer formed a very thin film so that the polymer shell could be broken because of 

volume shrinkage of the paraffin wax. The studies also demonstrated that well-encapsulated 

microcapsules were found with a higher ratio of polymer (shell) to paraffin wax or with a 1:1 

ratio of the two materials. 

 

Fang et al. [19] prepared nanoencapsulated phase change material using a higher polymer to 

paraffin wax content. The nanocapsules with polystyrene as the shell material and n-

octadecane as the core were synthesized by miniemulsion in situ polymerization. SEM photos 

showed regular spheres, because of the addition of chain transfer agent which decreases the 

molecular weight of the formed polymer chains and increase the mobility of the polymer. In 

view of the kinetics of phase separation, the authors suggested that a network polymer might 

hinder the formation of capsules. The use of higher molecular weight polymer results in poor 

mobility of the polymer, giving rise to irregular spheres because the time was not enough to 

spread and form a smooth surface. The study also showed that over-addition of a chain 

transfer agent results in higher mobility and a loss of polymer strength. Microcapsules with 

butyl stearate as a phase change material were prepared by interfacial polycondensation in a 

polyurea system [20]. The appropriate ratio by weight of core and shell of microencapsulated 

PCMs was 4:1. Optical microphotographs of the microencapsulated PCMs showed that the 

surface of the capsules was smooth and the shape was very regular. There was no explanation 

given by the authors about the polymer strength in the system. 

 

Rui et al. [26] investigated n-tetradecane-containing microcapsules with different shell 

materials prepared by a phase separation method. Three shell materials were used to 

encapsulate n-tetradecane (C14), i.e. acrylonitrile-styrene-copolymer (AS), acrylonitrile-

styrene-butadiene copolymer (ABS) and polycarbonate (PC). The morphologies of the 

microcapsules were studied by SEM. Only PC/C14 microcapsules were regularly spherical, 

while the microcapsules with ABS/C14 and AS/C14 were irregular and semi-spherical. The 

authors suggested that the difference was most likely due to dynamic factors, including 

viscosity of the solution, evaporation rate of the solvent, and the mobility of the shell 

material. 

 

Fan et al. [15] investigated super-cooling prevention of microencapsulated phase change 

material using a melamine-formaldehyde resin shell. The microcapsules were prepared by in 

situ polymerization. The effects of the nucleating agents, including sodium chloride, 1-
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octadecanol, and paraffin were studied. The findings of the study showed that all nucleating 

agents prevented supercooling, but the surfaces of sodium chloride and 1-octadecanol were 

rough and the microcapsules were agglomerated. Similar SEM results were obtained for the 

preparation of nano-encapsulated n-tetradecane as a phase change material using urea and 

formaldehyde as shell materials [31]. The nanocapsules were prepared by in situ 

polymerization and resorcin was used as a modifier. The authors observed a roughness of the 

capsules at high concentrations of resorcin, which causes an increases in the stickiness of the 

capsule and makes them hard to form regular spheres. Similar appearance was observed in 

the preparation of microcapsules using a styrene-methyl methacrylate copolymer as shell 

material by suspension like polymerization [17]. An MMA/St mass ratio of 4.0 and a 

monomer/paraffin ratio of 3.0 were used in the preparation of these microcapsules. 

 

Zhang et al. [30] investigated the properties of microcapsules and nanocapsules containing n-

octadecane. The capsules were prepared by emulsion polymerization at a shell/core ratio of 

1:1. The effects of stirring rate and contents of emulsifier were investigated in this study. The 

stirring rate and emulsifier had effects on the morphology of the microencapsulated n-

octadecane. The surfaces of the microcapsules became smoother when the stirring rate and 

content of the emulsifier increased in the microcapsules.  

 

2.3 Thermal properties 

 

2.3.1 Polymer/paraffin wax blends 

 

A lot of work has been done on the thermal properties of polymer/wax blends. In the past 

Luyt and co-workers investigated the influence of blending with different types of waxes, as 

well as cross-linking, on the thermal properties of polyolefins, especially polyethylenes and 

polypropylene. The blends were prepared by mechanical mixing, melt mixing and melt 

extrusion. Each of these methods resulted in different properties of the blends. Generally, the 

studies demonstrated that the melting enthalpies of the blends increased with an increase in 

wax content [1-5,7-10]. Thermal properties such as melting points (Tm), onset temperatures 

of melting (To,m,), and melting enthalpies (ΔH) were strongly affected by the use of cross-

linking agents [2,10]. Dicumyl peroxide (DCP) and dibenzoyl peroxide (DBP) were used as 

cross-linking agents in these studies. Generally there was a decrease in melting temperatures 
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and enthalpies with an increase in content of both cross-linking agents. The authors suggested 

that the presence of cross-linking agents reduces the polyethylene (in this case LLDPE and 

LDPE) and wax crystallinities. 

 

Krupa and Luyt studied the thermal properties of isotactic polypropylene/hard Fischer-

Tropsch paraffin wax blends [7]. The DSC results indicated that polypropylene (PP) and hard 

paraffin wax were homogenous on a macro-scale when the wax content is less than 10%, 

whereas, at higher wax concentrations, there is a clear separation between the wax and PP 

melting endotherms. The thermal and mechanical properties of extruded LLDPE/wax blends 

were also investigated [1]. In this case the results were different from the previous study 

because the DSC measurements indicated that blends consisting of 10% and 20% of wax 

were probably miscible in the crystalline phase. However, for 30% and more wax, phase 

separation of the two components was observed. 

 

Mpanza and Luyt studied the influence of three different waxes (EnHance wax, H1 and M3 

wax) on the thermal and mechanical properties of low-density polyethylene (LDPE) [9]. The 

authors found that the DSC curves of LDPE mixed with EnHance (1, 3, 5 and 10 wt %) 

showed one endothermic peak for all the blends. The enthalpy was found to increase with 

increasing wax content. The DSC curves for LDPE and H1 wax showed that they were 

miscible up to 3 wt% wax content. It was also observed that the melting enthalpy of the 

blends increase with increase in H1 content, but that the crystallinity was lower than that of 

LDPE/EnHance. The reason given was that EnHance had a high crystallinity than H1 wax.  

LDPE/M3 wax blends showed miscibility up to 5 wt% wax and the melting enthalpies 

decreased with increasing wax content. The authors concluded that M3 wax probably 

crystallized in the amorphous phase of LDPE because of the shorter chains of the M3 wax. 

 

The same matrix (LDPE) was blended with soft and hard paraffin waxes respectively [4]. The 

DSC results showed that the hard paraffin wax was more miscible with LDPE because of co-

crystallization than the soft paraffin wax. The melting enthalpies of both types of blends 

increased with an increase in wax content because of the higher wax crystallinity. In all cases 

the blends were prepared by melt mixing. 

 

Most of the investigated polyethylene/wax blends were miscible at 10 and 20 wt % wax 

contents, and the melting enthalpies increased with increase in wax content in most cases. 
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However, blending of paraffin waxes with polypropylene showed miscibility only at wax 

contents less than 10 wt %. The melting enthalpies increased with an increase in wax content 

[5-7,9]. Luyt and Krupa investigated polypropylene as a potential matrix for the creation of 

shape stabilized phase change materials [5]. The blends consisting of hard and soft paraffin 

wax were prepared by melt mixing. The findings of the study demonstrated that both grades 

of paraffin wax were not miscible with PP due to different crystalline structures. However, it 

was shown that the hard Fischer-Tropsch paraffin wax was more compatible with PP than the 

soft paraffin wax. 

 

2.3.2 Microencapsulated phase change materials (MicroPCMs) 

 

PCMs require high latent heat storage capacity in thermal energy storage applications. In 

terms of nano-encapsulated and microencapsulated materials, only the core materials 

absorb/release thermal energy during the heating/cooling process. It is clear that a high core 

material content will result in a high latent heat storage capacity [21]. A lot of effort has been 

devoted to the determination of the thermal properties of microencapsulated phase change 

materials [24-30,34]. Most researchers reported thermal properties such as latent heat, 

subcooling degree, melting temperature, and viscosity as the most important ones in energy 

storage applications [17,24-30,34]. Subcooling was reported by most researchers as a serious 

problem in PCM research and applications [17,34-37]. It was reported in these studies that 

subcooling drastically deteriorates the system performance and reduce energy efficiency. 

 

There are several kinds of materials that can be used as nucleating agents to suppress 

subcooling of MicroPCMs [15,34,38]. Alvarado et al. [38] experimentally characterized the 

thermal behaviour of bulk and microencapsulated n-tetradecane by using DSC. The 

subcooling degree was specifically studied and silica fume was employed as a nucleating 

agent. The findings of the study indicate that silica fume could only suppress the subcooling 

of the bulk material, while 0.2 wt% of silica fume was not effective for MicroPCMs. A 

comparative study by using a more stable nucleating agent, 1-4 wt% tetradecanol, showed 

that 2 wt% of tetradecanol was already effective in suppressing subcooling.  

 

There are other materials that can also be used as nucleating agents. Fan et al. [15] prepared 

three kinds of MicroPCMs (n-octadecane as the core material) with sodium chloride, 1-

octadecanol and paraffin respectively as the nucleating agents. They found that the 
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subcooling could be effectively suppressed by increasing the concentration of the nucleating 

agent to 6, 9 and 20 wt% respectively for sodium chloride, 1-octadecanol and paraffin. The 

target of most researchers was to prepare microcapsules with a phase change enthalpy as 

large as possible [22,26,28,34-37]. Most of them to confirm if the paraffin wax has been 

encapsulated, or if the microcapsules were only constituted of polymer. In order to do this, 

they analysed microPCMs by means of differential scanning calorimetry (DSC). Sánchez et 

al. [35] prepared microcapsules of PCMs with a polystyrene shell. The mass ratio of the 

paraffin to polymer was maintained at 27:78. The study showed that the latent heat of the 

microcapsules, which was of 41.7 J g-1, was smaller than that of pure paraffin wax. The 

authors suggested that this value indicated that not all the paraffin of the initial recipe had 

been encapsulated, as expected from the fact that a thin layer of paraffin had been obtained at 

the end of the experiment. Similar results were obtained by several other researchers [15-

18,24-29,34,36-38]. These authors demonstrated that in order to minimize the loss of paraffin 

wax after polymerization, a series of experiments using different core to coating ratios have 

to be performed to find the best encapsulation ratio. 

 

The phase change properties of microcapsules can be affected by other factors such as the 

stirring rate, the core/shell ratio and the content of the emulsifier [18,25,27-28,35,38-39]. All 

these factors are very important for the application of microencapsulated or nanoencapsulated 

PCMs in fabrics and fibres. Zhang et al. [39] investigated the fabrication and properties of 

microcapsules and nanocapsules containing n-octadecane. The effects of stirring rate and 

contents of emulsifier on the phase change properties were studied using DSC. The findings 

of the study indicated that the stirring rate had no effect on the crystal content of n-

octadecane encapsulated in the microcapsules. However, the melting enthalpies decreased 

gradually with an increase in emulsifier content. The authors suggested that such a trend 

shows that the emulsifier was encapsulated in the microcapsules. However, in another study 

by the same group [40] it was observed that the stirring rate did have an effect on the melting 

enthalpies of the microcapsules. In this study, the melting enthalpies decreased with 

increasing stirring rate. Surprisingly the authors made no comment on the fact that they 

observed different trends on comparable systems.  

 

Sánchez et al. [41] studied the influence of operation conditions on the microencapsulation of 

PCMs. The findings of the study demonstrated that the stirring rate and the core/shell ratio 

had an influence on the phase change properties of microencapsulated PCMs, unlike the 
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results obtained by Zhang et al. [39]. The results showed that with an increase in stirring rate 

the particle size decreased and the melting enthalpy increased. The main reason for the 

decrease in particle size is that the stirring rate affects both the formation of drops and the 

aggregation through collisions between neighbouring globules. Obviously, under vigorous 

stirring, when the aggregations of globules are minimized, smaller particles are obtained. The 

authors in this study observed that the smallest particles showed the largest amount of 

encapsulated PCM (the high melting enthalpies). 

 

Several researchers showed that the energy capacity depends on the core-to-coating ratio 

[28,35,40-41]. The study of Sánchez et al. [41] in terms of the core/shell ratio showed that 

using different core to coating ratios in the range from 0.35 to 2.00, the paraffin/styrene mass 

ratio 0.50 encapsulated more paraffin wax and hence had a higher melting enthalpy. The 

same system of paraffin/styrene was studied using four different paraffin waxes [35]. The 

authors found that the best mass ratio of core/coating was 27:78. The authors suggested that if 

the amount of monomers was not enough, the core materials were not completely 

encapsulated; in other words, as the relative amount of PCM increases in the recipe, it was 

more difficult to encapsulate by the polymer. A similar observation was made by Fang et al. 

[37] in the preparation of nanoencapsulated phase change materials. The authors observed 

that when the core/shell ratio was 3:2, the polymer became thin and fragile with a loss of core 

material and hence a decrease in melting enthalpy. However, with a core/shell ratio of 1:2, 

energy was stored because the polymer could withstand volume shrinkage during the core 

crystallization. 

 

A number of researchers prepared microcapsules with 1:1 core/shell ratios or with high core 

content compared to the polymer, and still more energy was stored [18-21,28-29,42]. In most 

studies the phase change temperature of the microencapsulated PCM was very close to that of 

the core, suggesting that the thermal properties of the MiroPCMs were similar to that of the 

core material [15-18,21-25,27-30,35-37,43-46]. However, Alay et al. [42] prepared 

microcapsules with 50/50 ratio of core/shell using PMMA as a shell and hexadecane as core 

material. Two types of cross-linker, namely allyl methacrylate and ethylene glycol 

dimethacrylate were used. They found that the two cross-linkers had a significant influence 

on the phase change temperatures and the melting enthalpies. The melting temperature of the 

core material (hexadecane) decreased to lower temperatures in the presence of both cross-
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linkers. The melting enthalpy of the microcapsules with ethylene glycol dimethacrylate were 

higher than that of the microcapsules with allyl methacrylate. 

 

Similar results were obtained by a number of researchers without the use of cross-linkers 

[19,21,29]. The phase change temperature of the microencapsulated PCM was very close to 

that of the bulk material (core) in the absence of cross-linkers. However, the role of the cross-

linking agent is important for the hardening of the coating materials. A number of researchers 

have also prepared microcapsules or nanocapsules with higher core contents [18,20,24,28]. 

Very high energy storage and release capacities were found for all the capsules prepared. 

Although higher values of core-to-coating ratio increased the heat capacity, the strength of 

the polymer at higher core content was not discussed in these papers. 

 

2.4  Thermal stability 

 

2.4.1 Polymer/wax blends 

 

There are a few studies on the preparation and investigation of the thermal stabilities of 

polymer/wax blends [1-5,14].  The thermal stability of polyolefin/wax blends showed large 

dependence on wax content in the blend systems. Various authors [2-3,7-8,10] demonstrated 

that an increase in wax mass fraction in the blends led to a decrease in the thermal stability of 

the blends. It did not matter which kind of wax or polymer matrix was used in the system. 

The authors attributed this behaviour to the low thermal stability of waxes compared to that 

of the polymer matrices. The studies also demonstrated that in most cases the blends were 

more thermally stable than the pure waxes due the presence of the thermally more stable 

polymer matrices. 

 

However, some authors obtained different results on the thermal stability at low wax 

contents, specifically using low-density polyethylene as a matrix. Luyt and Mpanza [9] 

studied the comparison of different waxes as processing agents for low-density polyethylene 

(LDPE) using three different waxes (i.e. M3, EnHance and H1) at low contents.  In this case 

not all the polymer/wax blends were thermally less stable than the pure LDPE. The authors 

found that a small amount of wax improved the thermal stability of the polymer. The samples 

containing 1% wax for all the investigated blends were the most stable, and the stability 

decreased with increasing wax content. Up to 10% wax, which was the highest wax content 
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used in this study, the thermal stability of the blends did not fall below that of the pure LDPE. 

According to the authors the addition of wax improved the crystallinity of the polymer and as 

a result its thermal stability. However, because of the lower thermal stability of the wax itself, 

the thermal stability did not increase with increasing wax content. 

 

Luyt and Krupa [26] investigated phase change materials formed by a UV curable epoxy 

matrix and a Fischer-Tropsch paraffin wax. The authors demonstrated some interesting 

observations regarding the thermal stability of the blends. It was found that the mixtures 

decomposed in only one distinguishable step, whereas immiscible blends usually degrade in 

two steps. The authors suggested that the epoxy resin may have acted as a heat isolator so that 

it took longer for the heat energy to reach the wax particles, which resulted in the wax 

starting to decompose at higher temperatures.  The results were in line with the studies 

carried out by Luyt and co-workers using the same wax (hard Fisher-Tropsch paraffin wax) 

but in this study it was also compared with a soft wax in PP and LDPE as matrices [4-5]. In 

both cases the blends with the soft wax degraded in two distinguishable steps, while those 

with the hard wax degraded in only one step. The results indicated a higher level of 

compatibility of the hard paraffin wax with both PP and LDPE compared to the soft wax. The 

results also showed that the blends containing the hard wax had a significantly higher thermal 

stability than those containing the soft wax at the same wax content. 

 

2.4.2  Microencapsulated phase change materials (MicroPCMs) 

 

The key to successful microencapsulation is to design a microcapsule that is well suited for 

the intended application [47]. In selecting a polymer for the microcapsule wall, thermal 

stability is important, and the wall forming polymer should be sufficiently stable during 

storage and application [48]. Thermal stability of microcapsules is an important property to 

facilitate production, handling and application. As the stability of the capsules increases, their 

durability will also increase and the leakage possibility of the material will decrease [49]. The 

thermal stability is normally determined by a thermogravimetric analyzer (TGA). The 

thermal stability of MicroPCMs has been studied by a number of researchers 

[19,21,27,29,35,37,42,50]. The findings of the studies demonstrated that microcapsules 

normally degrade in two steps. The first degradation step at lower temperatures normally 

belongs to the paraffin waxes, while the second degradation step at higher temperature 

belongs to the polymers, depending on the type of polymer used. 
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There are certain factors that have a significant effect on the thermal stability of 

microcapsules. For an example, the mechanisms of weight loss in air and in nitrogen are 

different. It was demonstrated that the weight loss of pure paraffin wax (hexadecane in this 

case) was 120 °C in air and nitrogen. However, the degradation temperature of 

microencapsulated hexadecane in N2 and air was determined to be 330 and 255 ˚C 

respectively. The thermal stability of microencapsulated PCMs can be improved by additives 

such as sodium chloride (NaCl) introduced during polymerization. Fang et al. [16] used n-

tetradecane as the core material and urea-formaldehyde as the shell material, and sodium 

chloride as an additive. The capsules produced from oil/water emulsion containing 1-3% 

NaCl stabilized the urea-formaldehyde prepolymer and improved encapsulation. However, 

greater weight losses were observed at a higher additive concentrations (8 and 10%). The 

authors suggested that at higher NaCl concentrations the additive inhibited the reaction of the 

prepolymer and hence the stability decreased. 

 

Thermal stability was also improved with the addition of cross-linkers such as 1,4 butylene 

glycol diacrylate (BDDA), allyl methacrylate and ethylene glycol dimethacrylate [27,42]. It 

was found that the higher the cross-linking agent content, the higher the thermal resistance 

temperatures of the MicroPCMs. The formation of cross-linked polymer strengthened the 

shell material. Shan et al. [27] showed that the core/shell mass ratios had a significant effect 

on the thermal stability of MicroPCMs. They demonstrated that as the content of the shell 

increased, the thickness of the shells of all the microcapsules increased. Therefore the core 

could not easily diffuse out from the microcapsule. 

 

2.5 Chemical structure 

 

Of the two systems employed for thermal energy storage i.e. polymer/wax blends and 

MicroPCMs, a lot of work has been done on the chemical structure analysis of MicroPCMs 

using FT-IR spectroscopy [15-18,21-25,27-29,35-36]. Generally, FT-IR spectroscopy was 

used to characterize the microcapsules structurally because it was possible to prove the 

existence of materials in the microcapsules by FT-IR spectroscopy. Most studies proved the 

co-presence of polymers and paraffin waxes in the microcapsules [15-18,21-25,27-29,35-37]. 

The studies showed that the absorption peaks of the paraffin wax did not change in the 

MicroPCMs spectra. The results indicated that there were no chemical interaction between 
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the paraffin molecules and the polymers. It was suggested that the paraffin was easily 

encapsulated in the polymer shells through the different polymerization methods. Factors 

such as core/shell ratio and stirring rate did not seem to significantly change the FT-IR 

spectra of the microcapsules [30]. 

 

Fang et al. [36] prepared microencapsulated paraffin composites with an SiO2 shell as 

thermal energy storage materials. FT-IR spectroscopy was used to prove the co-presence of 

the paraffin and the SiO2 in the microcapsules. The absorption peaks of both the SiO2 and the 

paraffin wax appeared in these spectra. Sánchez et al. [17] prepared microencapsulated PCMs 

with a styrene-methyl methacrylate copolymer shell by suspension polymerization. The 

chemical composition of the capsules was characterised by FT-IR. The relative proportions of 

St/MMA in the microcapsules were determined by taking into account the peak intensity ratio 

of the characteristic peaks of PMMA (1735 cm-1) and PSt (735 cm-1). The authors observed a 

decrease in the ratio of the peak intensities as the St content decreased. Alay et al. [42] 

synthesized microcapsules of PMMA/hexadecane using different cross-linkers. FT-IR 

spectroscopy was used to structurally characterize the microcapsules. The study revealed 

slight differences in the FT-IR spectra of the microencapsulated particles due to the 

differences in cross-linkers used. However, the differences between the peaks were not 

significant because the use of cross-linker in the synthesis was maximum 2 %. 

 

2.6 Mechanical properties  

 

2.6.1 Polymer/wax blends 

 

The mechanical properties of polyolefin/wax blends were mainly reported by Luyt and co-

workers [1,3,6,9-10,52].  In these studies it was generally found that the Young’s moduli of 

the blends were dependent on the wax content, and normally increased with an increase in 

wax content in the blends. This was associated with the high degree of crystallinity of the 

waxes compared to the different polyolefin matrices. However, the modulus of HDPE/wax 

blends decreased with increasing wax content [52]. This was associated with the fact that wax 

had a lower crystallinity than HDPE. 

 

Elongation at yield and yield stress did not show similar trends, but varied according to the 

polymer/wax system investigated. A few studies showed shown that the yield stress increased 
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with increasing wax content in the blends [1,9]. This behaviour was expected, since wax 

increases the crystallinity of the blend, and yield stress depends on crystallinity. Some studies 

[1,6] reported a reduction in elongation at yield with an increase in wax content. This was 

attributed to the crystallization of wax in the amorphous part of the polymer, restricting the 

polymer chain mobility. However, other authors found that wax content had no influence on 

the yield point (elongation at yield and yield stress) [3].  

 

Some studies showed that stress and elongation at break depends on the wax concentration 

[1,9,52]. Generally the elongation at break of the polyolefins decreased with increasing wax 

content. The main reason given was that the wax molecules were too short to form tie chains, 

and that the number of dislocations increased with an increase in wax content. This decreased 

the strain at break. The stress at break generally decreased with increasing wax content. The 

authors suggested that the wax crystallized in the amorphous part of the polymer, forming 

stress concentration points, or reduced the number of tie chains when co-crystallizing with 

the polymer. 
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Chapter 3: Materials and methods  

 

3.1 Materials 

 

3.1.1  Polypropylene (PP) 

 

Isotactic polypropylene was supplied in pellet by Sasol Polymers, South Africa. It has an MFI 

of 10 g min-1, specific enthalpy of melting of 90 J g-1, melting temperature of 163-165 °C, 

and a density of 0.901 g cm-3. 

 

3.1.2  M3 paraffin wax 

 

Soft paraffin wax (M3 wax) was supplied in powder form by Sasol Wax. It is a paraffin wax 

consisting of approximately 99% of straight chain hydrocarbons and few branched chains. It 

has an average molar mass of 440 g mol-1 and a carbon distribution between C15 and C78. Its 

density is 0.90 g cm-3 and it has a melting point range around 40-60 °C. 

 

3.1.3 Styrene monomer  

 

Reagent grade (99%) styrene monomer was supplied in liquid form by Sigma-Aldrich, South 

Africa. It has a density of 0.909 g cm-3. 

 

3.1.4 Other chemicals 

 

3.1.4.1   2,2’-Azobis (2-methylpropionitrile) (AIBN) 

 

2,2’-Azobis (2-methylpropionitrile) (AIBN) was supplied in liquid form by Sigma-Aldrich, 

South Africa. It has a density of 0.858 g cm-3, its chemical formula is C8H12N4 and it was 

used as an iniator. 
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3.1.4.2    n-Dodecyl mercaptan (DDM) 

 

n-Dodecyl mercaptan was supplied in liquid form by Sigma Aldrich, South Africa. It was 

used as a chain transfer agent and it has a density of 0.845 g cm-3. 

 

3.1.4.3   Sodium lauryl sulphate (SLS) 

 

Sodium lauryl sulphate (90% assay) was supplied in powder form by Merck chemicals, South 

Africa. It was used as an emulsifier and its chemical formula is CH3(CH2)11OSO3Na. 

 

3.1.4.4    Polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS) 

 

Polystyrene–block–poly(ethylene-ran-butylene)-block-polystyrene was supplied in powder 

form by Sigma-Aldrich, South Africa. It was used as a compatibilizer, has a density of 0.91 g 

cm-3 and a molecular weight of 118000 g mol-1. 

 

3.1.4.5    Sodium hydroxide (NaOH) 

 

Sodium hydroxide was supplied in pellet form by Sigma-Aldrich, South Africa. It was a 

chemically pure (CP) grade with an assay of 99%, and a density of 2.13 g cm-3. It was used to 

wash the styrene monomer before it was used.  

 

3.1.4.6    Methanol (CH3OH) 

 

Methanol was supplied in liquid form by Associated Chemical Enterprises (ACE), South 

Africa. The methanol with a density of 0.79 g cm-3 was used to wash polystyrene 

microcapsules after polymerization. 

 

3.2 Treatment of styrene monomer 

 

Styrene monomer was washed three times with an aqueous solution of 10 wt% sodium 

hydroxide and then with deionized water in order to remove the inhibitor. The styrene 

solution was poured into the calcium chloride powder used as a desiccant (state of extreme 

dryness). 
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3.3  Preparation of PCM microcapsules 

 

The suspension polymerization reactions were performed in a 1000 mL three neck-flask, 

equipped with digital control of stirring rate and temperature, a reflux condenser and a 

nitrogen gas inlet tube. The synthesis process involved two phases (Table 3.1): (i) continuous 

phase containing water and sodium lauryl sulphate, and (ii) discontinuous phase containing 

M3 paraffin wax, styrene, 2,2-azobis(2-methylpropionitrile), and n-dodecyl mercaptan. The 

continuous phase was transferred to the flask with mild agitation (150 rpm). According to the 

continuous phase, emulsions are distinguished between oil-in-water (o/w) and water-in-oil 

(w/o) systems. The paraffin/water emulsion is an o/w emulsion where fine paraffin droplets 

are dispersed in water and the surfactant molecules are adsorbed at the interface between the 

paraffin and water as shown in Figure 3.1. 

 

Table 3.1 Recipe for the obtaining of microcapsules containing M3 paraffin wax 

and experimental conditions used 

 Ingredients Measure 

Continuous phase / g Water 377 

 Sodium lauryl sulphate 3.77 

Discontinuous phase / g M3 paraffin wax 25 

 2.2-Azobis(2-methylpropionitrile)(AIBN) 0.1 

 n-Dodecyl mercaptan (DDM) 0.08 

 Styrene 75 

Reaction temperature / °C  90 

Stirring rate / rpm  900 

Reaction time / h  5 
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Figure 3.1 Illustration of an o/w emulsion [1] 

 

The discontinuous phase was then added to the continuous phase with vigorous stirring (900 

rpm) at a constant temperature of 75 °C. The polymerization process was continued for 3-5 

hours under nitrogen atmosphere. After formation, the microcapsules were washed five times 

with methanol and filtered under vacuum to remove impurities. The purified microcapsules 

were dried at 35 °C for 24 hours. The process was repeated several times to obtain sufficient 

PCM polystyrene microcapsules to be mixed into the polypropylene matrix in a Brabender 55 

mL mixer. 

 

 3.4 Blends preparation 

 

The sample ratios are shown in Table 3.2. All the samples were prepared by melt-mixing 

using a Brabender Plastograph 55 mL internal mixer. Prior to processing, all the materials 

were dried for 12 h under vacuum at 80 °C. Two different mixing procedures were applied: 

firstly, PP/SEBS were prepared for 5 min at 170 °C and a rotor speed of 45 rpm to make sure 

that SEBS is uniformly distributed in the PP before mixing with PS. PS was then blended 

with PP/SEBS for 10 min under the same processing conditions. The same procedure was 

followed where PS:wax microcapsules instead of pure PS was used. This two-step mixing 

procedure had been widely used by other researchers and proved to be necessary for SEBS to 

migrate to and distribute between the phase boundaries and effectively compatibilize the 

blends. The samples were then melt-pressed at 170 °C for 10 min under 50 kPa pressure 

using a hydraulic melt-press to form 15 x 15 cm2 square sheets. Test samples were then cut 

from the sheets for the various analyses.  
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Table 3.2 Sample ratios used for the preparation of the different blends 

 

PP (w/w) PP/PS (w/w) PP/PS/SEBS (w/w/w) 

100 90/10 82.5/10/7.5 

- 80/20 72.5/20/7.5 

- 70/30 62.5/30/7.5 

- 60/40 52.5/40/7.5 

PP (w/w) PP/PS:M3 wax (w/w) PP/PS:M3 wax/SEBS 

100 90/10 82.5/10/7.5 

- 80/20 72.5/20/7.5 

- 70/30 62.5/30/7.5 

- 60/40 52.5/40/7.5 

 

 

3.5  Sample analysis 

 

3.5.1  Dynamic mechanical analysis (DMA) 

 

DMA can simply be defined as applying an oscillating force to a sample and analyzing the 

material’s response to that force. DMA supplies an oscillatory force, causing a sinusoidal 

stress to be applied to the sample, which generates a sinusoidal strain. By measuring both the 

amplitude of the deformation at the peak of the sine wave and the lag between the stress and 

the strain sine waves, quantities like the modulus, the viscosity, and the damping can be 

calculated [2-5].  

 

The dynamic mechanical properties of the blends were investigated using a Perkin Elmer 

Diamond DMA. The settings for the analyses were as follows: 

  

Frequency    1 Hz 

Amplitude    20 µm 

Temperature range   -110 to 140 °C 

Temperature program mode  Ramp 

Measurement mode   Bending (dual cantilever) 
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Heating rate    5 °C min-1 

Preloading force   0.02 N 

Sample length    20 mm 

Sample width     12.0 – 12.5 mm 

Sample thickness   1.0 – 1.3 mm 

 

3.5.2  Differential scanning calorimetry (DSC) 

 

DSC is a technique in which the change of the difference in the heat flow rate to the sample 

and to a reference sample is analyzed while they are subjected to a temperature programme. 

There are two basic types of DSC. These are (i) power-compensated DSC, where the sample 

and reference are heated by separate individual heaters, and the temperature difference is kept 

close to zero; and (ii) heat flux DSC, where the sample and the reference are heated from the 

same source and the temperature difference is measured. This signal is converted to a power 

difference using the calorimetric sensitivity. Physical changes in the sample that may be 

measured by DSC include melting temperature (Tm), crystallization temperature (Tc), glass 

transition temperature (Tg), and degradation or decomposition temperature (Td) [6-8]. 

 

DSC analyses were done in a Perkin Elmer Pyris-1 differential scanning calorimeter under 

flowing nitrogen (flow rate 20 mL min-1). The instrument was computer controlled and the 

peak analyses were done using Pyris software. The instrument was calibrated using the onset 

temperatures of melting of indium and zinc standards, as well as the melting enthalpy of 

indium. Samples of mass 5-10 mg were sealed in aluminium pans and heated from -30 to 190 

°C at a heating rate of 10 °C min-1, and cooled under the same conditions. The peak 

temperatures of melting and crystallization, as well as the melting and crystallization 

enthalpies, were determined from the second heating scan. All the DSC measurements were 

repeated three times for each sample. The temperatures and enthalpies are reported as average 

values with standard deviations.  

 

3.5.3 Thermogravimetric analysis (TGA) 

 

Thermogravimetric analysis is a technique in which the change in the sample mass is 

analysed while the sample is subjected to a temperature programme. TGA is mainly used to 
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characterize the decomposition and thermal stability of materials under different conditions, 

and to examine the kinetics of physico-chemical processes occurring in the sample [8].  

 

The TGA analyses in this study were carried out in a Perkin Elmer TGA7 thermogravimetric 

analyzer. Samples ranging between 5 and 10 mg were heated from 30 to 600 °C at a heating 

rate of 10 °C min-1 under nitrogen (flow rate 20 mL min-1). 

 

3.5.4 Scanning electron microscopy (SEM) 

 

In SEM a fine probe of electrons with energies typically up to 40 keV is focused on a 

specimen, and scanned along a pattern of parallel lines. Various signals are generated as a 

result of the impact of the incident electrons, which are collected to form an image or to 

analyse the sample surface. These are mainly secondary electrons, with energies of a few tens 

of eV, high-energy electrons backscattered from the primary beam and characteristic X- rays 

[9]. In SEM the nature of the sample determines the preparation of the sample, since 

appropriate samples may be examined directly with little or no prior preparation. 

Unfortunately, most polymers present specific problems making them inappropriate. 

Therefore proper sample preparation is necessary prior to characterization, and these include 

(i) plasma etching, (ii) conductive coatings through evaporation or sputtering; and (iii) 

chemical etching methods [4].  

 

To determine the morphology of the fractured surfaces in this study, a Shimadzu ZU SSX-

550 Superscan scanning electron microscopy was used and the analysis was done at room 

temperature. The samples were fractured by freezing them in liquid nitrogen, and simply 

breaking the specimen into appropriate size to fit the specimen chamber. The fractured 

samples were gold coated by sputtering to produce conductive coatings onto the samples. The 

fracturing of samples by liquid nitrogen was done only for the blends (PP/PS: M3 wax), but 

since PS:wax was in powder form there was no need for fracturing, but the samples were 

gold coated by sputtering before recording the SEM micrographs. 

 

3.5.5 Tensile testing 

 

When considering the mechanical properties of polymeric materials, and in particular when 

designing a tensile testing method, the parameters most generally considered are stress, strain 
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and Young’s modulus. Stress is defined as the force applied per unit cross sectional area and 

has the basic dimensions of N m-2 in SI units. Strain is the increase in length of the specimen 

per original length and it is dimensionless. The ratio of stress to strain is known as the 

Young’s modulus and this parameter has the dimensions of force per unit area [10]. 

 

A Hounsfield H5KS universal testing machine was used for the tensile analysis of the 

samples. The dumbbell shaped samples (Figure 3.2) with a Gauge length of 24 mm, a 

thickness of 2 mm and width between 4.7 and 5.0 mm were tested at a speed of 20 mm min-1. 

About five test specimens for each sample were analysed, and the averages and standard 

deviations of the different tensile properties are reported. 

 

24.0 mm 

 

13.0 mm  

 

  75.0 mm 

 

Figure 3.2  Dumbbell shaped tensile testing sample 

 

 

3.5.6  Thermal conductivity 

 

The method used for measuring thermal conductivity and diffusivity of materials is the 

transient plane source (TPS) technique, which is also called the hot disk (HD) technique. The 

method is based on the use of a transiently heated plane sensor, and is in its most common 

adaptation referred to as the Hot Disk Thermal Constants Analyzer. The hot disk sensor 

consists of an electrically conducting pattern in the shape of a double spiral, which has been 

etched out of thin metal (nickel) foil. The main advantages of the hot disk are accuracy, wide 

range of conductivity measurement, the production of results in a relatively short time (10 s 

to 10 min), and the use of different sensor sizes to accommodate different sample types. The 

important requirement on the geometry of the sample is that the surface facing the sensor 

should be fairly plane [11].  
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The thermal conductivity in this study was carried out on a Hot Disk TPS 500. It is easier to 

make measurements on larger than on smaller samples. In order to determine both the 

thermal conductivity and thermal diffusivity with good accuracy, the thickness of a sample 

should preferably not be less than the radius of the hot disk sensor. In this study the hot disk 

sensor had a diameter of about 6-7 mm and samples with thickness of 10 mm and diameter of 

70 mm were used for the analysis. The hot disk sensor was placed between the plane surfaces 

of two sample pieces (the samples are of the same composition) of the material under 

investigation. The basic assumption of the theory for this experimental technique is that the 

sensor is located in an infinite material. The conductivity measurements were carried out in a 

relatively short time and before measurements were taken the samples were kept at the same 

ambient temperature long enough (15 minutes) to avoid any temperature drift before and 

during the experiment. All measurements were repeated three times for each sample. 

 

3.3.7 Fourier-transform infrared (FTIR) spectroscopy 

 

Fourier-transform infrared spectroscopy is a technique for identifying types of chemical 

bonds in a molecule by producing an infrared absorption spectrum that is like a molecular 

"fingerprint". The chemical bonds can be either organic or inorganic, and it can give 

important information about the structure of organic molecules. It can be utilized to identify 

compounds and investigate sample composition, as well as interactions/reactions between 

functional groups on the different components in polymer blends and composites [12].  

 

FTIR spectroscopy was performed using a Perkin Elmer Spectrum 100 infrared spectrometer. 

PS:wax microcapsules were analysed in an attenuated total reflectance (ATR) detector over a 

400-4000 cm-1 wavenumber range at a resolution of 4 cm-1.  
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Chapter 4: Results and discussion 

 
 

4.1 Scanning electron microscopy (SEM) 

 

The SEM images of the microencapsulated PCM are shown in Figure 4.1. The particles have 

irregular spherical shapes and their sizes are in the range 16-24 μm. In other SEM images of 

microcapsules, prepared by using different core and shell materials [1-4], the appearance of 

the microcapsules was similar. 

 

   

Figure 4.1 SEM micrographs of PS:wax capsules ((a) 3000x magnification & (b) 

4800x magnification) 

 

Figure 4.2 shows the SEM images of the PP/(PS:wax) blends at different compositions. The 

PS:wax microcapsules are fairly well dispersed in the PP matrix, and they are mostly intact. 

Only one of the photos (Figure 4.2a) shows a microcapsule with a ruptured PS skin (arrow 

A). The presence of a core and a thin shell is clear from this image, indicating the successful 

encapsulation of the wax. Li et al. [5], who studied micro-encapsulated paraffin/HDPE/wood 

flour composites as form stable PCMs for thermal energy storage, also observed that most of 

the microencapsulated particles in the form-stable PCM were still intact, though some of 

them were ruptured. 
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Figure 4.2 SEM micrographs of 90/10 w/w PP/(PS:wax) ((a) 10000x magnification & 

(b) 5400x magnification),  80/20 w/w PP/(PS:wax) ((c) 8000x magnification & (d) 2000x 

magnification), 70/30 w/w PP/(PS:wax) ((e) 4000x magnification & (f) 3600x 

magnification), and 60/40 w/w PP/(PS:wax) ((g) 1000x magnification & (h) 3600x 

magnification)  
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The SEM images of the unmodified PP/(PS:wax) blends generally show PCM microcapsules 

embedded in the PP matrix (Figure 4.2b, arrow B and Figure 4.2c, arrow C). However, in 

Figure 2c we observe that there are microcapsules that are clearly not embedded in the 

matrix, but they are still attached to the matrix even after liquid nitrogen fracturing. This can 

be attributed to fairly good interaction between the microcapsules and the matrix, even in the 

absence of SEBS modification. Moreover, the microcapsules in these images are obviously 

smaller (1-8 μm), smoother and more spherical than the particles shown in Figure 4.1. This 

indicates that the PS:wax microparticles were agglomerated before mixing them with the 

polymer. The breaking up of the agglomerates into individual microcapsules and fairly well 

dispersion of the microcapsules in the PP matrix during melt mixing, is further evidence of 

the fairly good interaction between the microcapsules and the matrix. 

 

   

   

Figure 4.3 SEM micrographs of 62.5/30/7.5 w/w PP/(PS:wax)/SEBS ((a) 4000x 

magnification & (b) 5000x magnification), and 52.5/40/10 w/w PP/(PS:wax)/SEBS ((c) 

3600x magnification & (d) 1200x magnification) 

 

Figure 4.3 shows the SEM images of PP/(PS:wax) modified with 7.5% of styrene-

ethylene/butylene-styrene (SEBS). The presence of SEBS obviously increased the adhesion 

between the PS:wax microcapsules and the PP matrix. This is observable from the clear 

coverage of the embedded PS:wax microparticles by the PP matrix. This improvement in 
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interfacial adhesion is attributed to the nature of the compatibilizer. The PS and EB blocks of 

the SEBS are respectively miscible with PS and PP. Similar results were obtained by Ismail 

et al. [6], who studied the morphology of an uncompatibilized and a compatibilized 

polystyrene/polypropylene blend using various compatibilizers such as ethylene vinyl acetate, 

SEBS, Surlyn and sodium salt hydrate of 4-styrene sulfonic acid at concentrations of 7.5%. 

The incorporation of SEBS into the PP/PS blends resulted in a finer degree of dispersion of 

the particles and morphological evidence of interfacial adhesion. 

 

4.2 Fourier transform-infrared spectroscopy (FT-IR) 

 

The FT-IR spectra of wax, polystyrene and microencapsulated PCM are shown in Figure 4.4. 

For wax the absorption peaks at 2916-2848 cm-1 are characteristic of the aliphatic C-H 

stretching vibration, the peak at 1462 cm-1 is with the C-H bending vibration and the peak at 

718 cm-1 with the in-plane rocking vibration of the CH2 group. For polystyrene the absorption 

peaks at 3000-3030 cm-1 are associated with the aromatic C-H stretching vibration, the 

absorption peak at 2930 cm-1 with the aliphatic C-H stretching vibration, the peaks at 1600 

and 1495 cm-1 with the benzene ring C=C stretching vibration, and the peaks at 750-700 cm-1 

with the benzene ring deformation vibration. The FT-IR spectrum of the microcapsules is 

almost exactly the same as that of the polystyrene, which indicates that the microcapsules are 

mostly intact and that the FTIR only detected the polystyrene shell. 
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Figure 4.4 FTIR spectra of wax, PS and microencapsulated PCM 
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4.3 Thermogravimetric analysis (TGA) 

 

The TGA curves of all the samples are shown in Figures 4.5 to 4.8. The thermal stabilities of 

the samples were characterized in terms of the temperatures at 20 and 60% mass loss. A 

summary of the TGA results is presented in Table 4.1.  
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Figure 4.5 TGA curves of PP, SEBS, PS, PS:wax and wax 

 

The TGA curves of the neat materials (PP, wax, SEBS, PS and the PS:wax microcapsules) 

are shown in Figure 4.5. The PP, wax, SEBS and PS decompose completely in a single step, 

whereas the PS:wax microcapsules exhibits a two-step degradation. The PP has the highest 

thermal stability, followed by the SEBS, the PS, the PS:wax microcapsules and then the wax. 

In the TGA curve of the PS:wax microcapsules the first weight loss (20 wt%) at temperatures 

around 230 °C is attributed to the evaporation of the paraffin wax. At temperatures higher 

than 300 °C there is a second weight loss step of 80 wt%; this is related to the decomposition 

of polystyrene. The results show that only 20% of the microcapsules consisted of wax, while 

the remaining 80% consisted of the polystyrene shell. This will be a drawback if the system is 

to be used as a phase-change material, where a high wax concentration is needed. Sánchez et 

al. [7] reported microencapsulation of PCMs with a polystyrene shell and observed three 

degradation steps from the TGA plot. The first weight loss below 100 °C was because of the 

elimination of methanol and water (drying of surface wetting agents), the one between 120 
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and 250 °C was attributed to the paraffin wax. At temperatures higher than 300 °C the weight 

loss was due to polystyrene.  
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Figure 4.6 TGA curves of wax, PP and PP/(PS:wax) blends  

 

The TGA curves for PP and the PP/(PS:wax) blends are shown in Fig. 4.6. The results show 

that the thermal stability of the blends decreases with an increase in PS:wax microcapsules 

contents as a consequence of lower thermal stability of both the wax and PS. Since the wax 

does not decompose but only evaporates, the degradation of PS probably provides free 

radicals that initiate the decomposition of the PP chains. It is interesting that the blends 

decompose in only one distinguishable step, whereas the TGA curve for the PS:wax clearly 

shows two mass loss steps. This is probably due to (i) both PP and PS acting as heat isolators 

so that it takes longer for heat to reach the wax chains, and (ii) the time it takes for the wax 

volatiles to diffuse to the surface of the molten blend. 
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Figure 4.7 TGA curves of PP, wax and PP/(PS:wax)/SEBS blends  

 

Figure 4.7 depicts the TGA curves of the PP/(PS:wax)/SEBS blends. It is clear from the 

curves and Table 4.1 that all the blends compatibilized with SEBS are thermally more stable 

than the unmodified blends at the same (PS:wax) contents. The more thermally stable SEBS 

seems to act as a heat barrier so that it takes longer for heat to reach the (PS:wax) 

microcapsules, and the interaction between SEBS seems to retard the degradation of PS. The 

development of a separate mass loss step on the lower temperature side of the main mass loss 

step is probably the result of wax evaporation that starts before PS degradation. For example, 

for the 52.5/40/7.5 w/w PP/(PS:wax)/SEBS sample the mass loss associated with the first 

step is about 8%. The results in Figure 4.5 show that the wax forms about 20 wt% of the 

microcapsules, and if the microcapsules content is 40 wt% of the blend, then the wax forms 

about 8 wt% of the blend.  

 

The blends of PP/PS and PP/PS/SEBS were also investigated (Figure 4.8). The results show 

that the effectiveness of SEBS in enhancing the compatibility of the blends depends on the 

blend composition. A significant improvement in thermal stability is observed on addition of 

7.5% SEBS into 90/10 PP/PS blend. However, not much improvement in thermal stability is 

observed upon addition of 7.5% to the 70/30 PP/PS blend. This confirms that the interaction 
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between SEBS and PS retards the degradation of PS, because for the 62.5/30/7.5 w/w 

PP/PS/SEBS sample there is not enough SEBS to associate with all the PS in the blend. 

 

Table 4.1  TGA results for PP, wax, PS, PS:wax, and the different investigated 

blends 

Sample T20% / °C T60% / °C 
PP 392.2 429.2 

Wax 258.7 300.6 
SEBS 384.1 422.8 

PS 366.4 390.6 
PS:wax 292.4 398.7 

PP/(PS:wax) (w/w)   
90/10 388.2 422.3 
80/20 350.8 388.2 
70/30 315.1 363.8 
60/40 321.6 380.1 

PP/PS:wax/SEBS (w/w)   
82.5/10/7.5 393.1 427.2 
72.5/20/7.5 385.7 426.1 
62.5/30/7.5 398.3 438.7 
52.5/40/7.5 393.3 431.1 

T20% and T60% are the degradation temperatures at 20 and 60% mass loss respectively 
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Figure 4.8 TGA curves of PP, PP/PS and PP/PS/SEBS blends 
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4.4 Differential scanning calorimetry (DSC) 

 

The DSC results for the PS:wax microcapsules, PP/(PS:wax) and the PP/(PS:wax)/SEBS 

blends are summarized in Figures 4.9 to 4.15. The peak temperatures of melting, melting 

enthalpies and the calculated melting enthalpies are summarized in Table 4.2 for the PS:wax 

microcapsules containing systems. All the reported DSC heating and cooling results were 

obtained from the second scan to eliminate the effect of thermal history. The calculated 

melting enthalpy values of PP were determined from Equation 4.1. 

 

 

   (4.1) 

 

where ΔHm
calc is the calculated melting enthalpy of PP in the blend, and ΔHm,PP is melting 

enthalpy of neat PP, and wpp is the weight fraction of PP in the blend. In this calculation it is 

assumed that the PS or PS:wax microcapsules do not have any influence on the crystallization 

behaviour of PP. 

 

The DSC curves of the microcapsules and pure wax are shown in Figure 4.9. The wax shows 

a melting peak at 59 °C, with a peak shoulder at 33 °C and a phase change enthalpy of 149 J 

g-1. The peak shoulder relates to a solid-solid transition, and the main peak is associated with 

the melting of the crystallites [15-16]. The DSC curve of the microcapsules shows a peak in 

the same temperature range as that of the pure wax. It also shows a small peak between 80 

and 90 °C which is probably due to the glass transition of PS. The transition enthalpy of the 

microcapsules is 40 J g-1, which means that the microcapsules contained only 28% wax. 

Similar results were obtained by Alkan et a.l [17] who studied the preparation, 

characterization, and determination of the thermal properties of PMMA microencapsulated 

docosane as PCM for thermal energy storage. They observed that the PMMA/docosane 

microcapsules consisted of an average of 28 wt% docosane.  This value is slightly higher than 

the 20% calculated from the TGA results (section 4.3). The results show that the PCM 

storage capacity is severely reduced by encapsulation in PS. 

ΔHcalc = ΔHm,PP × wpp 
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Figure 4.9 DSC heating curves of PS:wax microcapsules and wax 
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Figure 4.10 DSC cooling curves of PS:wax microcapsules and wax 
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Table 4.2 Summary of the DSC heating results for all the investigated samples 

Sample Tp,m(PP) / 
oC 

ΔHm
obs(PP) 

/ J g-1 

ΔHm
calc(PP) 

/ J g-1 

Tp,m(wax) / 

°C 

ΔHm
obs(wax) 

/ J g-1 

PP 169.9 ± 0.9 83.3 ± 0.3    

PS:wax    53.3 ± 1.5 40.3 ± 5.2 

Wax    58.8 ± 1.0 148.5 ± 0.3 

PP/(PS:wax)      

90/10 164.2 ± 0.7 64.3 ± 4.3 75.0   

80/20 162.2 ± 0.6 62.6 ± 1.5 66.6 55.5 ± 2.0 6.1 ± 0.3 

70/30 160.1 ± 0.6 57.2 ± 1.3 58.3 56.9 ± 2.1 13.6 ± 2.1 

60/40 158.2 ± 1.2 44.5 ± 1.1 50.0 56.3 ± 1.8 16.1 ± 2.0 

PP/(PS:wax)/SEBS      

82.5/10/7.5 164.1 ± 0.3 62.6 ± 1.9 68.7   

72.5/20/7.5 159.1 ± 2.3 54.5 ± 0.7 60.4 53.2 ± 2.1 5.1 ± 0.1 

62.5/30/7.5 158.3 ± 2.2 40.5 ± 0.4 52.1 50.9 ± 0.3 11.9 ± 0.5 

52.5/40/7.5 157.6 ± 0.4 39.9 ± 0.5 43.7 54.8 ± 0.5 14.9 ± 0.2 
Tp,m, ΔHm

obs, and ΔHm
add are respectively the peak temperature of melting, observed melting 

enthalpy, and calculated melting enthalpy. 

 

The DSC cooling curves of neat wax and the PS:wax microcapsules are presented in Figure 

4.10. The pure wax shows a crystallization peak  at 58 °C and has a crystallization enthalpy 

of 149 J g-1, whereas the PS:wax microcapsules crystallize at 53 °C with a crystallization 

enthalpy of 40 J g-1. These results indicate that the microcapsules contained about 27% wax, 

which is in line with the observations from the DSC melting results. 

 

The DSC curves of the PP/(PS:wax) and PP/(PS:wax)/SEBS blends are shown in Figures 

4.11 and 4.12. The melting temperature of PP is around 165-170 °C. Its melting enthalpy is 

83 J g-1. In the case of PP/(PS:wax) and PP/(PS:wax)/SEBS blends, there are two separate 

endothermic peaks that are related to the melting peaks of the wax and the PP. The melting 

peak temperatures of the PP and the wax in the blends are shown in Table 4.2. An increase in 

PS:wax content resulted in a decrease in the melting peak temperatures of PP for both the 

modified and the unmodified blends. This is the result of the plasticizing effect of the 

microcapsules on the PP matrix, and the presence of SEBS does not change this behaviour, 

probably because SEBS forms thin layers around the microcapsules without changing the 

interfacial interaction between PP and PS:wax. 
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Figure 4.11 DSC curves of PP, PS:wax and the PP/(PS:wax) blends 
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Figure 4.12 DSC curves of PP, PS:wax and the PP/(PS:wax)/SEBS blend 

 

Figures 4.13 shows the experimentally observed and calculated melting enthalpies of PP for 

the modified and unmodified blends as a function of PS:wax content. When the measured 

melting enthalpy values (Hm
obs) are compared with the calculated values (Hm

calc), it can be 
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seen that the PP in the blends had observably lower melting enthalpy values. It is clear that 

the PS:wax microcapsules reduced the PP chain mobility which gave rise to a lower 

crystallinity in both the unmodified and modified systems. This effect was more pronounced 

in the SEBS modified samples, and the reason for this is not very clear. Most of the results 

obtained from other techniques indicate that the presence of SEBS did not really change the 

interfacial interaction between PP and PS:wax. The melting enthalpy results presented in 

Table 4.2, however, indicate that there may be a slightly enhanced interaction in the presence 

of SEBS. The standard deviations in both the unmodified and modified blends are small, 

indicating that the samples were fairly homogenous.  
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Figure 4.13 Comparison of melting enthalpies of PP/(PS:wax) and PP/(PS:wax)/SEBS 

blends  as a function of PS:wax content  

 

The DSC cooling curves of PP/(PS:wax) and PP/(PS:wax)/SEBS are shown in Figure 4.14 

and 4.15. The cooling curves of the blends depict two exothermic peaks, related to the 

crystallization of PP and of wax. The crystallization peak of PP also shifted to lower 

temperatures with an increase in the PS:wax microcapsules content. This is in line with the 

melting data for these samples, and confirms the plasticizing effect of the microcapsules. 
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Figure 4.14 DSC cooling curves of PP, PS:wax and the PP/(PS:wax) blends 
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Figure 4.15 DSC cooling curves of PP, PS:wax and the PP/(PS:wax)/SEBS blends 
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4.5 Dynamic mechanical analysis (DMA) 
 

The dynamic mechanical behaviour of all the samples is shown in Figures 4.16 to 4.27.  As 

can be seen from the storage modulus versus temperature curves in Figure 4.16, there is a 

drop in storage modulus with increasing PS:wax microcapsules content. There are two 

possible reasons for this observation. Firstly, it seems as if the microcapsules act as a 

plasticizer and thus enhances the mobility of the polymer chains, leading to a lower modulus 

of the polymeric matrix. Samuel et al. [8] investigated the viscoelastic properties and glass 

transition behaviour of bioresorbable poly(lactide-co-glycolide) (PLGA) matrix 

nanocomposites. They observed that at the physiological temperature of approximately 37 °C 

the storage modulus of the nanocomposites decreased with nano-particle (α-tricalcium 

phosphate) loading, and they also explained it as being due to the plasticizing effect of the 

nano-particles. Secondly, the decreased crystallinity of the blends containing PS:wax 

microcapsules, as seen from the DSC results (section 4.4), may have contributed to the 

decrease in storage modulus. It is well-know that the modulus of semi-crystalline polymers is 

directly related to the crystallinity of these polymers [9-12]. 
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Figure 4.16  DMA storage modulus curves for PP and the PP/(PS:wax) blends 
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The storage modulus as function of temperature for the PP/(PS:wax)/SEBS blends is shown 

in Figure 4.17. SEBS had very little effect on the storage modulus of the PP/(PS:wax) blends. 

SEBS probably forms a thin layer around the microcapsules without improving the 

interaction between the two phases, and hence SEBS does not change the plasticizing or 

reinforcing effect of the microcapsules. 

-20 0 20 40 60 80 100 120 140

1E8

1E9

 

 

S
to

ra
g

e
 m

o
d

u
lu

s 
/ P

a

Temperature / 0C

 PP
 82.5/10/7.5 w/w PP/(PS:wax)/SEBS
 72.5/20/7.5 w/w PP/(PS:wax)/SEBS
 62.5/30/7.5 w/w PP/(PS:wax)/SEBS
 52.5/40/7.5 w/w PP/(PS:wax)/SEBS

  
Figure 4.17  DMA storage modulus curves for PP and the PP/(PS:wax)/SEBS blends 

 

The loss modulus and tan δ as a function of temperature for the PP/(PS:wax) and 

PP/(PS:wax)/SEBS blends are shown in Figures 4.18 to 4.21. The blends exhibit three 

relaxations. The relaxation between -20 and 30 °C, which is a β relaxation, is attributed to the 

glass transition of the amorphous phase of PP. Pentti and colleagues [13] reported on the 

dynamic mechanical properties and morphology of polypropylene/maleated polypropylene 

blends. They also observed a transition between -20 and 30 °C, which was attributed to the 

glass transition of PP. The relaxation that occurs at 80-110 °C corresponds to the glass 

transition of the PS. The transition that occurs between 40 and 60 °C is probably the melting 

of the wax, and it is more obvious in the loss modulus curves (Figures 4.18 and 4.19). As the 

PS:wax microcapsules content in the blends increases, the peak intensity of the PS glass 

transition increases, and this is more obvious in the tan δ plots (Figures 4..20 and 4.21). An 

increase in the PS:wax microcapsules content also shifts the glass transition of PS to lower 
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temperatures (Figure 4.20). This may be attributed to an increase in the mobility of the PS 

chains above the melting point of the wax, with the molten wax acting as a plasticizer. The 

glass transition of PP in the blends moved to lower temperatures when compared to that of 

pure PP. This may be attributed to the plasticizing effect of the microcapsules in the blends, 

as discussed earlier in this section. It does not seem as if the blends behaved any differently in 

the presence of SEBS, because, as already discussed above, the SEBS probably forms a thin 

layer around the microcapsules without affecting the interaction between PP and the 

microcapsules. 
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Figure 4.18 DMA loss modulus curves for PP and the PP/(PS:wax) blends 
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Figure 4.19 DMA loss modulus curves for PP and the PP/(PS:wax)/SEBS blends 
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Figure 4.20 DMA tan δ curves for PP and the PP/(PS:wax) blends 
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Figure 4.21  DMA tan δ curves for PP and the PP/(PS:wax)/SEBS blends 

 

The storage modulus as a function of temperature of the PP/PS and PP/PS/SEBS blends are 

shown in Figures 4.22 and 4.23. Generally the storage modulus of the blends, in the absence 

and presence of SEBS, are higher than that of unblended PP below the glass transition of PS. 

However, above the glass transition of PS the storage modulus for both PP/PS and 

PP/PS/SEBS decreases to values below that of PP. The modulus reduction at the PS glass 

transition also becomes more significant with increasing PS content, as expected. This may 

be attributed to the higher flexibility of the PS chains above its glass transition. It does not 

seem as if the blends behaved any differently in the presence of SEBS. In this case the SEBS 

is probably also located at the interface of the PP and PS phases, and it probably does not 

change the interaction between these phases.  
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Figure 4.22 DMA storage modulus curves for the PP/PS blends 
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Figure 4.23 DMA storage modulus curves for PP/PS/SEBS blends 
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The loss modulus and tan δ curves of the modified and unmodified PP/PS blends are shown 

in Figures 4.24 to 4.27. It is noticed that an increase in the PS content in the PP/PS and 

PP/PS/SEBS blends increased the peak height corresponding to the PS glass transition in both 

the loss modulus and tan δ plots. This means that the magnitude of the peak is related to the 

PS content in the blends. It is worth noting that in both the loss modulus and tan δ curves of 

the PP/PS blends the glass transition temperature of the PP remains unchanged when 

compared to that of pure PP. The shift in glass transition is not expected as such variations 

are normally observed in partially or fully miscible blends where (partial) miscibility 

generates a variation in Tg with composition [14]. However, in the blends with PS:wax 

microcapsules the glass transition of PP shifted to lower temperatures when compared to that 

of the pure PP (Figures 4.18 to 4.21), which confirms the plasticizing effect of the 

microcapsules.  
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Figure 4.24 DMA loss modulus curves for PP and the PP/PS/SEBS blends 
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Figure 4.25 DMA loss modulus curves for PP and the PP/PS blends 
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Figure 4.26 DMA tan δ curves for PP and the PP/PS/SEBS blends 
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Figure 4.27 DMA tan δ curves for PP and the PP/PS/SEBS blends 

 

 

4.6 Tensile testing  

 

The tensile properties of all the investigated samples are depicted in Figures 4.28 to 4.37. The 

actual values of these properties are summarized in Tables 4.3 and 4.4. All the stress-strain 

curves are presented in the Appendix. The stress at break of the PP/(PS:wax) and PP/PS 

blends (Figure 4.28 to 4.29) decreases with increasing PS:wax and PS contents. The reasons 

that the PS:wax and PS gives low stress at break is related to the weak interfacial interaction 

between PP and PS, so that the interfaces between the non-compatible polymers act as 

defects points where stress cracking will occur more easily. The presence of SEBS does not 

change this behaviour, probably because SEBS forms thin layers around the microcapsules 

without changing the interfacial interaction between PP and PS. 
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Table 4.3 Summary of tensile results for PP/(PS:wax) blends and 

PP/(PS:wax)/SEBS blends  

Sample σb  / MPa εy  / % 
 

εb  / % σy / MPa E / MPa 

 
PP/(PS:wax)      

100/0 29.5 ± 3.2 12.4 ± 1.0 16.7 ± 1.2 36.3 ± 0.4 756 ± 25 

90/10 27.5 ± 3.1 9.2 ± 1.6 12.5 ± 2.0 28.9 ± 2.8   742 ± 105 

80/20 20.9 ± 0.9 7.2 ± 1.0 10.6 ± 1.3 21.8± 1.5 752 ± 46 

70/30 15.3 ± 1.5 5.4 ±  1.2 5.8 ± 1.4 15.5 ± 1.6 715 ± 43 

60/40 11.5 ± 1.2 3.9 ± 0.7 4.9 ± 1.8. 11.6 ± 1.2 760 ± 67 

PP/(PS:wax) 
/SEBS 

     

82.5/10/7.5 22.1± 1.6 9.3 ± 0.6 22.2 ± 6.6 26.1 ± 0.5 729 ± 46 

72.5/20/7.5 22.0 ± 1.6 8.3 ± 0.8 19.3 ± 2.4 24.1 ± 1.5 666 ± 46 

62.5/30/7.5 17.6 ± 1.2 6.5 ±  0.4 12.8 ± 1.0 16.8 ± 0.9 516 ± 26 

52.5/40/7.5 16.6 ± 0.9 6.4 ± 0.4 7.0 ± 0.7 16.7 ± 0.9 610 ± 46 

εy, σy, εb, σb and E are elongation at yield, yield stress, elongation at break, stress at break, and 

Young’s modulus of elasticity. 
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Figure 4.28 Stress at break of PP/(PS:wax) and PP/(PS:wax)/SEBS blends as function 

of PS:wax content 
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Figure 4.29 Stress at break of PP/PS and PP/PS/SEBS blends as function of PS 

content 

 

An increase in PS:wax content resulted in a decrease in elongation at break for the 

investigated PP/(PS:wax) blends (Figure 4.30). This can be explained by the PS:wax 

microcapsules acting as defect points for the initiation and propagation of stress cracking. 

The blends with SEBS (Figure 4.31) show significantly higher elongation at break values 

than the unmodified blends. This effect may be ascribed to the more mobile SEBS layer 

which reduced the stiffening effect of the blends and increased their flexibility. The 

elongation at break for the PP/PS:wax/SEBS blends at PS:wax contents of 10 and 20 wt % is 

higher than that of neat PP, but decreases to values below that of neat PP with a further 

increase in PS:wax content. This may be attributed to the effective covering of the 

microcapsules when their content was low (the SEBS content was constant at 7.5 wt.%), but 

ineffective covering at higher microcapsule contents. The PP/PS and PP/PS/SEBS blends 

(Figure 4.31) showed similar behaviour and can be explained in the same way.  
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Table 4.4 Summary of tensile results for PP/PS blends and PP/PS/SEBS blends  

Sample σb  / MPa εy  / % 
 

εb  / % σy / MPa E / MPa 

 
PP/PS      

100/0 29.5 ± 3.2 12.4 ± 1.0 16.7 ± 1.2 36.3 ± 0.4 756 ± 25 

90/10 26.2 ± 1.4 7.3 ± 0.4 16.1 ± 3.8 28.1 ± 1.6 883 ± 71 

80/20 21.4 ± 0.8 5.7 ±  0.7 17.4 ± 3.6 23.9 ± 0.8 930 ± 24 

70/30 15.9 ± 1.3 5.4 ± 2.3 12.8 ± 1.0 18.2 ± 0.3 931 ± 13 

60/40 13.4 ± 1.7 5.2 ± 1.8 15.7 ± 3.2 13.4 ± 1.7 944 ± 92 

PP/PS/SEBS      

82.5/10/7.5 16.2 ± 5.1 7.8 ± 0.4 44.9 ± 15.0 25.6 ± 0.5 766 ± 25 

72.5/20/7.5 18.4 ± 0.6 7.6 ± 1.9 21.7 ± 5.2 20.6 ± 0.3 797 ± 71 

62.5/30/7.5 16.3 ± 1.8 6.9 ±  1.3 11.3 ± 2.3 19.7 ± 0.5 750 ± 24 
52.5/40/7.5 15.9 ± 1.6 6.2 ± 1.1 7.7 ± 0.8 17.3 ± 1.1 779 ± 13 

εy, σy, εb, σb and E are elongation at yield, yield stress, elongation at break, stress at break, and 

Young’s modulus of elasticity. 
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Figure 4.30 Elongation at break of PP/(PS:wax) and PP/(PS:wax)/SEBS blends as 

function of PS:wax content  
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Figure 4.31 Elongation at break of PP/PS and PP/PS/SEBS blends as function of PS 

content 

 

The stress and elongation at yield for all the PS:wax and PS containing samples are shown in 

Figures 4.32 to 4.35. Elongation at yield of neat PP depends on the strengthening of tie 

molecules as intercrystalline and interspherulitic links in the amorphous layers [18]. The 

incorporation of PS:wax or PS into PP decreased the elongation at yield (Figures 4.32 and 

4.33), which can be ascribed to the dispersed PS:wax or PS increasing the rigidity of the 

blend and making it less ductile. The PP/PS/SEBS and PP/(PS:wax)/SEBS blends show 

slightly higher elongation at yield values over the whole composition range when compared 

to PP/PS and PP/(PS:wax) blends; this is due to the addition of SEBS which is an elastomer 

that provides more flexibility which results in higher elongations. Similar results were 

obtained by Denac et al. [19], who studied PP/talc/SEBS (SEBS-g-MA) composites. They 

observed that the addition of talc reduced the elongation at yield, but that the incorporation of 

SEBS improved the elongation at yield. The yield stress decreased with increasing PS:wax 

content for both the unmodified and modified blends (Figures 4.34 and 4.35). This decrease 

is associated with the decrease in the crystallinity of the blends, since yield stress is a 

function of crystallinity. 
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Figure 4.32 Elongation at yield of PP/(PS:wax) and PP/(PS:wax)/SEBS blends as 

function of PS:wax content 
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Figure 4.33 Elongation at yield of PP/PS and PP/PS/SEBS blends as function of PS 

content 
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Figure 4.34 Yield stress of PP/(PS:wax) and PP/(PS:wax)/SEBS blends as function of 

PS:wax content 
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Figure 4.35 Yield stress of PP/PS and PP/PS/SEBS blends as function of PS content 
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Figures 4.36 and 4.37 show the Young’s modulus of the modified and unmodified 

PP/(PS:wax) and PP/PS blends. Young’s modulus of the unmodified blends is higher than 

those of the modified blends for all the PS:wax and PS contents. There are three possible 

reasons for this behaviour. The first is the higher crystallinity of the unmodified blends. 

Secondly, it seems as if SEBS acts as a lubricant which creates more free volume and 

improves the mobility of the polymer chains, especially at the PP-PS:wax and PP-PS 

interface, and hence reduces the stiffness of the blends. A similar observation was reported by 

Leu et al. [20] who investigated the morphology, as well as the mechanical and thermal 

properties, of injection molded poly(lactic acid)/SEBS-g-MAH/organomontmorillonite 

nanocomposites. They associated the decrease in modulus with the elastomeric nature of 

SEBS-g-MAH. Thirdly, the higher modulus of the unmodified blends is the result of the 

addition of a rigid polymer (PS) into the PP matrix. It is noticed that the modulus of 

PP/PS:wax does not change with increasing PS:wax content in the absence of SEBS (Figure 

4.36), while the modulus decreases with increasing PS:wax content in the presence of SEBS. 

However, for PP/PS (Figure 4.37) the modulus increases with increasing PS content for the 

unmodified blends while there is almost no change for the blends prepared in the presence of 

SEBS. The reason for this is not clear, but it must be related to the differences in morphology 

between the PP/PS:wax and the PP/PS.  

0 10 20 30 40

500

550

600

650

700

750

800

850

 

 

Y
o

u
n

g
's

 m
o

d
u

lu
s 

/ M
P

a

PS:wax content / %

 PP/PS:wax
 PP/PS:wax/SEBS

 
Figure 4.36 Young’s modulus of PP/(PS:wax) and PP/(PS:wax)/SEBS blends as 

function of PS:wax content 
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Figure 4.37  Young’s modulus of PP/PS and PP/PS/SEBS blends as function of PS  

     content 

 

 

4.7 Thermal conductivity 

 

The thermal conductivities of the paraffin, PP/PS:wax and PP/PS:wax/SEBS blends were 

measured at room temperature using a thermal conductivity apparatus, and the results are 

shown in Table 4.5 and Figure 4.38. The thermal conductivity of the wax in the solid state is 

0.20 W m-1 K-1, that of PP is 0.22 W m-1 K-1, and that of PS is 0.03 W m-1 K-1. 

 

The thermal conductivities of the unmodified and modified blends decrease with increasing 

PS:wax microcapsule content in the blends. The polystyrene shell has a much lower 

conductivity than the PP matrix, which explains the lower thermal conductivities of the 

blends with increasing PS content. The thermal conductivities of the unmodified blends are 

slightly higher than those of the modified blends, even though the difference is not 

significant. SEBS has a very low thermal conductivity [21]; hence it may have contributed to 

the lower thermal conductivities of the modified blends. 
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Figure 4.38 Thermal conductivity of modified and unmodified blends as a function of 

PS:wax content 

 

 

Table 4.5 Thermal conductivity measurements of investigated blends 
 

Sample (w/w) Thermal conductivity / W m-1 K-1 

PP/(PS:wax)  

90/10 0.22 ± 0.01 

80/20 0.21 ± 0.01 

70/30 0.20 ± 0.02 

60/40 0.17 ± 0.02 

PP/(PS:wax)/SEBS  

82.5/10/7.5 0.21 ± 0.02 

72.5/20/7.5 0.20 ± 0.02 

62.5/30/7.5 0.18 ± 0.00 

52.5/40/7.5 0.16 ± 0.01 
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Chapter 5: Conclusions 

 

The purpose of this study was to investigate (i) the morphology and properties of 

polypropylene (PP) containing PS encapsulated soft paraffin wax to be used as phase change 

material for energy storage, and (ii) the effect of SEBS modifier, which is normally used for 

improved dispersion of fillers in polymers, on the properties of PP/(PS:wax) and PP/PS 

blends. 

 

Polystyrene microcapsules containing soft paraffin wax were prepared by suspension 

polymerization. The experimental results show that between 20 and 30 wt% of wax was 

encapsulated in the PS shell. Based on these results it can be concluded PCM storage capacity 

was severely reduced by PS encapsulation of the wax, and therefore our investigated system 

will probably not be an effective PCM.  

 

The presence of PS:wax microcapsules in the PP influenced the morphology and properties 

of the matrix. Generally a fairly good interaction between the microparticles and the matrix 

was observed, even in the absence of SEBS. The PS:wax acted as a plasticizer in the PP 

matrix reducing the thermal stability, storage modulus and melting temperature of the matrix. 

It was found that the addition of microcapsules decreased the mechanical properties of the 

blends.  The decrease in tensile strength, elongation at break and yield stress is evidence of 

the deterioration of the mechanical properties. The results also show a decrease in 

conductivity of the PP/PS:wax blends with the addition of the microcapsules because of the 

lower thermal conductivity of PS. 

 

The results obtained from most techniques indicate that the presence of SEBS did not really 

change the interfacial interaction between PP and PS:wax, and probably formed a thin layer 

around the microcapsules. It can be concluded that SEBS at 7.5 wt% did not really modify 

the PP/PS:wax PCM system. The presence of SEBS in the blends really only improved the 

flexibility of the blends. This was evidenced by the decrease in Young’s modulus and the 

elongation at break in the presence of SEBS when compared to the unmodified blends. The 

results also show that SEBS was effective in covering the microcapsules when their content 

was low, but ineffective at higher microcapsule contents. The effectiveness of SEBS 

therefore depends on the blend composition. It was found that the blends with SEBS were 
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more thermally stable than the unmodified blends. In this case SEBS probably acted as a heat 

isolator. 

 

Generally there was very little difference between the properties of the PP/PS:wax and the 

PP/PS systems, except at high contents of the microcapsules and the dispersed PS. In the 

latter case the differences in morphology (PS:wax microcapsules being spheres in the PP 

matrix, even at high microcapsule contents, while PS may have started forming a co-

continuous blend with PP) may have influenced the different properties.   

 

Recommendations for future work: 

 

 The addition of conductive filler within the encapsulated PCM to enhance the thermal 

conductivity of the PCM systems. 

 In order to improve the storage capacity of the microcapsules, the effect of core/shell 

mass ratio in the microcapsules has to be improved. 
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Appendix A 
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Figure A.1 Stress-strain curves of neat PP 
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Figure A.2 Stress-strain curves of 80/20 w/w PP/(PS:wax) 
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Figure A.3 Stress-strain curves of 70/30 w/w PP/(PS:wax) 
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Figure A.4 Stress-strain curves of 60/40 w/w PP/(PS:wax) 
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Figure A.5 Stress-strain curves of 82.5/10/7.5 w/w PP/(PS:wax)/SEBS 
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Figure A.6 Stress-strain curves of 72.5/30/7.5 w/w PP/(PS:wax)/SEBS 
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Figure A.7 Stress-strain curves of 52.5/40/7.5 w/w PP/(PS:wax)/SEBS 
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Figure A.8 Stress-strain curves of 90/10 w/w PP/PS 
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Figure A.9 Stress-strain curves of 70/30 w/w PP/P 
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Figure A.10 Stress-strain curves of 60/40 w/w PP/PS 
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Figure A.11 Stress-strain curves of 82.5/10/7.5 w/w PP/PS/SEBS 
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Figure A.12 Stress-strain curves of 72.5/20/7.5 w/w PP/PS/SEBS 
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Figure A.13 Stress-strain curves of 62.5/30/7.5 w/w PP/PS/SEBS 
 
 

 
 


	MochaneTOC
	MochaneThesis2

