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Summary 

 
The research described in this thesis is part of a state-funded IOP-EMVT 

project in cooperation with industrial companies, aiming at the design, 

assessment and implementation of new, environmental friendly (e.g. oil 

and SF6 - free) solid dielectric materials. A large disadvantage of solid 

polymer dielectrics is their relatively low thermal conductivity. Therefore, 

the focus in this thesis is on if and how nanotechnology can improve the 

thermal conductivity without deteriorating existing electrical properties.  

Epoxy resin, which is very common polymer material in the electrical 

and power industry, has been used as a host to create new insulating 

materials: nanocomposites. In order to improve the thermal conductivity 

of epoxy resin, thermally conducting but electrically insulating 

nanofillers, such as aluminum and magnesium oxides (Al2O3 and MgO), 

silicon dioxide (SiO2), boron and aluminum nitrides (BN and AlN) were 

used to dope the polymer matrix. Good compatibility and adhesion was 

achieved by surface modification of the nanoparticles, using a silane 

coupling agent.   

Proper dispersion of nanoparticles is a vital factor for the final properties 

of nanocomposites. Good and stable dispersion of nanopartic les in 

polymer matrices have been achieved by mechanical mixing and 

ultrasonic vibration. The quality of the dispersion of nanoparticles was 

satisfactory for most of the nanocomposite samples. The fabricated 

composites were classified into three types, acc ording to the average 

particle size and the extent of agglomerates observed inside the polymer 

matrix.  

Dielectric spectroscopy revealed that the relative permittivity of many 

nanocomposites is lower than that of the pure epoxy. This surprises, 

since the relative permittivity of the bulk materials of the fillers used is 

higher than that of the epoxy. The anomalous dielectric behaviour of 

nanocomposites was explained by the existence of an interface layer 

between polymer matrix and inorganic filler, and its influence on the 

macroscopic properties of the composite.  

The dielectric spectroscopy investigations demonstrated a reduction of 

the real and imaginary parts of the complex permittivity for all samples 

after subjecting the samples to postcuring. The postcuring process leads 

to evaporation of absorbed water and finalizes the process of epoxy 

curing.  

It was postulated that the interface polymer volume, which is affected 

by the alignment of polymer chains around surface treated nanoparticles, 
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conducts the heat much better than an amorphous polymer that is not 

altered by nanoparticles.  

We proposed a three-phase Lewis-Nielsen model to fit the thermal 

conductivity behaviour of nanocomposites, which have a third phase of 

aligned polymer layers. The model fits the experimental data very well 

and takes the thermal resistance of the interface into account. Besides 

the interfacial layer and its nature, the size of the particles, their aspect 

ratio, crystal structure and alignment inside the polymer as well as 

surface modification are important aspects in determining the thermal 

conductivity of composites.  

Several ways are proposed to optimize the nanocomposite processing to 

enable scaling up to large industrial volumes. 

Finally, possible harmful effects of nanoparticles on health and required 

precautions for the workplace are discussed in the course of this thesis.  
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Samenvatting 

 

In dit proefschrift wordt onderzoek beschreven dat onderdeel vormt van 

een door de overheid gefinancierd IOP-EMVT project in samenwerking 

met de industrie. Dit onderzoek heeft het ontwerpen, vervaardigen en 

implementeren van nieuwe, milieuvriendelijke (vrij van olie of SF6) vaste 

diëlektrische materialen als doel. Een groot nadeel van vaste stof 

polymeren is hun relatief lage thermische geleidbaarheid. Daarom zal in 

dit proefschrift de nadruk liggen op de vraag of en hoe nanotechnologie 

de thermische geleidbaarheid kan verbeteren zonder dat de elektrische 

eigenschappen negatief worden beïnvloed. 

Epoxyhars, een veelgebruikt polymeer in de elektrische energiesector, is 

gebruikt als basis om nieuwe isolerende materialen te maken, namelijk 

nanocomposieten. Om de thermische geleidbaarheid van epoxyhars te 

verbeteren zijn thermisch geleidende doch elektrisch isolerende 

nanodeeltjes toegevoegd aan de polymeermatrix. Voorbeelden van dit 

soort nanodeeltjes zijn aluminiumoxide en magnesiumoxide (Al2O3 en 

MgO), siliciumdioxide (SiO2), boornitride en aluminiumnitride (BN en 

AlN). Goede compatibiliteit en adhesie werden bereikt door 

oppervlaktemodificatie van de nanodeeltjes met behulp van een silaan 

“coupling agent”. 
Het adequaat dispergeren van nanodeeltjes is een bepalende factor voor 

de uiteindelijke eigenschappen van nanocomposieten. Een goede en 

stabiele verspreiding van de nanodeeltjes in de polymeermatrices is 

bereikt door machinaal mengen en ultrasoon vibreren. De kwaliteit van 

het dispergeren van de nanodeeltjes was toereikend voor de 

meerderheid van de nanocomposieten. De vervaardigde composieten 

zijn onderverdeeld in 3 categorieën, afhankelijk van de gemiddelde 

deeltjesgrootte en de hoeveelheid geobserveerde agglomeraties in de 

polymeermatrix. 

Uit de resultaten van diëlektrische spectroscopie is gebleken dat de 

permittiviteit van veel nanocomposieten een lagere waarde heeft dan 

zuiver epoxyhars. Dit is opmerkelijk, omdat de permittiviteit van 

nanofillers als bulkmateriaal hoger is dan van zuiver epoxyhars. Dit 

afwijkende diëlektrische gedrag van nanocomposieten wordt verklaard 

door de aanwezigheid van een scheidingsvlak tussen de polymeermatrix 

en de anorganische nanofillers en de invloed van deze laag op de 

macroscopische eigenschappen van de composieten. 

Onderzoek met diëlektrische spectroscopie heeft een verlaging laten 

zien van het reële en imaginaire deel van de complexe permittiviteit 

nadat de samples een thermische nabehandeling hadden ondergaan. 
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Dit ”postcuring” proces leidt tot verdamping van het geabsorbeerde 
water en completeert het “curing-process” van epoxyhars. 
Het volume van de tussenlaag wordt beïnvloed door de uitlijning van de 

polymeerketens rondom nanodeeltjes, die een oppervlaktebehandeling 

hebben ondergaan. Er wordt gesteld dat deze tussenlaag warmte veel 

beter geleidt dan een amorf polymeer dat niet behandeld is met 

nanodeeltjes. 

Wij postuleren een 3-fasen Lewis-Nielsen model voor het gedrag van de 

thermische geleidbaarheid van nanocomposieten, waarin een 3e fase van 

uitgelijnde polymeerlagen aanwezig is. Het model komt zeer goed 

overeen met de experimentele gegevens en houdt rekening met de 

thermische weerstand. Naast de tussenlaag en de eigenschappen 

daarvan, zijn ook de grootte van de deeltjes, de geometrische 

verhoudingen, de kristalstructuur, de uitlijning in het polymeer en de 

oppervlakteverandering belangrijke aspecten om de thermische 

geleidbaarheid van composieten te bepalen.  

Een aantal manieren om de productie van nanocomposieten te 

optimaliseren wordt voorgesteld zodat het proces opgeschaald kan 

worden voor industriële toepassingen. 

Afsluitend worden mogelijke schadelijke bijwerkingen van nanodeeltjes 

op de gezondheid behandeld. Tevens worden enkele 

voorzorgsmaatregelen voor de werkplek behandeld. 
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1  
Introduction 

 

 

1.1 Nanotechnology in history 

Nanotechnology is a research field of growing importance. The first 
remarkable and salient talk concerning nanotechnology was given by 
Nobel Laureate Richard Feynman at the meeting of the American 
Physical Society at Caltech in 1959 [1]. In his speech, Feynman foresaw 
the development of nanomaterials, molecular electronics, 
nanomanufacturing methods such as nanolithography and manipulation 
of individual atoms.  
The field of nanotechnology is still in its infancy but continues to 
progress at a much faster rate than any other field. Although the terms 
‘nanomaterial’ and ‘nanocomposite’ were introduced in the 20th century, 
such materials have actually been used for centuries and have always 
existed in nature [2]. Nanoscale materials are all around us, in smoke 
from f ire, volcanic ash, pollen and in the form of spider webs. The size of 
a typical protein such as hemoglobin, which carries oxygen through the 
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bloodstream, is about 5 nm, while the thickness of a DNA molecule is 
only half of that [3].   
One of the first examples when humans used nano-objects might be the 
extraordinary Lycurgus cup. The cup was created in the Roman Empire 
in the 4th century AD. The opaque green cup turns to a glowing 
translucent red with illumination. Chemical analysis of the Lycurgus cup 
indicates that the glass contains approximately 330 ppm of silver and 40 
ppm of gold with an average particle size (APS) of approximately 70 nm. 
However, it is not the presence of these elements that is responsible for 
the effect, but rather the way how the initial glass composite was 
produced [4-6]. Another example, where enhanced properties were not 
obtained from understanding but from empirical experiments is 
Damascus steel. The swords that were made from Damascus steel were 
very flexible, sharp and stiff. Many centuries later it was discovered that 
ancient Muslim smiths were inadvertently using carbon nanotubes within 
the metallic matrix of the blade in the 17th century [7, 8]. Other 
primitive nanocomposites were created in the 1860ies. Experiments with 
vulcanized rubber and carbon black led to significant enhance ments of 
the mechanical properties of rubber tires [9].  

1.2 Emergence of nanocomposites 

Nanotechnology is now an important interdisciplinary thread in 
fundamental research. Nanoscience is still in a nascent stage but its 
impact on the world economy can already be seen since significant 
potential clearly exists [10, 11]. For the field of electrical power 
engineering, one of the promising materials that was born by 
nanotechnology is the nanocomposite (NC). Since 1984 when the term 
‘nanocomposite’ was mentioned for the first time [12], it has been 
generally accepted by the scientific community. 
A nanocomposite may be defined as a composite system that consists of 
a polymer matrix and homogeneously dispersed filler particles having at 
least one dimension below 100 nm. Polymers are the most common 
materials (thermoplastics, thermosets or elastomers) that are used for 
nanocomposite fabrication. Over the past decades, polymer 
nanocomposites (PNC) have attracted considerable interest in both 
academia and industry [13]. The outstanding properties of NC are 
attributed to the large surface area to volume ratio of the nanoadditives 
[14]. The size reduction of particles allows tailoring of the physical 
properties of composites. Every property has a critical length scale, and 
if a nanoscale item is made smaller than the critical length scale, the 
fundamental physics of that property change drastically (see Fig. 1.1).  
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Fig. 1.1: Illustration of the change of a physical property  
as a function of particle size. 

 
Most material properties may be changed and engineered dramatically 
through the controlled, size-selective synthesis and assembly of 
nanoscale building items. The nanoparticles and nanomaterials have 
unique mechanical, electronic, magnetic, thermal, optical, and chemical 
properties, thus providing a wide spectrum of new possibilities of 
engineered nanostructures and nanocomposites for communications, 
biotechnology and medicine, photonics and electronics [11].  
The first nanoclay composite that was produced to reinforce  the 
macroscopic properties of an elastomer, was described in a patent from 
the National Lead Company in 1950 [15]. Commercial activity started 
four decades later, when Toyota patented a nanoclay-polyamide system 
in 1988 [16]. Later on Toyota presented commercial applications of 
nylon-6 based nanoclay composites for timing belt c overs, body panels 
and bumpers [9, 17, 18]. 
The discovery of carbon nanotubes (CNT) by Iijima in 1991 [19] and C60 
fullerene by R.F. Curl, Sir H.W. Kroto and R.E. Smalley in 1995 were the 
first steps towards a production of single- and multiwalled carbon 
nanotubes (SWCNT and MWCNT, respectively) and new nanoscale 
materials and devices based on CNT [20, 21].  
A few of the recent commercial applications of nanocomposites include 
some parts of sport utility vehicles, furniture, and appliances. The fields 
of application of nanocomposites range from agriculture and food 
production to space science and medicine [22]. Examples range from 
improved materials for everyday uses such as toothpaste, scratch and 
abrasion resistant coatings, self-cleaning paints and bathroom surfaces, 
water-repellent and anti-microbal nanofilms, deicing surface treatments 
for aircraft and automobiles in cold climates to new forms of structural 
materials that might be stronger than steel yet lighter than Styrofoam 
[3, 23, 24]. Many properties of bulk materials change at nanosc ale, 

small 
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~10-200 nm 
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which makes nanotechnology an interesting domain for innovative 
research [25-28]. 

1.3 Unique behaviour of nanocomposites 

There is no satisfactory explanation for the origin of the improvement of 
the properties of polymer nanocomposites. It is generally accepted, 
however, that the large surface-to-volume ratio of the nanoscale 
inclusions plays a significant role [14, 29]. Smaller particles display a 
much larger surface area for interaction with the polymer for the same 
microscopic volume fraction than larger particles [5, 8, 30]. It is 
currently thought that many of the characteristics of nanocomposites 
are determined by the interactions that occur at nanoparticle-matrix 
interfaces. Fig. 1.2 illustrates how the interface area gets more 
important for smaller particles.  
 

 
Fig. 1.2: Representation of interaction zones for a microparticle (a) and 

an assembly of nanoparticles (b) (not in scale) [31]. 
 
Major effects on the macroscopic properties can be obtained already at 
low concentrations, because of the large interfacial area of nanoparticles 
(see Table 1.1). Therefore, the mechanical, electrical or thermal 
properties of nanocomposites are strongly affected by the dispersion 
state and the quality of the interface between nanoparticles and polymer 
matrices. Agglomerated particles do not lead to the same benefits that 
dispersed particles do. 
 

Table 1.1: Relation of particle diameters to the number of contained 
atoms as well as to the fraction of surface atoms [32]. 

 
Particle 

diameter, nm 
Number of atoms 

in a particle 
Fraction of surface 

atoms in a particle, % 
20 250.000 10 
10 30.000 20 
5 4.000 40 
2 250 80 
1 30 99 

Interaction zone 
(a) (b) 
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The creation of a homogeneous distribution of nanoscaled particles is 
not an easy task, because particles have a strong tendency to 
agglomerate. The degree of dispersion can be improved by surface 
modification of nanoparticles [33]. The formation of chemical bonds 
between the inorganic and organic components is of great importance to 
guarantee a homogeneous dispersion of the filler in host polymers. 
Proper dispersion is the key to the appearance of the desired, and 
sometimes anomalous, properties [31, 34, 35]. One of the critical 
aspects of nanotechnology research is how to modify the surface of 
different nanoparticles to make them compatible with polymer matrices 
and more useful for different applications [23]. 
Whereas traditional microcomposites use over 50% by weight of 
reinforcement material, nanocomposites may show improvements at 
less than 5% by volume. If the empirical property models are applied for 
nanocomposites, it often provides estimations which are far from the 
real values. New behaviour at the nanoscale is not necessarily 
predictable from what was observed at larger scale structures. The most 
important changes in properties of NC are caused not by the order of 
magnitude in size reduction, but by the newly observed phenomena 
such as size confinement, predominance of interfacial phenomena and 
quantum mechanisms [10, 36, 37]. 
 
The bulk properties of nanocomposites are highly dependent on: 
 

 properties of the filler:  
 geometry, 
 size, 
 filler type, 

 host matrix: 
 crystallinity, 
 polymer chemistry, 
 nature (thermoplastic or thermosetting), 

 surface treatment, 
 interfacial properties, 
 fillgrade, 
 degree of dispersion and of agglomeration, 
 relative arrangements and subsequent synergy between 

constituents, 
 synthesis methods [11, 38]. 

1.4 Nanodielectrics in high voltage and power engineering 

Polymers play an important role in our daily live due to their unique 
characteristics, such as ease of production, light weight, and often 
ductile nature. They can be broadly divided into thermosetting resins 
and thermoplastics, which accounts for 70% of all produced polymers 
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[39]. Ceramics and inorganic fillers are good insulators and they have 
relatively high moduli and thermal conductivity. Combining these 
properties, in polymer-based composites some useful properties can be 
further improved, while some of the weaknesses can be reduced [22].  
In our study we used epoxy resin (ER) as a host polymer. Due to its low 
viscosity before curing, its excellent processibility, high resistance to 
chemicals after curing, good adhesive, mechanical and insulating 
properties, ER is an important material for high performance 
applications in high voltage and power engineering.  
Epoxy nanocomposites have gained much interest in the area of 
nanotechnology, because of the ease of manufacture and the significant 
gain in properties [14, 40]. 
In this thesis we will use the term ‘nanodielectric ’, which is in our case a 
synonym for ‘nanocomposite’, since both constituents are dielectric 
materials, where a filler has at least one dimension in the nanoscale 
range [41-43].  
The use of conventional micron-sized particles to improve the thermal or 
mechanical properties almost always involves a reduction of the 
electrical properties of the resulting dielectric material. There are 
promising nanodielectric materials, which can be designed and produced 
in a manner, so that the electrical strength will not be changed because 
of the introduction of the nanoscopic filler, while the thermal or 
mechanical properties are improved [31].  
The interfacial region surrounding the particles is dominant for the 
nanodielectric, while it is insignificant for the composite containing 
conventional sized filler. The challenge is to design and produce the 
interfacial zone in a way that provides the desired properties. One of the 
ways to accomplish that is chemical treatment of the particle surface 
[31].  
Many research groups have made attempts to create a nanocomposite 
material with extraordinary enhanced properties [44]. Nanotechnology 
indeed has a potential to be implemented in many branches of electrical 
engineering, high voltage and power electronics [45, 46].  
The improved electrical, mechanical and thermal properties have been 
observed for various polymers filled with different types of nanoparticles 
[47-60]. Since this research is focused on the improvement of the 
properties of epoxy, we give an overview of the research and 
development that have been done before, particularly on epoxy-based 
nanocomposites. 
One of the electrical properties that have been thoroughly investigated 
is the resistance to partial discharges (PD). The results show that 
nanocomposites filled with a few weight percent of aluminum oxide 
(Al2O3), silicon oxide (SiO2), titanium oxide (TiO2), silicon carbide (SiC), 
organically modif ied layered silicates (OMLS) or clay are more resistant 
to PD. The erosion depth decreases, compared to the specimens without 
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nanofillers [61-70]. The damage due to a PD on filled epoxy may be 
delayed if the filler particles act as thermal shields or heat sinks [62]. 
Superior resistance can be also attributed to the strong bonding 
between the ER and incorporated filler [66, 68]. Nanocomposites are 
even more resistant to PD if the surface of nanoparticles has been 
modified [64]. 
The dielectric breakdown (BD) strength might be changed for better or 
worse, if a nanocomposite is subjected to AC voltage [71]. 
Nanocomposites filled with nanoclay particles showed an improvement 
of the AC BD strength [72, 73], while introduction of a small amount of 
titania, alumina or silica slightly reduce the AC BD [74, 75]. The AC BD 
strength can also be enhanced by introduction of nanoparticles to a 
microcomposite [76]. 
An improvement of the DC BD strength has been obtained for various 
nanofillers such as clay, magnesium oxide (MgO), aluminum nitride (AlN) 
boron nitride (BN), alumina and silica [8, 72, 77-79]. One of the 
potential material candidates for HVDC cables is low density 
polyethylene filled with MgO nanoparticles [80-83]. 
The addition of a very small amount of zinc oxide (ZnO) or aluminum 
oxide nanoparticles in the ER can lead to significant improvements of 
the long term BD degradation process by increasing the treeing time to 
breakdown [84-86]. Incorporation of a small amount of OMLS into ER 
showed that the breakdown time of the nanocomposite under constant 
AC voltage (10 kV-1kHz) was twice as long as that of the base ER at 
20°C and six times at 80°C. In particular, at 145°C, the nanocomposite 
had a breakdown time of more than 20,000 minutes while the base 
epoxy resin had a breakdown time of 280 minutes [65].  
The incorporation of nanoparticles also appears to reduce the space 
charge accumulation in some systems. The amount of space charge 
accumulated by the epoxy-based composites containing TiO2, ZnO, Al2O3, 
MgO or clay was considerably lower than the one of the neat epoxy [73, 
87-90].  
A study of the complex permittivity as a function of temperature or 
frequency is one of the fundamental characterizations of dielectrics. An 
introduction of a small amount of nanofiller can affect the real and 
imaginary parts of the complex permittivity. A few percent of 
nanoparticles can change the relative permittivity of a composite in such 
a way that it might be higher than any of its constituents [61, 72, 91] or 
even lower [74, 87, 92-95]. 
Besides improvement of dielectric properties, the incorporation of 
nanoparticles leads to the enhancement of thermal and mechanical 
properties, or to a change of the physical properties of a polymer, such 
as the glass transition temperature (Tg). The thermal conductivity of 
filled ER can be improved using thermally conductive but electrically 
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insulating fillers such as Al2O3,  BN, SiC, nanodiamond and even 
cellulose [96-101].  
The inclusion of only 0.5 wt.% of surface modif ied CNT results in 
significant improvements in the flexural modulus and strength and 
storage modulus. The drawback of the use of CNT is the higher value of 
electrical conductivity, which might be negative for the application of 
ER-CNT as an insulation material [102, 103]. The mechanical properties 
of polymers change signif icantly at Tg, therefore it is important to know 
how nanoparticles influence the viscoelastic behaviour. In case of ER 
filled with Al2O3, ZnO, TiO2 or CNT a decrease in Tg was reported after 
adding just 0.5 wt.% of nanofiller [74, 92, 104]. A pronounced increase 
in Tg was observed with the addition of SiO2 nanoparticles [105-107]. 
Negligible changes in Tg with composition have also been reported for 
ER-Al2O3 nanocomposites [61, 108].      
A niche where nanodielectrics might find a great potential is cryogenic 
applications [58, 109-111]. 

1.5 Current situation. New technology is required 

The limits have been reached for current materials and material 
technologies applied in many components for electrical power systems. 
Components need to be ever smaller, of less weight (larger application 
area), more sustainable (oil/SF6-free), less flammable and more durable. 
Moreover, an increasing energy density is required, among other things 
because of the restricted available space.  
For many applications we see for this reason a striving towards the 
application of primarily compact polymeric insulation materials and a 
gradual disappearance of oil and SF6 that up to now have been used 
extensively as insulation media. The quest for compact, polymeric 
components is not without problems. Due to the high energy density 
and very low thermal conductivity of most polymeric insulation materials 
we have arrived at the limit of what is possible using current technology. 
A further increase of current density, for instance in electrical machines,  
results in increasing operating temperatures, insufficient heat 
conduction and adhesion problems at the interface between materials. 
Further, the electric stress in the insulation will increase and particularly 
the behaviour of interfaces will become a bottleneck in the realisation of 
compact and oil-free components. Moreover, in a number of cases also 
the limits have been reached of what is mechanically possible.  
The nanoPOWER project consists of two PhD-studies which run 
consecutively. Important in the first PhD project is the experimental 
study and theoretical understanding of the structure-property relations, 
particularly in relation to the increase of heat conductance. In the 
second PhD project, the results are validated in industrial prototypes in 
which the electrical and thermal/mechanical stress factors can be 
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introduced. The project finishes with the definition of a set of design 
rules for constructing electrical insulation systems with nanocomposites. 
  
The innovative aspects of this research project are found in the entirely 
new application of nanotechnology in components used in the electric al 
power system. Manufacturers of components for the electrical power 
system such as Prysmian Cables & Systems, Eaton Electric, Hapam, 
Mekufa as well as TNO Industrie en Techniek are strongly involved in 
this research project and in the long run we expect them to introduce 
this technology successfully in their products. Because the presented 
technology allows the development of environment friendly and less 
flammable products, a combination of electrical infrastructure seems to 
be possible with other infrastructures, resulting in a better use of the 
available space. 
 
The nanoPOWER project is sponsored by a Dutch government IOP-EMVT 
grant and SenterNovem organization. 

1.6 Goals of the research 

The goal of the research was to improve the thermal conductivity of 
epoxy resin insulation without deteriorating electrical insulation 
properties, by introduction of a low concentration of various nanofillers. 
The main objectives of the investigation were the synthesis of 
nanocomposites, analysis and modelling of the heat conduction process, 
taking into account the features inherent to nanocomposites. The main 
application of the produced nanocomposite materials is insulating 
systems, therefore it is also important to determine the influence of 
nanofiller on the dielectric  properties. 
The high voltage engineering and especially insulation technology is a 
conservative business area. Nanotechnology is a rather new field, which 
is expected to have an impact on many areas of research. In our study 
we tried to combine these two areas in order to create a material for 
high voltage applications with less impact on the environment and more 
durable at the same time.  

1.7 Description of the thesis structure 

The thesis at hand has been organized in chapters, each handling a 
different item of study.  
Chapter 2 describes how the nanocomposites have been created step by 
step. It is explained what kind of polymer and filler materials are used 
for insulation properties and which one have been used for our study. 
The following questions have been answered: why homogeneous 
dispersion is a vital factor in the nanocomposite synthesis; how it was 
obtained by surface functionalization of the particles; what is an 
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optimum method and solvent to disperse nanoparticles in the polymer; 
how successful was surface modification. 
In the second part of Chapter 2 we present the morphological 
characterization of as-received particles and fabricated samples. 
Chapter 3 deals with the thermal characterization of created specimens. 
In the beginning of the chapter, the thermal conductivity as a property 
of a material is presented. Various theoretical models to describe the 
thermal conductivity of the two-phase systems are given and the 
difference between them is discussed. The experimental results as well 
as modelling of the thermal conductivity of composite materials are 
presented and the inf luence of filler size, aspect ratio and crystallinity 
are discussed. 
In Chapter 4 we discuss the electrical properties of the nanocomposites. 
This chapter describes the influence of filler type, concentration, size 
and impact of water absorption and curing on the dielectric response of 
nanocomposites. 
Chapter 5 gives advice about how to optimize the synthesis of 
nanocomposites, the ways how the surface modification process can be 
separated from the rest, which alternative synthesis methods exist and 
where the new composites can be applied in industry.  
Chapter 6 raises issues about health and environmental aspects in using 
nanoparticles and how to prevent harmful affect on humans. 
Chapter 7 provides concluding remarks on the work presented. The 
chapter summarizes the thesis, outlines its contributions. It also 
proposes future research directions.   
 



 

 

 
 
 

2 
Synthesis of epoxy-based 

nanocomposites 

 

 

2.1 Introduction 

Polymer nanocomposites are a major factor in the design of novel 
advanced materials suitable for a variety of different applications, such 
as electrical engineering. Section 2.2 describes thermoplastic and 
thermosetting polymers, which are currently used as dielectric materials. 
The properties of polymer materials can be improved by introduction of 
different types of filler (see Section 2.3). The focus of the present work 
is epoxy-based nanocomposites. A classification of different types of 
nanoparticles that can be used to enhance the properties of polymer 
materials is given in Section 2.3.2.  
The companies which produce nanocomposite materials do not willingly 
share the synthesis procedure. The creation of nanocomposites is a 
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complex process and many techniques were probed and studied before 
an optimal processing scheme was found (Section 2.5). The synthesis of 
nanocomposites, which is explained step by step in this chapter and 
illustrated in Fig. 2.1, can be used to prepare epoxy-based 
nanocomposites with well dispersed part icles.  
 

 
 

Fig. 2.1: Schematic representation of the synthesis of nanocomposites. 
 
An appropriate solvent for nanoparticles has been chosen. Ethanol as a 
solvent was compared with water and methanol. The stability and size 
distribution of nanoparticles have been checked in water and ethanol.  It 
was determined which technique is the most suitable and successful for 
dispersion of nanoparticles (Section 2.5.1). Pre-treatment of 
nanoparticles is necessary to make them compatible with the epoxy host 
(Section 2.5.2).  
The successful surface modification of the particles has been proven by 
thermogravimetric analysis (TGA) and Fourier transformed infrared 
spectroscope (FTIR). The specimens which have been created are shown 
in Section 2.8.  
 
Different analyses have been applied to investigate the morphological 
properties of as-received particles and created composites:  
 

 The Laser Diffraction method has been used to validate the 
dispersion of nanoparticles in the solvent, 

 X-ray diffraction (XRD) was used to identify the crystalline 
structure of as-received particles (Section 2.9.1),  

 All nanoparticles that have been used for composite preparation 
were investigated with Transmission and Scanning Electron 
Microscopy (TEM and SEM, respectively). The quality of 
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dispersion of the filler inside the host material was validated with 
the help of TEM and SEM as well (2.9.2), 

 TGA has been performed to confirm the grafting of silane 
coupling agent on the surface of nanoparticles and check the 
sedimentation of particles (2.9.3). 

 
The conclusions are presented in Section 2.10. 

2.2 Thermoplastic and thermosetting polymers 

Polymers play an important role in our daily life due to their unique 
characteristics, such as easy production, light weight, and often ductile 
nature. Polymers can be broadly classified into three basic types, 
namely thermoplastics, thermosets, and elastomers [39]. Each polymer 
has its own set of individual chemical characteristics based on the 
molecular structure.  
The transformation process from prepolymer to final product polymer 
represents the line of demarcation separating the thermosets from the 
thermoplastic polymers. Thermoplastic materials are polymers, which 
are capable of being repeatedly softened or melted by increasing the 
temperature and solidif ied by decreasing the temperature. These 
changes are physical rather than chemical. Thermosetting materials are 
polymers that will undergo, or have undergone, a chemical reaction by 
the action of heat, a catalyst, ultraviolet light, leading to a relatively 
infusible state that will not remelt after setting. Elastic rubberlike 
materials, known as elastomers, are polymers, which are processable 
under thermoplastic conditions and have a soft structure and low glass 
transition temperature. The glass transition temperature (Tg) is the 
temperature at which a plastic changes from a rigid state to a softened 
state. Both mechanical and electrical properties degrade significantly at 
this point, which is usually characterized by a narrow temperature range 
rather than a sharp phase change, such as the freezing or boiling 
temperature [112].  
Thermoplastic polymers such as polyethylene and polyvinyl chloride may 
be thought of as permanently fusible compounds composed of long 
linear chains lying together in three dimensions, but not interconnected. 
In a plane, the system might appear as is illustrated in Fig. 2.2. 
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Fig. 2.2: Schematic representation of a thermoplastic polymer. 
 

The movement of a molecule in any direction is not restricted by 
crosslinking with surrounding molecules.  
The thermosetting resins such as epoxy, polyester or phenolic resins 
become hard when converted by a curing agent. The system may be 
regarded as a network cross-linked in all three dimensions. In a plane it 
might appear as is shown in Fig. 2.3. 

 

 
 

Fig. 2.3: Schematic representation of a thermosetting polymer. 
 
The movement of a molecule in any direction is opposed by the 
crosslinking arrangement.  
In practice, thermoplastic materials will soften with heat or flow with 
pressure, while thermosetting materials will retain their shape below Tg, 
while become rubbery above Tg. 
Beside the widely used epoxy resin (ER) and polyethylene (PE) in its low 
density and high density modifications (LDPE and HDPE), such polymers 
are used in electrical engineering include polypropylene (PP), polyvinyl 
chloride (PVC), polymethyl methacrylate (PMMA), polycarbonate (PC), 
polyamide (PA) and polyimide (PI).  

2.2.1 Epoxy resins 

The first industria lly-produced epoxy resins were introduced to the 
market around 1947. Their commercial debut was in the United States, 
the first product was made by Devoe-Raynolds Company [113]. The 
discovery of the epoxy took place much earlier. In 1909, the Russian 
chemist Prilezhaev discovered the formation reaction of epoxides [114]. 
In the late 1930s Pierre Castan from Switzerland and Sylvian Greenlee 
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from United States independently synthesized the first bisphenol-A 
epichlorohydrin-based resin material [14, 115].   
The wide variety of epoxy resin applications include: coatings, electrical, 
automotive, marine, aerospace and civil infrastructure, sealing liquids, 
laminates, adhesives as well as tool fabrication and pipes and vessels in 
the chemical industry, food packing, construction and building material, 
light weight structural components. Due to their low density and good 
adhesive and mechanical properties, epoxy resins became a promising 
material for high performance applications in the transportation industry, 
usually in the form of composite materials. In the aerospace industry, 
epoxy-composite materials can be found in various parts of the body 
and structure of military and civil aircrafts, with the number of 
applications on the rise. Epoxy resins are widely used in commercial and 
military applications because of their high mechanical/adhesion 
characteristics, solvent and chemical resistance combined with the 
versatility of cure over range of temperatures without by-products. 
Epoxy resin systems are thermosets, which are widely used in electrical 
engineering applications such as rotating machines, bushings, 
switchgear systems, generator groundwall insulation system, cast resin 
transformers and insulators [74, 116, 117]. 
The term “epoxy resin” refers to both the prepo lymer and its cured 
resin/hardener system. Before the curing agent is incorporated, the 
resins have indefinite shelf life. One of the valuable properties of epoxy 
resins is their ability to transform from liquid (or thermoplastic) state to 
hard thermoset solids. The solidification is accomplished by the addition 
of a chemical reagent known as a curing agent or hardener. Some 
curing agents promote curing by catalytic action, others participate 
directly in the reaction and are absorbed into the epoxy chain. T he 
polymerization reaction may be accomplished at room temperature, with 
heat produced by an exothermic reaction, or may require external heat 
[115]. A schematic representation of the curing process of a thermoset 
polymer is shown in Fig. 2.4. 
Epoxy resins can be cross-linked through a polymerization reaction with 
a hardener at elevated temperatures. In general, the higher 
temperature cured resin systems have improved properties, such as 
higher glass transition temperatures, strength and stiffness, compared 
to those cured at room temperature [115].  
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Fig. 2.4: Schematic curing of a thermoset. Cure begins with monomers 
(a); proceeds via linear growth and branching to a material below gel 

point (b); continues with formation of gelled but incompletely 
crosslinked network (c); finishes as fully cured thermoset (d). 

2.3 Polymer-based composites 

The reinforcement of polymers using different types of organic or 
inorganic fillers is common practice in the production of systems with 
improved mechanical, thermal, electrical and other properties [118-121]. 
Micrometer-sized inorganic particles are currently widely used for the 
reinforcement of epoxy matrices to lower shrinkage on curing, thermal 
expansion coefficients, improve thermal conduct ivity, and meet 
mechanical requirements. The final properties of the polymer 
microcomposites (PMC) are affected by several factors, such as the 
intrinsic characteristics of each component, the contact, the shape and 
dimension of the fillers, and the nature of their interfaces. To enhance 
these properties, the use of submic ron particles and thus the creation of 
mesocomposites (PMesC) can lead to a significant improvement of the 
properties of PMC [122]. In the past decades, a tremendous amount of 
research has been conducted in the preparation of submicron inorganic 
particles, leading to the possibility of preparing composites with 
nanofillers, i.e. nanocomposites (PNC) [23]. ER reinforced with 
nanoparticles represents one of the most actively studied nanodielectric 
systems [11].  

a) 

c) 

b) 

d) 
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2.3.1 Nanocomposites 

In contrast to traditional polymer composites with high loadings (60 
vol.%) of micrometer-sized filler particles, polymer nanocomposites are 
being developed with low loadings (less than 10 wt.%) of well-dispersed 
nanofillers [67, 123]. Polymer nanocomposites are defined as an 
interacting mixture of two phases, a polymer matrix and a solid phase, 
which is in the nanometer size range in at least one dimension [124]. 
Nanostructured materials have unusual physical and c hemical properties 
as a result of their extremely small size and large specific area [38].  
 
The properties of polymer composites are affected by  
 

 nature of the polymer matrix and filler; 
 filler size and shape; 
 dispersion state of the particles; 
 surface modification of the filler; 
 filler-matrix interaction. 

2.3.2 Classification and types of fillers 

The fillers which are widely used to reinforce a polymer material can be 
divided in three groups depending on their size.  
The first group of filler consists of micron sized particles, which are also 
called conventional sized filler. The size of these particles can vary in a 
broad range but typically lies between 1 m and 100 m.  
The second group can be called submicron sized particles. Their size is 
between 100 nm and 1 m.  
The first two groups are sometimes combined in one and called 
“microparticles”. We do not agree with this classification, since 
submicron particles are entitled to be allocated to a separate subgroup.  
The third group of particles is the group of nanometer sized particles. 
The size of these particles should be below 100 nm at least in one 
dimension. The nanofiller can be one-dimensional (nanotubes, fibers, 
rods) two-dimensional (clay, plane-like particles) or three-dimensional 
(spherical particles). Fillers may be classified according to their shape 
and size or aspect ratio. There is signif icant diversity in the chemical 
structures, forms, shapes, sizes, and intrinsic properties of the various 
compounds used as fillers. Fillers may be classified as inorganic or 
organic substances, and are further subdivided according to their 
chemical family [125].  
The use of nanostructured fillers in epoxy systems has gained significant 
importance in the development of thermosetting composites [108].  
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Table 2.1: Different types of filler. 
 

Chemical family Examples 

Inorganics 

Oxides Al2O3, SiO2, MgO, ZnO, TiO2, glass 
Hydroxides Al(OH)3, Mg(OH)2 
Silicates Talc, mica, nanoclays, asbestos 
Salts, compounds CaCO3, BaSO4, CaSO4, BaTiO3, SrTiO3 
Metals Al, Ag, Sn, Au, Cu 
Nitrides, carbides AlN, BN, Si3N4, SiC 

Organics 

Carbon Carbon fibers, carbon black, graphite 
fibers and flakes, carbon nanotubes, 
nanodiamonds 

Natural polymers  Cellulose fibers, wood f lour, flax, 
sisal 

Synthetic 
polymers 

Polyamide, polyester, aramid 

2.3.3 Dispersion 

The dispersion of nanoparticles is a crucial factor for the final properties 
of nanocomposites. Nanoparticles tend to form agglomerates and 
clusters in a polymer matrix due to their high surface energy [34, 126-
128]. The agglomeration may lead to a deterioration of the aimed 
properties of the final products. In order to obtain good and stable 
dispersion of nanoparticles in polymer matrices, several methods can be 
applied to break up the agglomerates [129]. There are two approaches: 
mechanical dispersion methods, including ultrasonic vibration [130, 131], 
special sol-gel techniques [132-134], the high shear energy dispersion 
mixing [135] and surface modification of nanoparticles [136, 137]. The 
surface modif ication is a chemical method for improving the 
compatibility and interaction between polymer and incorporated filler, 
leading to enhanced dispersion [103].  
The filler geometry is a key factor that influences the dispersion of 
nanoparticles. In general, low-dimensional f illers are more difficult to 
disperse than three-dimensional. The difference arises from the fact that 
three-dimensional quasi-spherical particles exhibit only point-to-point 
contacts, whereas one-dimensional rods or tubes can have contact along 
the full length of the cylinder, which increases the particle-particle 
interaction. Two-dimensional sheets have even larger contact area. The 
increased particle contact area and interaction make a homogeneous 
dispersion even more difficult. Therefore, spherical particles have been 
chosen for the research as it is more straightforward to disperse them 
than either rods or sheets [39].  
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The surface functionalization of particles can be realized with a 
surfactant or coupling agent. A surfactant is a chemical that lowers the 
interfacial tension between a polymer and a solid filler. And even better 
alternative is the use of coupling agents.  

2.3.4 Coupling agent 

Stable dispersion of filler in the final composite is necessary to eliminate 
filler agglomerates that would act as weak points that might induce 
electrical or mechanical failure.  
A coupling agent is a chemical that is applied to the surface of a material 
that has to be modif ied to make it compatible with another material of a 
different nature [138]. The molecular structure enables the coupling 
agent to work as an intermediary in bonding organic and inorganic 
materials [139].  The first coupling agents were applied in the early 
1940s, when glass fibers saw their first use in enhancing the properties 
of organic polymers. A variety of coupling agents, such as silanes, 
zirconates, titanates and zircoaluminates have been introduced to the 
market since then in order to improve the interface between the 
polymer and the filler [140].  
 
The major roles of surface functionalization are: 
 

1)  to stabilize the nanoparticles inside a polymer matrix (obtain a 
good  dispersion of the particles) via chemical bonding, 

2)  to obtain thermodynamical and chemical compatibility between 
polymer matrix and incorporated filler and keep the particles 
separated from each other; 

3)  to improve the adhesion at the interfaces between matrix and 
particles [141]. 

 
Among these, silane coupling agents (SCA) form the most widely 
studied group [142]. 
In general, the SCA molecule contains two classes of functionality.  A 
common formula for SCA is R(CH2)nSiX3. X is a hydrolysable group, 
typically alkoxy, acyloxy, halogen or amine. The R group is a 
nonhydrolysable organic radical that may possess functionality that 
shows the desired characteristics (see Fig. 2.5).  
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Fig. 2.5: The general formula for a silane coupling agent [143]. 
 
Silane coupling agents present three main advantages: 
 

1)  they are commercially available at a large scale; 
2)  at one end, they have alkoxy  silane groups capable of reacting 

with an OH-rich surface, and 
3)  at the other end they have a large number of functional groups 

which can be tailored as a function of the matrix to be used [144]. 
 
The thermal conductivity of the polymer-filler system can be improved 
by surface modif ication of the particles due to a decrease of the thermal 
contact resistance in the composite. This is done through the 
improvement of the interface between matrix and particles [145]. Good 
quality interfaces between matrix and filler are needed to achieve high 
performance, because the interface is usually the weakest point of the 
composite. 
A coupling agent acts as a “molecular bridge” at the interface of 
dissimilar polymer matrix and fillers, resulting in the formation of 
covalent bonds across the interface, which subsequently improves the 
properties of the composite system. Silane treatments on particular 
inorganic fillers may provide important improvements in rheology of 
filled polymers and in protecting the filler against mechanical damage 
during high-shear operations such as mixing, extruding, and injection 
molding.  

2.4. Materials used  

2.4.1 Host material 

The base polymer material used in this research is ER. The epoxy 
consists of a diglycidyl ether of bisphenol-A (DGEBA) type CY231 and 
preaccelerated methyltetrahydrophthalic acid anhydride (MTPHA) curing 
agent type HY925 supplied by Huntsman. The chemical structures are 
indicated in Figs. 2.6 and 2.7. The system was chosen because of low 
viscosity before curing and the widespread use in the high voltage 
industry.  
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Fig. 2.6: Chemical structure of a bisphenol-A type epoxy resin. 
 

  
Fig. 2.7: Chemical structure of the curing agent (MTPHA). 

2.4.2 Filler material 

Conventional alumina (Al2O3) is commonly used as f iller to improve 
electrical, mechanical and thermal properties (λ ~ 20-30 W/m·K at room 
temperature) in insulating composites. Al2O3 has a low thermal 
expansion, it is resistant to most chemicals, and it is a good electrical 
insulator with high wear resistance [146]. Aluminum oxide in the form of 
micro- and nano-filler was studied by many research groups and results 
of experiments have been presented in many papers. Al2O3 was 
therefore chosen for comparison and to have a proof-of-concept to build 
on. 
Aluminum nitride (AlN) was chosen as ceramic filler because of its 
unique combination of high thermal conductivity (λ ~ 40-200 W/m·K at 
room temperature), moderate strength and good dielectric properties 
( r
 =8.9 at 1 MHz, tan =10-3-10-4, R >1014 Ohm·cm, dielectric 

strength 20 kV/mm, bandgap 6.2 eV) [23, 147-149]. 
Magnesium oxide (MgO) was chosen as a filler material because it has 
shown to reduce the amount of space charge in the polymer and better 
withstand tree propagation and partial discharges than neat polymer [80, 
81, 150]. 
Boron nitride (BN) is a high thermal conductivity material with low 
dielectric permittivity and high dielectric breakdown strength [151-154]. 
It has been reported in literature that the presence of silicon dioxide 
(SiO2) nanoparticles affect the intrinsic properties of neat epoxy in 
different aspects [155]. Epoxy-silica is one of the most popular 
composite resins in use, showing improved electrical breakdown 
strength [64, 65, 77, 156], lowered thermal expansion [156], enhanced 
PD resistance [63-65, 68, 156], reduced erosion depth [64, 68, 156, 
157], higher volume resistivity [65, 105], enhanced mechanical 
properties [156] and improved thermal conductivity [99]. 
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Nano-Al2O3 and AlN particles were obtained from Sigma-Aldrich. Nano-
SiO2 was supplied in the form of Nanopox® from the company 
Nanoresins. MgO was provided by Strem Chemicals. Micro-Al2O3 and 
micro-SiO2 were received from Albemarle and Huntsman, respectively. 

2.4.3 Silane coupling agent 

The particle surface modif ication was performed with an epoxyde-
functionalized SCA, namely γ-glycidoxypropyl-trimethoxysilane (GPS or 
GLYMO) (see Fig. 2.8). GPS consists of an organofunctional epoxy group, 
which is compatible with the ring of ER, and 3 alkoxy groups, which 
transform to hydroxy groups in the presence of water and react with the 
surface of the particles we use.  
 

 
 

Fig. 2.8: Chemical structure of γ -glycidoxypropyltrimethoxysilane 
(silane coupling agent). 

 

 

 

 

 

 

 

 

CH2 

CH2 

CH2 

O 
CH2 

CH 

O 

H2C  Si  

OCH3 

OCH3 

OCH3 



Synthesis of epoxy-based nanocomposites                       23 

 

 

2.5 Synthesis 

A schematic representation of the synthesis procedure that was 
developed is shown in Fig. 2.9. 
 

 
 

Fig. 2.9: Schematic representation of the nanocomposite preparation. 

2.5.1 Dispersion of particles 

The as-received nanoparticles were dispersed in ethanol (C2H5OH) by 
means of ultrasonication at room temperature to break up any 
agglomerates. Formic acid was added to adjust the pH value to about 4 
for AlN and Al2O3 particles, pH 3 for MgO particles and 2 for BN to reach 
a higher zeta-potential [158-161]. The zeta potential indicates the 
degree of repulsion between adjacent, similarly charged particles in a 
dispersion. GPS was added to the solution for functionalization of the 
particles and the solution underwent further sonication to allow 
hydrolysis and silanol formation. The dispersion of nanoparticles was 
verif ied using laser diffraction. The objective was to determine the best 
way of dispersing the nanoparticles. 
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2.5.1.1 Laser diffraction method 

Laser Diffraction is the most widely applied particle sizing technique. It 
uses angular light scattering to determine the particle size distribution. 
It is suitable for almost any kind of sample because of its broad 
measuring range and high resolution (particle diameter range 0.04 - 
2000 µm). Dry samples are dispersed in water, ethanol, cyclohexane or 
air. Suspensions and emulsions can be measured in water. Spray 
droplets can also be measured in air. The result from the laser 
diffraction comes in the form of a size distribution of the particles. It is 
intended for characterization of spherical or almost spherical particles. 
The instrument used is the Coulter LS 230. 

2.5.1.2 Sample preparation procedure 

0.5 g of alumina nanoparticles were dispersed in 10 g of demineralized 
water or ethanol. Sodium-diphosphate (Na4P2O7) was added to a 
solution as a dispersant. It is an anionic dispersant which reduces the 
surface tension of the particles and keeps the solution stable. The 
particles in water were manually shaken for some seconds. The 
dispersion of particles in ethanol was realized in different ways: 
 

 ultrasonic (US) bath for 30, 60 and 120 minutes, 
 ultrasonic probe for 5 minutes, 
 ultraturrax for 8 minutes, 
 mixing by hand. 

2.5.1.3 Dispersion of nanoparticles in a solvent  

Fig. 2.10 shows the particle distribution of Al2O3 particles in water and 
ethanol. The particles were mixed only by manual shaking of the 
suspension. It can be seen that the suspension of nanoparticles inside 
water is good. Only 5 wt.% of the particles are larger than 350 nm.  The 
average particle size is 141nm. The result for the dispersion inside 
ethanol is completely different from the suspension in water: only 5 
wt.% of the particles are smaller than 1 micron. Most agglomerates of 
particles have a diameter of approximately 15 µm. The suspension of 
nanoparticles inside ethanol was subjected to various mechanical 
methods to disperse nanoparticles evenly inside the solvent. Fig. 2.11 
shows the results of dispersion for different methods. 
Surprisingly, the least powerful method, the ultrasonic bath shows to be 
the best method for particle dispersion. After 30 minutes of sonication 
about 90% of the particles are below 350 nm, with average particle size 
(APS) of 141 nm, which is similar to the results of water (see Fig. 2.10). 
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Fig. 2.10: The dispersion of Al2O3 nanoparticles in water and ethanol. 
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Fig. 2.11: Influence of the mixing method on the dispersion  
of Al2O3 in ethanol. 

 
After 60 minutes all agglomerates above 300 nm are broken down, as 
can be seen in Fig. 2.12.  
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Fig. 2.12: Influence of time duration of an US bath on the  
Al2O3 dispersion in ethanol. 

 
Ultraturrax is a dispersion tool which main part consists of a rotating 
and a fixed part (stator). Due to the high rotation speed of the rotor, the 
medium, which is to be processed, is drawn axially into the dispersion 
head and then forced radially through the slots in the rotor/stator 
arrangement. The high acceleration of the material produces extremely 
strong shear and thrust forces. In addition, high turbulence occurs in the 
shear gap between rotor and stator, which provides optimum mixing of 
the suspension (see Fig. 2.13).  
The ultraturrax gives a particle size distribution which is slightly better 
than without mixing, but not much. Only 15 wt.% of the particles are 
below 1 micron. 
 

 
 

Fig. 2.13: Principle operation of ultraturrax [162]. 
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The ultrasonic probe is the dispersion method with the highest energy 
density in this series of measurements. Drawback of this method is the 
relatively short time the probe can be applied. When the probe is 
applied longer than 10 minutes, the solution starts to boil. The size 
distribution is better than for ethanol without mixing, but still only 30 
wt.% of the particles are below 0.6 µm. Interesting are the two peaks 
above 0.6 µm, which indicate that the ultrasonic probe does not simply 
disperse the particles but also encourages agglomerations of specific 
sizes. 

2.5.1.4 Stability of the nanoparticle dispersion in the solvent  

Additional tests have been made on Al2O3 treated with GPS, in order to 
check if the ethanol-Al2O3 suspension is stable and can be stored for 
longer periods of time. The suspensions of both treated and untreated 
particles did not show any reagglomeration of particles even after 5 
days of storage (see Fig. 2.14). Therefore, we can draw a conclusion 
that nanoparticles can be dispersed in ethanol and stored for at least a 
week.  
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Fig. 2.14: Influence of silane surface treatment on the Al2O3 dispersion 
in ethanol after 5 days of storage. 

2.5.1.5 Alternative solvent 

Methanol can be used as an alternative solvent instead of ethanol. 
Methanol has a boiling point (64.7 °C) which is about 15 °C lower 
compared to ethanol (78.4 °C). This makes it easier for the solvent to 
evaporate in the next step of synthesis. A good dispersed suspension 
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was obtained using methanol as a solvent. The use of methanol makes 
the sample preparation faster. The drawback is that we could not check 
the dispersion of nanoalumina in methanol, since only the use of water- 
or ethanol-based solutions is allowed in the Laser Diffraction instrument 
Coulter LS 230. The second disadvantage of methanol is that it is not 
environment friendly.  

2.5.1.6 Summary 

The laser diffraction analysis showed that water would be the best 
solvent for nanoparticles. However, due to the relatively high boiling 
point it was not chosen for the synthesis of nanocomposites. Methanol 
can be an alternative solvent but it is more harmful compared to ethanol. 
Ethanol is a good solvent in combination with an ultrasonic bath. 60 
minutes was found to be sufficient to break down all micron-sized 
agglomerates. The laser diffraction results of the suspension of ethanol 
with Al2O3 indicated that nanoparticles do not reagglomerate within 5 
days and can be stored in these conditions.   

2.5.2 Surface functionalization  

Pretreated fillers may be much easier to disperse in an organic phase 
since the water layer, which acts as an adhesive to hold f iller 
agglomerates together, is replaced (or covered) by an organofunctional 
silane [142]. 
SCA keeps nanoparticles separated from each other and make them 
compatible with the ER matrix (see Fig. 2.15).  

 

 
 

Fig. 2.15: The role of the surfactant: (a) Particles without surfactant 
tend to stick together; (b) the surfactant connects to the particle and 

isolates them, in the ideal case it keeps them separated; (c) when 
introduced into the epoxy resin, the surfactant connects to the polymer 

chains. 
 

Particle 
Silane coupling agent 
Polymer chain 

a)    b)                    c) 
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The reaction between inorganic particles and GPS can be shown in two 
steps. 
The first step is the hydrolyzation of alkoxy groups of silane by the 
water in the solvent, in our case ethanol, to form silanol groups [163]: 

 

 
 

Fig. 2.16: Hydrolysis of SCA. 
 

The second step is the condensation of silanol groups with the hydroxyl 
groups on the surface of nanoparticles, or with neighboring hydrolyzed 
silane molecules [164]: 

 

 
 

Fig. 2.17: Condensation of silanol on alumina surface. 
 

As it is evident from the hydrolysis reaction, the availability of free OH-
groups on the nanoparticle surface is necessary for successful surface 
modification. The particles we use have a hydroxide layer on their 
surface, which reacts with the OH-groups of the GPS. In case of oxides 
like Al2O3 and MgO the presence of hydroxyl groups on the surface is 
known. Oxidation causes the formation of an oxide hydroxide layer 
around the oxide core. The reactivity of AlN powder with water has been 
reported by Bowen et al. [165].  A thin aluminum hydroxide shell forms 
on the surface of the AlN core at room temperature. When AlN 
nanoparticles are hydrolyzed, initially an amorphous layer composed of 
AlOOH is formed on the surface of the AlN particles, which then 
transforms into Al(OH)3. The aluminum hydroxide layer formation is 
realized according to the following chemical reactions: 
 

2 3( ) 2 ( ) ( ) ( )AlN s H O l AlOOH amorph NH g   ,                       (2.1) 

3 2 4( ) ( ) ( ) ( )NH g H O l NH aq OH aq
    ,                                 (2.2) 

2 3( ) ( ) ( )AlOOH amorph H O l Al OH  .                   (2.3) 
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The surface treatment of BN nanoparticles was reported in [145].  

2.5.2.1 The optimum amount of coupling agent 

The crucial question is how to calculate the exact amount of GPS needed 
for particle treatment. An excess of GPS can lead to a homoreaction 
between the molecules of the SCA. This can subsequently lead to a 
formation of a gel substance in quantities large enough, so that their 
influence results in the deterioration of the properties of the 
nanocomposite [144]. For this reason it is important to determine the 
minimal amount of GPS needed for a successful surface modification of 
the filler.  
The approximate amount of GPS can be calculated with two methods. 
The first method calculates the amount as: 
 

 
2

3

4 3

4
3

GPS GPS

ff

r l l
m

rr

  
 

     
 

  
,                                            (2.4) 

 
where r is the average radius of the nanoparticles which are assumed 
spherical, l  is the thickness of the SCA layer, GPS  and f  are the 

density of SCA and the filler material, respectively. In our experiments 
we assumed that the GPS layer is about 1 nm thick (see Fig. 2.18).  
 

  
 

Fig. 2.18: Schematic representation of a nanoparticle  
with grafted SCA on it. 
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The second method to approximate the amount of SCA needed is via the 
amount of hydroxyl groups on the particle surfaces, since GPS reacts 
with those groups on the surface area of the nanoparticles. Since GPS 
reacts with OH-groups, it is needed to find out how many hydroxy-
groups 1 gram of the filler material contains. One of the easiest ways to 

r 

l 
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find out the amount of OH-groups inside the material is to perform 
thermogravimetric analysis (TGA) under nitrogen atmosphere. The 
covalent bonds between the mineral and hydroxy groups are breaking 
up in the temperature interval between 450 and 600 °C. For a specific 
example we used alumina nanoparticles. The mass of as-received 
alumina particles is decreased by 0.312% in the mentioned temperature 
range (see Fig. 2.19).  
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Fig. 2.19: TGA graph of the loss of mass of alumina nanoparticles 

as a function of temperature. 
 
We can conclude that 1 gram of Al2O3 contains 3.12 mg of hydroxy l 
groups. For our case it is necessary to know the number of OH-
molecules. This number can be calculated using the formula: 
 

 ANN  ,              (2.5) 

 
where AN  is Avogadro’s number and   is the number of moles. 

Avogadro’s number (or Avogadro constant) is the number of molecules  
in one mole. The number of moles can be found by simply calculating 
the ratio of the mass of the material and its molar mass: 
 

M

m
  .              (2.6) 
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Formula (2.5) can be rewritten as follows: 
 

M

m
NN A   .              (2.7) 

 
The mass of the material we know, the molar mass is 17 g·mol-1, 

AN  is 

6.022·1023 mol-1. 
3

23 203.12 10
6.02 10 1.104 10

17
N


      OH molecules in 1 gram of alumina 

powder. 
The density of hydroxy groups per square nanometer can be found using 
the surface area of nanoparticles. The effective surface area of Sigma-
Aldrich alumina particles is 40 m2/g. In 40·1018 nm2 1.104·1020 
molecules are contained, in 1 nm2 only 2.76 molecules. It means that 1 
square nanometer of particle surface contains approximately 3 OH 
groups. The minimum number of GPS molecules that can attach to the 
surface unit is 1, because GPS has 3 hydrolyzable groups in one 
molecule. To modify 1 gram of alumina 40·1018 molecules of GPS are 
needed. Since we know the molar mass of GPS, which is equal to 128 
g·mol-1, the mass can be calculated, using the following equation: 
 

A

N
m M M

N
    ,             (2.8) 
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The obtained value should be multiplied by an empirical factor of 5, 
because we assumed that all three hydrolyzable groups would react at 
the same time. But the silane can also attach with only one or by two 
bonds instead of all three. 
At the end of this calculation, we can summarize that the amount of GPS 
that should be used is 3% of the weight of the alumina nanoparticles to 
be treated. 
The main parameters which are needed in this method are the surface 
area of nanoparticles and the TGA results under a nitrogen atmosphere.  
According to both methods the amount of GPS needed for e.g. 
functionalizing nanosized alumina equals approximately 3% of the 
weight of the filler used.  
The effect of the coupling agent is to alter the adhesion between filler 
and polymer matrix in the composite, which in turn will change the 
composite properties. Therefore, if too much coupling agent would be 
dispersed in the system, the thermal conductivity of the composite could 
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be affected, since the used silane-based coupling agent is a material 
with low thermal conductivity similar to the polymer matrix. The excess 
of coupling agent can cause phonon scattering, hence decreasing the 
thermal conductivity of the composite. Thus, care should be taken to 
determine the correct amount of coupling agent. 

2.5.2.2 Validation of GPS grafting 

The surface chemistry of as-received and GPS-treated nanoparticles was 
characterized by a Fourier transformed infrared (FTIR) spectroscope and 
thermogravimetric analysis (TGA). This was done to check whether the 
GPS was indeed present at the surface of the nanoparticles. 
FTIR is a technique that utilizes the vibrational response of molecules 
when exposed to infrared (IR) radiation. The utility of IR spectroscopy 
comes from interactions of light with specific molecular vibrations. When 
molecules are exposed to IR, they absorb energies that correspond to 
their vibration frequency and transmit the unabsorbed frequencies. 
These absorbed frequencies are recorded by a detector. The absorbed IR 
energizes the components of the molecule, which vibrates at greater 
amplitudes. From the absorption spectrum produced, the molecule in 
question can be identified by matching the absorption wavelength or 
frequency to those already known. The infrared spectrum of a material 
provides a fingerprint unique to that chemical structure [166]. 
The FTIR spectrum was recorded in the range from 4000 to 450 cm-1. As 
an example, the FTIR spectra of as-received and GPS treated 
nanoalumina particles are shown in Fig. 2.20.  
It can be noticed that the spectrum of as-received (nonmodified) 
particles has a broad peak at around 3442 cm-1 due to hydroxyl groups 
on the surface of the nanoparticles that are bound either to absorbed 
water molecules or to each other, via hydrogen bonding. The small peak 
at 1634 cm-1 indicates the deformation of OH groups or water molecules 
[167]. After surface treatment the peak corresponding to the OH-groups 
was reduced. This indicates a react ion of GPS with the functional OH 
groups on the surface of the Al2O3 particle. The FTIR spectrum of 
functionalized particles shows two peaks at 2929 and 2858 cm-1, which 
correspond to asymmetrical and symmetrical stretching of CH3 and CH2. 
The GPS contains both groups in its chemical structure. The peak of the 
nonmodified particles at around 924 cm-1 corresponds to stretching 
vibrations of Al-O bonds. 
Due to the very small amount of coupling agent used, the peaks 
corresponding to epoxyde ring vibration (~1250, 950, 860 cm-1) or 
silanol (Si-OH, Si-O, Si-O-Al) groups (1050-1250 cm-1) were hardly 
detected [160, 168]. 
Summarizing, FTIR analysis indicates a broad OH peak in the region 
3000-3700 cm-1 for the nonmodif ied particles and shows that the SCA 
can react with these hydroxy functional groups, subsequently allowing 
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chemical and physical bonding between the alumina nanoparticles and 
the epoxy polymer matrix [169]. 
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Fig. 2.20: FTIR spectra of untreated and GPS treated  

nanoalumina particles. 
 
The thermal degradation behaviour of untreated nanoparticles and 
particles treated with silane coupling agent were characterized using 
TGA. This was done to check whether the GPS was indeed present at the 
surface of the alumina particles. The measurement was realized with a 
TGA 7 Thermogravimetric Analyzer (produced by PerkinElmer) in air 
atmosphere. The heating rate for the measurement was 10 °C/min. 
Figs. 2.21 and 2.22 show the effect of the treatment with SCA on the 
degradation behaviour of Al2O3 and MgO nanoparticles, respectively. 
Modif ied particles have higher weight loss than untreated particles. The 
SCA grafted on the particle surface has an organic chain, which 
degrades at elevated temperatures, thus a weight loss was observed for 
treated alumina and MgO particles. TGA analysis confirmed that the SCA 
was successfully grafted on the nanoparticles surface [170, 171]. 
Unfortunately, nuclear magnetic resonance (NMR) analysis did not 
indicate silicon atoms on the surface of nanoparticles. It can be 
explained by the small amount of silicon. The minimum amount of 
silicon that can be detected with NMR depends on the state of the atom, 
such as its symmetry. Silicon is not very sensitive to magnetic fields. 
Therefore NMR can only identify the active isotope 29Si, which is only 
4.7% of the total amount of silicon. The sensitivity of 29Si NMR 
compared to 1H NMR is 8·10-3. 
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Fig. 2.21: TGA spectra of untreated and GPS treated  

Al2O3 nanoparticles. 
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Fig. 2.22: TGA spectra of untreated and GPS treated MgO nanoparticles. 

2.5.3 Mixing 

The ER was added to the suspension of ethanol and surface modified 
nanoparticles and mixed with a high shear force mixer in order to 
disperse the functionalized particles in the resin. It is better to mix 
nanoparticles with resin instead of hardener, because the hardener is 
very sensitive to humidity. So mixing nanofillers with hardener would 
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influence the electrical and dielectric properties of the test specimens 
[172].  
The solution of epoxy resin and functionalized particles together with 
ethanol was heated in a reflux apparatus for approximately 12 hours to 
remove the solvent. A magnetic stirrer was used during the evaporation 
process in order to ensure good dispersion of the nanoparticles inside 
the epoxy. Subsequently, the hardener was added and the mixture was 
stirred with a high shear mixer at 5000 rpm for 15 minutes. Afterwards 
the resin was degassed under vacuum and subjected to ultrasonication 
for typically one to two hours in order to remove air voids that were 
trapped during the mixing process. 

2.5.4 Casting and curing 

The final composite was cast in pre-heated aluminum molds, treated 
with release agent and cured at 140°C for 3 hours. The samples were 
post-cured at 140°C for 14 hours. 

2.6. Ex-situ and in-situ polymerization processes 

The ex-situ process stated above was successfully applied for Al2O3, AlN, 
BN and MgO nanoparticles.  
ER-SiO2 compounds were not created using this ex-situ polymerization 
process. The silica nanoparticles were synthesized inside the epoxy resin 
(in-situ). The binary composite system of 31.8 wt.% of silica and the ER 
was diluted to prepare appropriate concentrations of SiO2. The rest of 
the procedure was the same as for the other nanocomposite samples, 
i.e. mixing with hardener, degassing and curing. 
The preparation process of composites containing a combination of two 
different fillers inside the host polymer was the same as for Al2O3 or any 
other filler, but instead of ER the diluted silica-epoxy system with the 
required amount of SiO2 inside was added.  

2.7 Microcomposite preparation scheme 

The epoxy composites containing Al2O3 or SiO2 microparticles were 
fabricated in six steps: 

1) mixing the epoxy resin, hardener and filler by conventional 
mechanical high shear stirring; 

2) degassing; 

3) mixing in an ultrasonic bath;  

4) casting into the molds;  

5) curing; 

6) postcuring. 



Synthesis of epoxy-based nanocomposites                       37 

 

 

2.8 Specimens investigated 

The specimens, volume fraction of the filler, details about surface 
modification of the particles, and type of the composite are summarized 
in Table 2.2. 
 

Table 2.2: Specimens investigated. 

Specimen Vol.% SCA Type of composite  
Neat ER 0   
ER-Al2O3-0.5 0.002 + PNC 
ER-Al2O3-2 0.006 + PNC 
ER-Al2O3-5 0.016 + PNC 
ER-Al2O3-10 0.033 + PMesC 
ER-Al2O3-15 0.051 + PMesC 
ER-AlN-0.5 0.002 + PNC 
ER-AlN-2 0.007 + PNC 
ER-AlN-5 0.019 + PMesC 
ER-AlN-10 0.039 + PMesC 
ER-MgO-0.5 0.002 + PNC 
ER-MgO-2 0.007 + PNC 
ER-MgO-5 0.017 + PNC 
ER-MgO-10 0.036 + PMesC 
ER-MgO-30 0.126 - PMesC 
ER-SiO2-0.5 0.003 - PNC 
ER-SiO2-2 0.011 - PNC 
ER-SiO2-5 0.028 - PNC 
ER-SiO2-10 0.057 - PNC 
ER-SiO2-15 0.088 - PNC 
ER-70BN-10 0.058 - PNC 
ER-70BN-10* 0.058 + PNC 
ER-0.5BN-10 0.058 - PMC 
ER-0.5BN-10* 0.058 + PMC 
ER-1.5BN-10 0.058 - PMC 
ER-1.5BN-10* 0.058 + PMC 
ER-5BN-10 0.058 - PMC 
ER-5BN-10* 0.058 + PMC 
ER-70BN-20 0.121 - PMC 
ER-0.5BN-20 0.121 - PMC 
ER-1.5BN-20 0.121 - PMC 
ER-5BN-20 0.121 - PMC 
ER-Al2O3-5 (m) 0.016 - PMC 
ER-Al2O3-10 (m) 0.033 - PMC 
ER-Al2O3-20 0.070 - PMC 
ER-Al2O3-30 0.115 - PMC 
ER-Al2O3-40 0.168 - PMC 
ER-Al2O3-50 0.232 - PMC 
ER-Al2O3-60 0.312 - PMC 
ER-SiO2-5 (m) 0.028 - PMC 
ER-SiO2-10 (m) 0.057 - PMC 
ER-SiO2-15 0.088 - PMC 
ER-SiO2-20 0.120 - PMC 
ER-SiO2-40 0.267 - PMC 
ER-SiO2-60 0.450 - PMC 
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2.9 Morphological characterization of the particles and 
created composites 

2.9.1 XRD technique 

Crystalline materials have a higher thermal conductivity compared to 
amorphous bodies. The distance between neighbouring atoms in a solid 
crystal is shorter than in an amorphous material and arranged in a 
regular pattern. Therefore the heat can be transferred much faster (see 
sections 3.4-3.6). An inorganic material such as alumina crystallizes in 
different phases, depending on production conditions [173-175]. All 
these phases have different thermal conductivity [176, 177]. We used 
X-ray diffraction (XRD) in order to identify the crystalline structure and 
purity of as-received particles.  

2.9.1.1 Theoretical background and measurement principle 

XRD is a non-destructive analytical technique which reveals information 
about the crystallographic structure, chemical composition, and physical 
properties of materials. The XRD technique is based on observing the 
scattered intensity of an X-ray beam hitting a sample as a function of 
incident and scattered angle, polarization, and wavelength or energy. 
XRD is used to identify bulk phases, to monitor the kinetics of bulk 
transformations, and to estimate particle size. An attractive feature is 
that the technique can be applied in situ.  
Fig. 2.23 illustrates how diffraction of X-ray by crystal planes allows one 
to derive the lattice spacing by using the Bragg relationship: 
 

2 sinn d  , 1,2,...n              (2.9) 

 
where   is the wavelength of the X-rays; 
d  is the distance between two lattice planes; 
  is the angle between the incoming X-rays and the normal to the 
reflecting lattice plane; 
n  is an integer called the order of the reflection [178, 179]. 
The XRD pattern of a powdered sample is measured with a stationary X-
ray source (usually CuKα) and a movable detector, which scans the 
intensity of the diffracted radiation as a function of the angle 
2 between the incoming and the diffracted beams. 
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Fig. 2.23: X-ray scattered by atoms in an ordered lattice interface 
constructively in directions given by Bragg’s law.  Diffractograms are 

measured as a function of the angle 2 . Rotation of the sample during 
measurement enhances the number of particles that contribute to 

diffraction [180]. 
 

When crystallites are less than approximately 100 nm in size, 
appreciable broadening in the X-ray diffraction lines will occur. The 
broadening can be attributed either to the amorphous or semicrystalline 
nature of the investigated powder or to the small particle size. These 
regions may in fact correspond to the actual size of the particles. At 
other times, however, these regions form “domains” in the larger 
particle and may be a distinguishing and important feature [179]. 
Fig. 2.24 shows the X-ray diffraction pattern of nanocrystalline silicon 
which exhibits significant line broadening. Shown for comparison is the 
diffraction pattern from bulk Si with a particle size greater than 20 nm. 
It can be noticed that the Kα2 line is well resolved in the bulk sample, 
but indistinguishable in the n-Si case. The extent of broadening is 
described by b, which is the width at 50% of the peak value intensity. 
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Fig. 2.24. Diffraction patterns of nanocrystalline silicon showing 
broadening because of particle size [181]. 

2.9.1.2 Measurement results 

X-ray diffraction measurements of as-received particles were performed 
on a Bruker-AXS D8 Advance diffractometer using a CuKα wavelength as 
radiation source. The 2  ranges of the data were taken from 10° to 90° 
with an increment of 0.02°. The spectra obtained with XRD can be 
compared to reference spectra to identify the lattice structure. 
The XRD chart of the BN fillers with different average particle size shows 
that the BN particles have a hexagonal crystal structure (see Fig. 2.25). 
Diffraction patterns on nano-, meso- and micro-crystalline BN indicate 
that the particles have exactly the same structure. 

Kα2  

Kα1  
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Fig. 2.25: X-ray diffraction patterns of BN particles. The spectra are 

hard to distinguish from each other because of the similarities  
of the BN particles. 

 
As it can be seen from Fig. 2.26, AlN particles are present in a cubic and 
hexagonal crystalline structure. Al2O3 particles supplied by Sigma-
Aldrich have orthorhombic and cubic crystalline structure (Fig. 2.27). 
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Fig. 2.26: X-ray diffraction pattern of AlN nanoparticles. 
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Fig. 2.27: X-ray diffraction pattern of Al2O3 nanoparticles. 

 
α-Al2O3 nanoparticles supplied by IoLiTech have an orthorhombic crystal 
structure, while γ-Al2O3 have a monoclinic crystal structure (see Figs. 
2.28 and 2.29). As it can be seen in Fig. 2.29b, the X-ray diffraction 
pattern of nanoalumina with an average particle size of 20 nm has a 
dramatic line broadening. That can be explained by the large amount of 
the amorphous phase in the sample. 

 
 

        
 
Fig. 2.28: Orthorhombic (a≠b≠c, α=β=γ=90°) and monoclinic (a≠b≠c, 

α=γ=90°, β≠90°) lattice structures (left and right, respectively). 
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Fig. 2.29: XRD spectra of α-Al2O3 (a), γ-Al2O3 (b) nanoparticles  

with different size. 

2.9.2 Electron microscopy 

Normal visual light has a wavelength between 300 nm and 800 nm. 
Therefore, investigating an object smaller than 0.4 μm (400 nm) is not 
possible with a conventional optical microscope (OM). The typical 
wavelength of an electron beam is about 1 Å. Therefore the smallest 
detectable object is much smaller compared with OM. 
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Morphological observations of as-received particles and thin layers of 
created composites were performed by means of transmission electron 
microscopy (TEM) and scanning electron microscopy (SEM).  
TEM was performed using a Philips CM30T electron microscope with a 
LaB6 filament as electron source operated at 300 kV, to investigate the 
individual as-received nanoparticles, as well as the dispersion of filler 
inside the host polymer. 
TEM is a microscopy technique where a beam of electrons is transmitted 
through a very thin specimen, interacting with the specimen as it passes 
through.   
The sample preparation for TEM is a complex procedure, because the 
specimens are required to be less than a hundred nanometers thick and 
very smooth. High quality samples will have a thickness that is 
comparable to the mean free path of the electrons that travel through 
the samples, which may be only a few tens of nanometers.  
The most simple and classical way to prepare a sample for TEM is 
mechanical polishing. Polishing needs to be done to a high quality, to 
ensure constant sample thickness across the region of interest. In our 
case mechanical polishing is not an option, because the mechanical 
influence on the organic material (epoxy) leads to rises in temperature, 
which in turn causes partial burning and twisting of the sample.  
Ultramic rotomy is a method for cutting a specimen into extremely thin 
slices, which can be viewed in a TEM. For the best resolution, slices 
should be from 20 to 50 nm thick. Thin slices are cut with a diamond 
knife using an ultramicrotome and the sections are left floating on water 
that is held in a boat or trough. The slices are then retrieved from the 
water surface and mounted on a copper grid. Very often the Quantifoil® 
carbon polymer microgrid is placed on the top of copper grid, because 
one cell of the copper grid is relatively big and a specimen of nanometric 
dimensions can fall through it (see Fig. 2.30).  

 

           
 

Fig. 2.30: The TEM sample holder – copper mesh with the part of 
Quantifoil® carbon polymer microgrid on top of it. 
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The quality of microparticle dispersion in the epoxy matrix has been 
investigated by means of SEM. A Philips XL20 and Jeol JSM 7500F field 
emission scanning electron microscopy (FESEM) were used to 
investigate the dispersion of fillers in the polymer matrix. Samples were 
broken and the resulting fracture surfaces were sputtered with a thin 
layer of gold to avoid charge accumulation. A Balzers SCD 040 has been 
used as coating device. X-ray energy dispersive spectroscopy (EDS) was 
used to determine the elements in the surface of the samples. The 
specimens were examined at acceleration voltages of 15 kV. 

2.9.2.1 Morphology of the particles 

TEM allows viewing individual particles in an ethanol suspension. Particle 
size distribution analysis revealed that the average particle size was 
approximately 20 nm for SiO2, 22 nm for MgO, 30 nm for Al2O3 and 60 
nm for AlN (see Figs 2.31 and 2.33). 
 

   
 

Fig. 2.31: TEM micrographs of Al2O3 (left) and AlN (right) nanoparticles. 
  

MgO and SiO2 particles have a narrow size distribution. The size 
distribution appeared to be broad for AlN and Al2O3. AlN particles ranged 
in size from 20 to 500 nm, with 70% being smaller than 100 nm. Al2O3 
particles have a size distribution between 10 and 200 nm. The fraction 
of particles with diameters larger than 200 nm was negligible.   
The micrographs of Al2O3 and SiO2 show the shape of the particles to be 
spherical. MgO particles have spherical, egg-like and truncated cubic 
shapes. AlN particles have spherical, hexagonal and cubic structures.   
Microscopy revealed the different structure of the Al2O3 filler material: 
alumina particles supplied by IoLiTec have irregular shape (see Fig. 
2.32), while Al2O3 obtained from Sigma-Aldrich consists of spherical 
particles.  
SEM allows getting an impression of the shape and size distribution of 
particles. The shape of BN particles with 70 nm, 1.5 μm and 5 μm is 
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spherical. BN particles with 0.5 μm on the other hand have a platelet -
like structure (see Fig. 2.33). 
 

   
 

Fig. 2.32: TEM images of γ-Al2O3 APS 20nm (left) and  
α-Al2O3 APS 80nm (right). 

 

  
 

Fig. 2.33: TEM micrograph of MgO nanoparticles (left) and SEM 
micrograph of BN submicron particles with APS 500 nm (right). 

 
The silica and alumina microparticles are of polycrystalline structure and 
an irregular shape. Their size distribution is broad. The micro aluminum 
oxide (Al2O3) and silicon dioxide (SiO2) particles have an average 
particle size of 4 and 20 μm, respectively. 

2.9.2.2 Dispersion of the particles  

The quality of the dispersion for some nanofilled specimens is shown in 
Fig. 2.34. For example Al2O3 and SiO2 particles are fairly well dispersed 
inside the epoxy matrix.  
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Fig. 2.34: TEM pictures of epoxy resin with 2 wt% of Al2O3 (left)  
and 2 wt% of SiO2 (right). 

 
As it can be seen from the TEM pictures, agglomeration could not be 
completely avoided since physical and chemical forces between primary 
particles are sometimes stronger than the high shear forces that were 
applied during the mixing process. Despite the preventive measures to 
avoid agglomeration, the composites have aggregates of particles of up 
to 400 nm for AlN, and up to 200 nm for Al2O3 filler material as it can be 
seen in Figs. 2.35 and 2.36. These clusters are however well dispersed 
in the polymer volume.  
 

   
 

Fig. 2.35: TEM images of thin slices of epoxy resin with 5 wt.% of AlN. 
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Fig. 2.36: TEM micrograph of 10 wt.% Al2O3 particles in an epoxy film. 
 

The fabricated composites are classified in three types:  
 

 nanocomposites (NC) – the dispersion is good and the average 
size of agglomerations (if they are observed) is not more than 
100 nm;  

 mesocomposites (MesC) – the average size of clusters of 
particles are larger than 100 nm but smaller than 500 nm; and  

 microcomposites (MC) – the average size of clusters of particles 
are larger than 500 nm. 

 
The quality of the dispersion allows to conclude that the samples with 
silica can be labeled as nanocomposites (NC). 
ER-AlN-5, ER-AlN-10, ER-Al2O3-10, ER-MgO-10 systems are considered 
mesocomposites; while ER-Al2O3-0.5, ER-Al2O3-2, ER-Al2O3-5, ER-AlN-
0.5, ER-AlN-2, ER-MgO-0.5, ER-MgO-2, ER-MgO-5 are all 
nanocomposites. 
The dispersion state of micro- Al2O3 and SiO2 was determined by SEM. 
Fig. 2.37 shows the SEM micrographs of the fracture surfaces of Epoxy-
Al2O3-20, Epoxy-Al2O3-30, Epoxy-Al2O3-40 and Epoxy-Al2O3-60. The 
results indicate good compatibility and good dispersion of the Al2O3 in 
the epoxy resin matrix. The average size of Al2O3 particles is around 4 
μm. 
Fig. 2.38 shows the dispersion of Al2O3 and SiO2 microparticles in the 
epoxy. The average particle size of SiO2 is about 20 μm, but we 
observed that some of them are bigger than 100 μm in one dimension. 
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Fig. 2.37: SEM micrographs of the fracture surfaces of the ER  filled 
with 20 wt.%, 30 wt.%, 40 wt.% and 60 wt.% of Al2O3 microparticles  

(a, b, c and d, respectively) with 1000 times magnification. 
 

  
 

Fig. 2.38: SEM images of an epoxy-based system filled with 60 wt.% of 
Al2O3 microparticles and 60 wt.% of SiO2 microparticles  

(left and right, respectively). 
 

Figs. 2.39 and 2.40 depict a quantitative analysis of the samples. Every 
color dot virtually represents the atom of a specific element.  
Fig. 2.39 shows the result of EDS measurement of ER-Al2O3-20. The red 
dots represent aluminum atoms.   
 

a)                                  b) 
 
 

 
 

 
 
 

 
 
 
 

 
 

 
c)                                  d) 
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Fig. 2.39: SEM micrograph of ER-Al2O3-20 with  
1000 times magnification. 

 

Samples were broken and the resulting fracture roughness of the 
surface is observed on Fig. 2.40. The colour on the graphs depicts the 
presence of individual elements inside the composite. This is especially 
visible for silica particles, which are distributed inside the polymer 
matrix. The concentration of carbon and oxygen atoms is not even due 
to surface roughness. The EDS technique is more sensitive to the areas, 
which are close to the source, thus on the convex parts of the 
investigated area. 
 

 
 

Fig. 2.40: SEM micrograph of ER-SiO2-60 with 500 times magnification. 
Quantitative analysis shows the distribution of elements. 
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As it is illustrated in Fig. 2.40, the silica microparticles have a size 
ranging from a few micrometers to a couple of hundreds of micrometers. 
The silica particles are depicted by the purple colour, while the epoxy 
matrix (mostly carbon) is shown in yellow.  
The SEM results and quantitative analysis indicate a good dispersion of 
micro-alumina and micro-silica for non-functionalized particles.  

2.9.3 Particle concentration profile 

In early experiments there were problems with sedimentation of 
particles on the bottom of the specimens due to gravitational settling. To 
investigate if sedimentation of nanoparticles takes place with the 
synthesis method, a cylindrical specimen was created. Due to some 
sedimentation at the bottom of nanocomposite specimens, we expected 
to see a difference of the particle concentration in weight percent, 
depending on the location. To investigate this, we divided the sample in 
3 parts: upper, middle and bottom. In the course of TGA the organic 
part of the specimen is incinerated and the weight of the remaining 
inorganic particles that were in the matrix can be determined. If there 
would be a gravitational settling of the nanoparticles on the bottom, we 
should observe the majority of alumina on the bottom and only a small 
amount on the top of the sample. But what we obtained were quite 
similar results for all three parts and most of the aluminum oxide was 
not in the bottom part (see Fig. 2.41).  
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Fig. 2.41: Particle concentration profile: the differences between upper, 
middle and bottom part in wt.% are small. 
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The amount of alumina in the sample was also a bit higher than we 
calculated. We were trying to produce specimens with 0.5 wt% of 
alumina oxide, but as it can be seen we obtained about 0.8 wt % of 
alumina in the polymer matrix. The accuracy of this analysis is not high 
enough to measure such low fillgrades precisely. These results suggest 
that we do not have severe sedimentation on the bottom and the 
concentration of particles is almost constant for the whole sample. 

2.10 Summary 

The creation of nanocomposite materials is a complex task. A lot of 
literature research and experimental work has to be done to obtain 
nanocomposite samples with well dispersed nanoparticles. 
Thermosetting epoxy resin has been chosen as a host matrix because of 
its low viscosity before curing, which makes the mixing with filler easier, 
and because of the wide use in electrical engineering applications. One 
of the vital factors in nanocomposite fabrication is the surface 
modification of nanoparticles. Two methods have been applied to 
calculate an optimum amount of SCA needed for particle treatment. The 
nanoparticles were successfully functionalized with silane coupling agent. 
The successful functionalization was validated by examining the treated 
powder using TGA and FTIR analysis. Another crucial factor is the 
dispersion of nanoparticles inside the ER. F irst of all the dispersion has 
been checked in a solvent. It was important to find an appropriate 
solvent and mixing technique to get a fine dispersion, before ER was 
added to the suspension. The laser diffraction method showed that 
ethanol is an appropriate solvent in combination with an ultrasonic bath. 
The particles’ size and dispersion inside the epoxy was verified using 
transmission and scanning electron microscopy. TGA showed that there 
is no nanoparticle sedimentation inside a cured nanocomposite specimen. 
Despite all the preventive measures that have been taken to avoid 
particle agglomeration, such as surface treatment and different mixing 
techniques, some of the nanocomposites have areas with agglomerates. 
All composites have been divided into three groups according to the size 
of individual particles and their aggregates inside the polymer matrix.  
 
 
 
 
 
 
 
 
 
 



 

 

 
 
 

3 
Thermal characterization 

 

 

3.1 Introduction 

The thermal conductivity has been important since the Stone Age, when 
humans started looking for materials, which can keep warm for a long 
time or the other way around – to cool down in a short period of time. 
Materials with a low thermal conductivity, such as animal leather or wool, 
have kept people warm for millennia. High thermal conductivity 
materials, such as metals, became extremely important during the 
industrial revolution. Copper, aluminum, silver and gold have been used 
for the creation of conductors for more than 2 centuries already. 
However, many applications require insulators to transfer the heat away 
from the conductor efficiently. Thermally conductive polymers and 
polymer-based composites are good candidates to satisfy such 
requirements.  
This chapter contains the theoretical background about thermal 
conductivity, its behaviour in different materials and the processes 
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which limit the heat transfer in insulating materials. An explanation is 
given why polymers have a low thermal conductivity and how it can be 
improved. An overview of the available theories to predict and fit the 
thermal conductivity of composite materials is given in detail. The 
reasons are given why these models cannot be applied to the 
nanocomposites. It is shown that the filler-matrix interface plays a 
dominant role in the thermal conduction process of nanocomposites. The 
two-phase model was proposed as an initial step for describing systems 
containing 2 constituents, i.e. a cured epoxy matrix and an inorganic 
filler. The three-phase model was introduced to specifically address the 
properties of the interfacial zone between the host polymer and the 
surface modified nanoparticles. The influences of the size, shape, 
surface modification and concentration of filler on the thermal 
conductivity of a polymer-based system as well as the crystal structure 
of particles and their alignment are discussed.  

3.2 Thermal conductivity, definition 

Thermal conductivity (  ), along with radiation and convection is a 
mechanism of heat transfer. Convection is the energy transfer within 
liquids and gases by direct particle interaction. Radiation is the energy 
transfer by means of emission and absorption of energetic particles or 
waves.  The focus of this work is on thermal conductivity, since it is the 
main mechanism of heat transfer within solid materials.  
The thermal conductivity is the property of a material that indicates its 
ability to conduct heat. This physical constant is defined as the quantity 
of heat that passes through a unit cube of a material in a unit of time, 
when the difference in temperature between the opposite sides of the 
cube is 1K. 
  
The first clear statement of the proportionality between heat flow and 
temperature gradient was made in 1822 by Fourier.  When materials are 
subjected to a steady-state heat flow q , a temperature gradient ( dxdT ) 

is produced in the materials along the direction of the heat flow. Both 
parameters are related by the equation: 
 

dT
q

dx
  ,                        (3.1) 

 
where   is a proportionality constant with the unit W/m·K and is 
referred to as the thermal conductivity of a material [182].  
The concept of heat conduction in dielectric solids is often discussed with 
the help of the Debye kinetic model. 
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lC  
3

1 ,                       (3.2) 

 
where C  is the specific heat per unit volume,   is the average sound 
velocity (phonon propagation speed), and l  is the mean free path of a 
phonon. l  is in the order of a few nanometers at room temperature and 
of a few microns at low temperatures close to absolute zero.  The speed 
of sound is relatively independent of temperature, while the mean free 
path decreases with increasing temperature.  
The specific heat can be rewritten as pCC  , where pC  is the heat 

capacity and   is the density of a material. The product of velocity and 

mean free path of a phonon is known as thermal diffusivity D , i.e. 
lD  .  

Thus, the thermal conductivity is related to the thermal diffusivity as in 
[183] 
 

1
3 p

C D  .                      (3.3) 

3.3 Thermal conductivity in metals, dielectrics, alloys & 
semiconductors 

There are a few mechanisms by which heat can be transmitted through 
a solid. Thermal conductivity requires a transport of thermal energy.  
Different types of carriers like electrons, phonons (atom vibrations) or 
photons can be considered for this transport. In the nonmetal materials 
heat is conducted by phonons, the thermal vibrations of the atoms. In 
metals the thermal conduction is almost entirely due to electron 
transport. In alloys and semiconductors both transport mechanisms can 
make comparable contributions to the thermal conductivity [184]. 
The thermal conductivity of solids ranges over five orders of magnitude, 
varying at room temperature from about 400 W/m·K for copper or silver 
to 10-2 W/m·K for microporous materials such as plastic foams.  
The thermal conductivity of a hypothetical infinitely large, isotopically 
pure dielectric crystal without any imperfections is infinite at all 
temperatures, if it is characterized by harmonic atomic vibrations.  
An ideal crystal can be illustrated as an array of atoms connected by 
springs (see Fig. 3.1). Every atom is physically bonded to its neighbors 
in some way. If heat energy is supplied to one end of a solid, the atoms 
start to vibrate faster. As they vibrate more, the bonds between atoms 
shake more. This passes vibrations to the next atom, and eventually the 
energy spreads throughout the material.  
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Fig. 3.1: A graphical representation of a two dimensional  
array of atoms connected by springs [185]. 

  
One of the most important features of this model of a solid, where the 
atoms are coupled to their neighbours, is that the vibrations are obeying 
the harmonic oscillator equations. These harmonic oscillators are found 
to possess energy only in discrete integer units of h  , where   is 
the oscillator frequency,   is the angular frequency, h  is Planck’s 

constant and 
2

h
  is the reduced Planck constant. The energy of the 

oscillator is 
 

 1
2n

E n    ,                       (3.4) 

 
where n  is an integer, and the half gives the inaccessible, but 
detectable, ‘zero point’ energy. These quanta h   are called 
‘phonons’ in solids by analogy with the photons of electromagnetic 
radiation. One point of view is that these phonons can be regarded as 
particles and the solid as a gas of such particles. Then heat conduction 
appears as a diffusion of phonons from a hotter region, where they are 
more numerous, to a colder region, where there are less of them.  
Theoretically it has been shown that in a perfect single crystal of infinite 
size, where the lattice vibrations are strictly harmonic , there is no 
resistance to the flow of phonons [186].  
Real crystalline solids have a finite size, contain imperfections in the ir 
material structure and exhibit anharmonicity in atomic vibrations. All 
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these factors cause different phonon scattering mechanisms, which in 
turn limit the thermal conductivity values of crystalline materials in 
practice.  

3.4 Phonon scattering process 

The effectiveness of the heat propagation depends on the scattering of 
phonons. The thermal resistance – reciprocal to the thermal conductivity 
- is caused by various types of phonon scattering processes, e.g. 
phonon-phonon scattering, boundary scattering, scattering from static 
point imperfections, dislocations of atoms, stacking faults, grain 
boundaries [187]. In order to maximize the thermal conductivity, these 
phonon scattering processes must be minimized. Phonons travel at the 
speed of sound. The scattering of phonons in composite materials is 
mainly due to the interfacial thermal barriers, resulting from acoustic 
mismatch and flaws associated with the filler-matrix interface.  
 
Solid nonmetallic material must meet four criteria to be regarded as 
high thermal conductive: 
 

a) low atomic mass;  
b) strong interactions or chemical bonding;  
c) simple crystal structure; and  
d) low anharmonicity in the molecular vibrations.  
 

Polymers do not satisfy any of these criteria and as a result their 
thermal conductivity values are low. Most polymers have a thermal 
conductivity between 0.1 and 0.6 W/m·K [188].  

3.5 Thermal conductivity of polymers 

Polymer materials show a weak thermal conductivity. Thermal 
conductivities of insulating polymer materials are usually 1-3 orders 
lower than those of ceramics and metals. 
Due to the chain-like structure of polymers, the heat capacity consists of 
the contribution of two mechanisms: (a) lattice vibrations and (b) 
characteristic vibrations, which originate from internal motions of the 
repeating unit. The lattice (skeleton) vibrations are acoustic vibrations, 
which give the main contribution to the thermal conductivity at low 
temperatures. The characteristic vibrations of the side groups of the 
polymer chains are optical vibrations, which become visible at 
temperatures above 100 K [189].  
Generally, the thermal conductivity of amorphous polymers increases 
with increasing temperature, if the temperature is in the glassy region 
and decreases slowly or remains constant in the rubbery region.   
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Numerous applications in the field of electrical engineering require high 
thermal conductivity, such as insulating materials for power equipment, 
electronic packaging and encapsulations, computer chips, satellite 
devices and other areas where good heat dissipation is needed. For 
polymers reinforced with different types of fillers this is even more 
important. Improved thermal conductivity in polymers may be achieved 
either by molecular orientation or by the addition of highly heat 
conductive fillers [190, 191]. 
Temperature, pressure, density of the polymer, orientation of chain 
segments, crystal structure, the degree of crystallinity and many other 
factors may affect the thermal conductivity of polymers [188]. It has 
been shown that the thermal conductivity is highly sensitive to the 
degree of crystallinity and the polymer chain segment orientation [191, 
192].  
K. Fukushima et al. [193] have developed a novel material design to 
improve the thermal conductivity, where polymer chains align 
themselves, by controlling the higher crystalline ordering. Fig. 3.2 shows 
the schematic representation of the higher order structure of the resin 
to achieve macroscopic isotropy and high thermal conductivity. The 
proposed resin has three features:  
 

a) microscopic anisotropic crystal-like structures obtained via local 
alignment e.g. via oriented mesogens;  

b) macroscopic isotropy of the epoxy due to disorder of the domains 
of the crystal-like structures; and  

c) the oriented mesogens are connected with the amorphous 
structure via covalent bonds.  

 
The thermal conductivity values of the new developed resin were up to 5 
times higher than those of conventional epoxy resins, because the 
mesogens form highly ordered crystal-like structures, which suppress 
phonon scattering. 
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Fig. 3.2: Schematic representation of a macroscopically  
isotropic resin [193]. 

 
To improve the thermal conductivity of the polymer composites, 
Ekstrand and co-authors [96] proposed:  
 

(a) decreasing the number of thermally resistant junctions;  
(b) forming conducting networks by suitable packing; and  
(c) minimize filler-matrix interfacial defects.  
 

Z. Han et al. [97] discovered that an epoxy-filler composite with 
agglomerates of particles is more efficient in enhancing the thermal 
conductivity than a nanocomposite with well dispersed nanoparticles. 
This is presumably due to the formation of percolated pathways or 
networks. 
The main approach to an effective improvement of the low thermal 
conductivity of polymers is to fill them with particles with high thermal 
conductivity.  
Industrial companies, which are specialized in the production of 
polymer-based insulating materials, use a fillgrade up to 60 wt.% of 
silica or alumina. The thermal conductivity of these materials is not 
significantly high but the price is low [194, 195]. The more scientific 
approach has been taken by a number of researchers, who made 
attempts to create polymer systems filled with different types of high 
thermal conductivity microfillers [121, 145, 194, 195].    
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3.6 High thermal conductivity materials 

A material is regarded as high thermal conductive if its thermal 
conductivity is larger than 100 W/m·K at room temperature [187]. The 
12 semiconductors and insulators with the highest thermal conductivities 
are presented in Table 3.1a. The thermal conductivities of some metals 
and carbon-based materials are presented in Table 3.1b for comparison. 
 

Table 3.1a: Values of   for high thermal conductivity nonmetallic 
single crystals at room temperature [187]. 

 
Crystal  , W/m·K 
Diamond 2000 
BN (cubic) 1300 
SiC 490 
BeO 370 
BP 360 
AlN 320 
BeS 300 
BAs 210 
GaN 170 
Si 160 
AlP 130 
GaP 100 

 
Table 3.1b: Values of   for high thermal conductivity metals and 

carbon-based materials at room temperature [196-198]. 
 

Material  , W/m·K 
Aluminum 237 
CNT 2000-6000 
Copper 401 
Graphite  100-400 
Gold 318 
Silver 429 

 
The thermal conductivity of high thermal conductivity nonmetallic 
materials can be expressed as follows [199, 200]: 
 

  
1

3

2

DDM
T

T



 

 ,                      (3.5) 
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where T  is the temperature, D  is a constant, M  is the average atomic 
mass,   is the volume of an atomic cell (average volume occupied by 
one atom of the crystal), 

D
  is the Debye temperature and   is the 

average anharmonicity of bonds (Grüneisen’s constant). The expression 
is valid for high temperatures (

D
T  ).  

All high thermal conductivity crystals have low atomic mass, strong 
interatomic bonding between the constituents in the compound, simple 
crystal structure (a low number of atoms per unit cell) and low 
anharmonicity in the phonon vibrations [201-203].  

3.7 Overview of the available theories to predict and fit the 
thermal conductivity of composite materials 

Different theoretical and empirical approaches are available to predict 
and fit the thermal conductivity of two-phase systems.  
The simplest three are the rule of mixture (parallel model, arithmetic 
mean):  
 

 1
c f m
        ,                      (3.6)                

 
the inverse rule of mixture (series model, harmonic mean): 
 
1 1

c f m

 
  


  ,                       (3.7)             

 
and the geometric mean, giving the thermal conductivity as: 
 

 1

c f m

     .                       (3.8) 

 
In all formulas c

 , f
 , m

  are the thermal conductivities of composite, 

filler material and polymer matrix, respectively, and   is the volume 

fraction of the filler [204, 205].  
The upper or lower boundaries of the thermal conductivity are given 
when filler particles are arranged either parallel to or in series with the 
heat flow. As soon as the particles have a random distribution and are 
not aligned in the direction of the heat flow in the polymer, the parallel 
and series model do not give a good prediction of the thermal 
conductivity of the composites. The parallel model typically 
overestimates the thermal conductivity of a composite and thus shows 
the upper limit, while the series model tends to predict the lower limit of 
the thermal conductivity of a two component system [206, 207].  
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Maxwell obtained a relationship for the electrical conductivity of 
randomly distributed and non-interacting homogeneous spheres in a 
homogeneous medium [208]. Eucken adapted the electrical conductivity 
equation to thermal conductivity [209]. Thus, the Maxwell-Eucken 
equation is presented as follows: 
 

 
 

2 2

2

m f f m

c m

m f f m

    
 

    

    
    

.                     (3.9) 

 
Frieke extended Maxwell’s model and derived an equation for ellipsoidal 
particles in a continuous phase [210].  
Using different assumptions for permeability and field strength than 
Maxwell, Bruggeman derived the theoretical model for a dilute 
suspension of non-interacting spheres dispersed in a homogeneous 
medium [211]. Later it was applied to the thermal conductivity of a 
composite system: 
 

1
3

1
f c m

f m c

  
  

   
         

.                  (3.10) 

 
Most of the experimental results show [98, 121, 151, 212, 213] that 
Maxwell-Eucken and Bruggeman models as well as Frieke model do not 
predict the thermal conductivity of a composite correctly.  
Tsao developed a model relating the thermal conductivity of a composite 
to two experimentally determined parameters which describe the spatial 
distribution of the two phases [214]. Cheng and Vachon extended Tsao’s 
model by assuming the discrete phase in the continuous matrix [215]. 
The thermal conductivity of a composite, where f

 > m
  according to 

Cheng-Vachon is given by 
 

 
1 1 1 2ln

2

m d d

c m m d dd f d

BB KB

BB KK B

  

      

       
     

,      (3.11) 

 

where 
3

2
B

  , 24
3

K    and d f m
    . 

 
Sundstrom and Lee [216] reported that the Cheng-Vachon model shows 
a reasonable agreement with experimental data obtained from 
polystyrene or polyethylene systems filled with glass, calcium oxide 
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(CaO), aluminium oxide (Al2O3) and magnesium oxide (MgO). Contrary 
to Sundstrom and Lee, Hill and Supancic showed that the results 
predicted by the Cheng-Vachon model have much lower thermal 
conductivity values, compared to experimental results [212].  
All aforementioned models are based on the amount of filler loading and 
do not take into account the geometry of the particles and the size of 
filler particles.  
Work of Hamilton and Crosser [217, 218] is based on Maxwell’s and 
Frieke’s theoretical models. They take into consideration the sphericity 
( ) of particles. The sphericity is defined as the surface area of a 

sphere with the same volume as the particle divided by the surface area 
of the particle. Hamilton and Crosser correlated various sets of data with 
a sphericity between 0.58< <1.0 with: 

 

    
   
1 1

1

f m f m

c m

f m f m

n n

n

    
 

    

     
 
     

,               (3.12) 

 

where n  is an empirical constant 3n  . For a spherical particle n 

equals 3. For different type of particles (see Fig. 3.3) the sphericity is 
shown in Table 3.2. 

 
Fig. 3.3: Different shape of particles: sphere (a), cube (b),  

prism (c), cylinder (d) and ellipsoid (e). 
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Table 3.2: Type of particles, their dimensions and calculated sphericity. 
 

Shape of a 
particle 

Dimension Sphericity, 
  

sphere 1R   1 
cube 1

34

3
a    

 
 

0.81 

prism 
1a b  , 

4

3
c   

0.67 

prism 
2a b  , 

3
c


  

0.77 

cylinder 
1R  , 

4

3
h   

0.86 

cylinder 
2R  , 

1

3
h   

0.43 

cylinder 
1h  , 

2

3
r    

0.80 

ellipsoid 0.75a b  , 1.778c   0.90 
ellipsoid 0.5a b  , 4c   0.64 
ellipsoid 0.1a b  , 100c   0.13 

 
Hamilton and Crosser analyzed the composite systems of balsa wood 
and aluminum particles in rubber [217].  
Hatta and Taya [219] proposed a model, which can be applied to 
systems filled with particles having a high aspect ratio or unidirectional 
fillers. The model assumes that all platelet-shaped particles are aligned 
either parallel or perpendicular to the direction of heat flow. 
 

   
,

1

m
c i m

m
i

f m

S

   
 

 
 



,                 (3.13) 

 
where ,c i

  is the thermal conductivity of the two-phase composite along 

one of the defined axes ( , ,i a b c ), i
S  is a factor dependent on filler 

shape and direction. In case of platelet-like particles, if the 
measurement is performed in a direction parallel to the plane of aligned 

particles ( a  and b  direction), 
4a b

dS S
T

  . If the measurement is 
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performed perpendicular to the plane of aligned platelets, defined as the 

c-direction, 1
2c

dS
T

  . Parameters d  and T  are the diameter and 

thickness of the disk-like particles [98, 212].  
Meredith and Tobias [220] suggested a model for high-loaded systems 
 

 
 
2 22 2

2 2 2
c m

A BA B

A B A B

  
  

   
           

,               (3.14) 

 

where 2 f

m

A


   and 1 f

m

B


  . 

 
Lewis and Nielsen [220-223] adopted the Halpin-Tsai [224] mechanical 
model to obtain a model for the thermal conductivity. The semi-
empirical Lewis-Nielsen model is based on the particle size, geometry, 
and the manner of particle packing in the matrix. Using the following 
formulas one can do the basic estimations regarding the thermal 
conductivity. According to Lewis-Nielsen theory for composites: 
 

f

f

mc 








1

1
,                   (3.15) 

 

where 
 
 

mf

mf








  and 

 
f

M

M 


2

1
1


 . 

 
The constant   is the shape factor, which depends on the shape, 

orientation and aspect ratio of the dispersed particles. The factor M
  

represents the maximum packing fraction of the dispersed particles, 
which is sensitive to the filler shape. The relation 

( ) /( )
f m f m

        is coupling the conductivities of the components 

and the geometry of the filler. The factor   was introduced to take into 
account the maximum concentration of particles that is possible. For 
randomly packed spherical particles, 1.5   and 0.637

M
   [225]. 

At the limits of 0  (for particles with low aspect ratio) and   

(for particles with high aspect ratio), the Lewis-Nielsen equation reduces 

to the series 
1 1 1(1 )

c f f m f
           or parallel (1 )

c f f m f
        

thermal conductivity models. The limits show that the maximum packing 
conditions (  ) only affect the series model. The Lewis-Nielsen model 
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reduces to the Maxwell equation by using a constant value for the shape 
factor of 2 and the maximum packing factor of 1   [209]. Not 
surprisingly, the value of the shape factor for the Maxwell model is the 
closest to the one of spherical particles, and therefore is the best for 
predicting the thermal conductivity of nanocomposites filled with isolated 
spherical objects. 
 
Agari and Uno [226-228] proposed a model, which is based on the 
generalization of both parallel and series models for filled composites 
 

   2 1log log 1 log
c f m

C C        ,                (3.16) 

 
where 

1C  and 
2C  are adjustable constants, which can be determined 

from experimental data. 
1C  indicates the effect of the filler on the 

secondary structure of the polymer matrix, e.g. crystallinity and the 
crystal size of the polymer. The parameter 

2C  indicates how easily the 

particles can form conductive paths inside the polymer. The closer 
2C  

comes to 1, the more easily conductive chains are formed in composites. 
So, if the dispersion state of the filler is different, the thermal 
conductivity of   composites may be different even if the composites are 
of the same type [54, 98, 229, 230]. Generally, the Agari&Uno semi-
empirical model fits experimental data well. However, experimental data 
is needed for each type of composite in order to determine the 
parameters 1C  and 2C . The Agari & Uno model does therefore not 

predict the thermal conductivity, but is basically a fit function.  
To extend the overview of the thermal conductivity modelling, numerous 
different models can be mentioned, such as Russell [231], Topper [232], 
Jefferson-Witzell-Sibitt [233], Springer-Tsai [234], Budiansky [235], 
Baschirow & Selenew [236], McCullough [204] and McGee [237], and 
many others, including mathematical numerical methods [238, 239].  
Summarizing all aforementioned models, no single correlation or 
technique accurately predicts the thermal conductivity for all types of 
composites. The theories listed above are good for prediction of the 
thermal conductivity in a few particular cases. The thermal properties 
become more complicated with the addition of fillers to polymers.  
There are many types of composites, in which a polymer is filled with 
different particles. The thermal conductivity of a composite is the 
highest when predicted by the parallel model. This can be visualized as 
if all particles are gathered to form a block, which is arranged parallel to 
the block of polymer and in the direction of the thermal flux (Fig 3.4a).  
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The thermal conductivity is the lowest and can be described by a series 
model, if those blocks are arranged in series relative to the direction of 
the thermal flux (see Fig. 3.4b).  
 

 
 

Fig. 3.4: Schematic representation of the systems, which can be 
described by a) parallel and b) series thermal conductivity models. 

 
Maxwell-Eucken and Bruggeman equations are used for ideal systems 
that consist of randomly distributed and non-interacting spheres in a 
homogeneous matrix. Cheng and Vachon derived a model for the 
discrete phase in the continuous medium. Parallel, series and geometric 
mean as well as Maxwell-Eucken, Frieke, Bruggeman and Cheng-Vachon 
models are based on the amount of the filler loading. Hamilton and 
Crosser introduced the sphericity of particles. Hatta and Taya proposed 
a model for the systems filled with particles having high aspect ratio 
particles. Meredith and Tobias suggested a model for high-loaded 
systems. Lewis and Nielsen proposed a model, which is based on the 
particle size, geometry and the manner of the packing of particles in the 
matrix. The Lewis-Nielsen model can be used for nanocomposite 
systems, taking into account the thermal resistance (section 3.12). The 
Agari & Uno semi-empirical model is basically a f it-function that requires 
constants, that are derived from experimental data.  
Table 3.3 shows the list of models, which can be used to describe the 
thermal conductivity of composite systems and when the particular 
model can be applied.  
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b) Series conduction 

Thermal flux 
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Table 3.3: The list of thermal conductivity models and when  
they can be applied. 

 
Model Terms of use 

Series, parallel particles are aligned either parallel 
or perpendicular to heat flow 

Maxwell-Eucken, 
Frieke, Bruggeman 

ideal system, non-interacting 
spherical / spheroidal particles in 
homogeneous medium 

Geometric mean, 
Cheng-Vachon 

discrete phase in continuous 
matrix, taking into account only 
filler loading 

Hamilton-Crosser sphericity is taking into 
consideration 

Hatta-Taya for the systems filled with high 
aspect ratio particles 

Meredith-Tobias for high-loaded composites 
Lewis-Nielsen size, geometry and manner of 

particle packing is taking into 
account 

Agari-Uno fitting function with adjustable 
constants 

Russell, Topper for porous composites, containing 
voids of gas 

  
The effect of nano-reinforcement on the thermal conductivity of polymer 
composites is still under investigation [40].    

3.8 Towards nanocomposites 

The thermal conductivity of composites containing microparticles can be 
calculated by taking into account the shape and volume of the 
incorporated particles, assuming diffusive heat conduction in both 
phases. This approach cannot be applied to a system with nanoparticles 
inside. Various factors have to be taken into consideration for 
nanocomposites, which can be disregarded when dealing with microscale 
particles. Interface resistance and phonon scattering become 
increasingly important in case of nano-scale particles [240].  
For nanocomposites, a thermal expansion mismatch and poor chemical 
adhesion of the polymer to the particle surface may lead to inefficient 
transport of phonons through the interface. This is the so-called 
interfacial thermal resistance (Kapitza's resistance of an interphase 
boundary) [241, 242]. It provides a temperature discontinuity at the 
particle-polymer interface, which vanishes when the particle size is 
above about 100 nm.  
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The effect of the thermal resistance was implemented into the two-
phase Lewis-Nielsen (LN) model, by introducing Kapitza's resistance 

K
R  

to be in series with the particle resistance, /
f

d  , where d  is the 

particle size. The equivalent resistance then is / /
F f K

d d R    , and 

the effective thermal conductivity of a particle including interfacial 
resistance can be written as [243]: 
 

1

f

F
K f

R

d


 
 


.                   (3.17)

                                         
In case of very small particles, the term /

K
R d  converges to infinity, 

/
K

R d  , the filler is not involved in the thermal conduction process 

and the effective thermal conduction of particle is zero ( 0
F
  ). For 

large particles the interfacial resistance is not important, since 
/ 0

K
R d  .  

The thermal conductivity of filled polymer systems can be affected to a 
great extent by surface treatment of the particles. The surface 
treatment improves the contact between particles and the polymer 
matrix, decreasing the interfacial thermal resistance. Therefore, the 
transport of energy through the filler-polymer interface increases. In 
addition, the modified polymer forms a structure around the particle, 
which may differ from the structure of the polymer matrix in the bulk 
[8]. The interfacial layer, which can be defined as a transition layer 
between a host material and incorporated filler, has different crystallinity, 
glass transition temperature, crosslink density, permittivity and thermal 
conductivity [244]. In some cases the physico-chemical micro- and 
macro-properties of the interfacial layer play a more important role than 
the properties of the individual components. The properties of the 
interfacial layer might match neither the properties of the matrix nor the 
properties of the incorporated filler [245]. 
 
We assume that the aligned layer does not depend on the size of the 
particles. Therefore, the layer volume is negligibly small for large 
particles with respect to the partic le volume, and will be significant for 
particles of nanosized filler. The three-phase model is well accepted in 
the nanofluid community. In three-phase models for nanofluid, the 
particles are also subjected to Brownian motion and clustering, in 
addition to the layering of the liquid at the particle-liquid interface [246, 
247]. For polymer composites, the high viscosity of the matrix before 
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curing significantly slows down the Brownian motion. The effect of the 
interfacial shell on the conductivity of nanofluids has been analyzed by 
introducing the “complex nanoparticle”: the effective particle with 
thermal properties of the nanoparticle itself and the surrounding 
interfacial layer [248]. This modification has been done to the original 
Maxwell [249] and Bruggeman [250] models, although other approaches 
are reported as well [246], to account for the shape of the particles, 
clustering and the interfacial thermal resistance [251, 252].   
In our case, a composite material can be represented by composite 
particles embedded into the polymer matrix. We define a “composite 
particle” (CP) as a particle itself and the polymer close to the particle 
surface, which is organized by the surface modif ication. A CP has a 
volume f l

v v v  , where fv  is the volume of a particle and 
l

v  is the 

volume of the layer surrounding this particle. Inspired by the thermal 
resistance model, the thermal conductivity can be modeled after the 
series model for the filler-layer composite partic le  
 

   
1 f l

F f f l l f l

 
      

 
  

,                 (3.18)  

 

where 
 

f

f l

v

v v
 is the volume fraction of the filler in the composite 

particle. For large particles, i.e. f l
v v , we come to F f

   . 

The second aspect, which is important in modeling the interfacial layer is 
the volume fraction of the CPs, which also includes the volume fraction 
of the polymer layer. Therefore we can write 1

m f l
     , where the 

first contribution is from the matrix, the second and the third are from 
the filler and the interfacial layer, respectively. For spherical particles of 
a radius r , the volume of the interfacial layer is proportional to the 
volume of the particle. Therefore the volume of CPs will be written as 

cp f l f
       , where  3

1 /l r   , with l  being the thickness of 

the interfacial layer. In this case, the Lewis-Nielsen expression for a 
two-phase model (Eq. 3.15) together with Eq. 3.17 will be modif ied in 
the three-phase LN model, where f

   appears instead of f
 , and 

f F
  .  
To emphasize aforementioned, we should stress the fact that at small 
concentrations the condition 

0
lim

f

m c


 


  must remain valid, so that no 

aggregates or networks of particles are formed in that case.  
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3.9 Measurements of the thermal conductivity 

Experimental methods for measuring the thermal conductivity can be 
divided into 2 groups, depending on whether the temperature 
distribution within the sample is time dependent . The first group of 
methods which are based on the principles of steady state 
measurements, and the second group consists of unsteady state 
methods [253-256].  
The thermal conductivity measurements were performed with a Thin 
Heater Apparatus System (THASYS), produced by Hukseflux Thermal 
Sensors (Fig. 3.5). THASYS is based on the steady state measurement 
principle. This system works according to the ASTM 1114-98 standard 
and performs a direct measurement which allows the determination of 
the absolute value of the thermal conductivity. With a combination of a 
thin heater, two samples of similar thickness and two heat sinks it is 
possible to generate a homogeneous thermal f ield with a well defined 
heat flux through the samples. The thermal conductivity can be 
calculated by measuring the heat flux value derived from the heat power, 
effective sample thickness and the temperature difference that can be 
measured across the samples during heating, compared to the situation 
without heating. Glycerol eliminates the problem of contact resistance 
by filling out potential gaps between heater and samples [257]. 
 
A straightforward calculation of the thermal conductivity was made using 
the following equation: 
 

THeff  / ,                   (3.19) 

 
where   is the thermal conductivity,   is the heat flux derived from the 

heater power, eff
H  is the effective sample thickness and T  is the 

temperature difference across the samples. 
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Fig. 3.5: Schematic representation of the working principle  
of the THASYS. 

 
The thermal conductivity data represents the average value for the 
thermal conductivity of both samples. The measurements were 
performed in a climate chamber at a constant temperature of 18°C, to 
avoid any influence due to changes of the ambient temperature during 
measurement. The accuracy of the measurements is 6%. Each data 
point corresponds to an average value of 4 measurements. The scatter 
of the results was negligible, i.e. 0.001 W/m·K maximum. 

3.10 The effect of fillgrade on the thermal conductivity of 
systems filled with micro- SiO2 and Al2O3 particles  

Adding fillers with a thermal conductivity higher than the epoxy 
improves the heat transfer of epoxy-based composites [97, 101, 258]. 
The thermal conductivity of the ER-Al2O3 and ER-SiO2 microcomposites 
as a function of the filler concentration is shown in Fig. 3.6. With an 
increase of the filler content, the thermal conductivity gradually 
increases, as anticipated. Incorporation of Al2O3 particles in an epoxy 
matrix resulted in a steady increase of the thermal conductivity by about 
a factor of 3 at the volume fraction of 0.312. However, to reach the 
same effect with SiO2 particles (factor of 3.4), a volume fraction of 
about 0.45 is required. By adding the same weight amount of 
microparticles (60 wt.%), we get a different volume fraction because of 
the different densities of silica and alumina. For the same volume 
fraction of microparticles, an ER-Al2O3 compound will result in a higher 
thermal conductivity value than an ER-SiO2 system. 
To determine the volume fraction of the filler for a given weight fraction, 
the following relation was used: 

 

heater 
samples 

glycerol Al heat sinks 
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where   is the volume fraction of the filler additives, W  is the weight 

fraction, 
f

  and 
m

  are the densities of the filler and matrix, 

respectively [259]. 
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Fig. 3.6: Thermal conductivity of investigated microcomposites  
as a function of filler volume fraction. 

 
The size of the particles and their shape play an important role in the 
heat transfer between polymer matrix and the incorporated filler [152, 
190, 260]. Fillers with a higher thermal conductivity than ER improve 
the heat transfer of composites, since heat conduction mainly occurs 
through the fillers. The epoxy is a thermal barrier for heat propagation, 
while the filler material transmits the heat much faster [261]. The 
thermal conductivity of the mineral alumina, e.g. is more than 10 times 
higher than that of epoxy [194]. The resulting values are however much 
lower than the values of bulk crystalline silica or alumina would suggest , 
because the thermal conductivity of powders is significantly lower than 
their crystalline bulk counterparts [187]. Since the thermal conductivity 
of bulk Al2O3 is higher than SiO2, microparticles of alumina will transfer 
heat more effective in the compound at the same volume fraction of 
filler inside the polymer [195, 262]. 
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3.11 Thermal conductivity of nanocomposites 

The thermal conductivity of nanocomposites might have a completely 
different mechanism in contrast to microcomposites. In case of 
microcomposites the heat is transported by microparticles much faster 
than in epoxy resin. Phonons, which are responsible for heat conduction 
in dielectric materials, are scattered at the interface between dissimilar 
materials. The heat dissipates on the surface of nanoparticles to a 
higher degree than on the surface of microparticles. In case of 
nanocomposite systems with surface modif ied filler, the heat transport is 
controlled by the interface provided by a coupling agent that connects 
inorganic particles on one side and the polymer host on the other side. 
The surface modified nanoparticles lead to a restructuring of the 
polymer host and alignment of polymer chains perpendicular to the 
nanoparticle surface [8].   
Fig. 3.7 shows the thermal conductivity behaviour of nanocomposites 
filled with different types of particles. The thermal conductivity of neat 
ER varies in the range 0.170 ± 0.02 W/m·K. These variations are 
attributed to the minor differences in the ratio between epoxy and 
hardener, polymerization time and temperature of individual samples. 
With a filler loading of 3.9 vol.% for AlN, the thermal conductivity of the 
composite reached 0.205 W/m·K, which is the highest recorded value for 
the nanocomposites studied. 
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Fig. 3.7: Thermal conductivity of composites with different  
type of filler vs. volume fraction. 
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The higher heat conduction of AlN filled samples can be due to a 
combination of several factors. First of all, the structure of AlN suits the 
criteria for high-thermal conductive materials [187] better than alumina, 
silica or MgO, which is explained in sections 3.4 and 3.6. Secondly, the 
higher values of AlN-mesocomposites can be attributed to a large 
amount of agglomerates, which promote fast heat conduction. In 
addition, the small size of Al2O3, SiO2, and MgO particles leads to large 
interfacial areas and interfacial thermal resistance, which cause higher 
levels of phonon scattering. Furthermore, the shape of alumina and 
silica particles is spherical, while that of AlN is hexagonal and cubic. 
Particles with an aspect ratio > 1 exhibit better heat conduction in one 
direction, compared to spheres (aspect ratio = 1), with the same 
volume fraction.  The lowest value of thermal conductivity for ER-SiO2 
nanocomposites may be due to the small size of the particles with a 
nonmodified surface. Due to the lack of modification, the contact 
between filler and matrix is not fully achieved, thus hindering the 
thermal transport across the interface. During the composite preparation, 
the surface modification of particles does not only improve the filler’s 
contact with the matrix, but also changes the structure of the polymer in 
the proximity of a particle. 

3.12 Modelling (Lewis-Nielsen model) 

3.12.1 2-phase system 

All the data have been fitted to the two-phase and three-phase LN 
model as introduced in section 3.8. The three-phase model includes the 
matrix, the f iller and the interfacial layer between the matrix and the 
filler as phases with distinct thermal conductivity and volume. The 
thermal conductivity and the volume of the interfacial phase are 
unknown, but we made an attempt to predict those values. It is 
important to note that the precise value of the thermal conductivity of 
the filler is also unknown. The three unknown quantities ( f

 , l
  and l

v ) 

are estimated by fitting the experimental data to the model.  
As a representative example, Figs. 3.8 and 3.9 display the fitting of the 
two-phase LN model (Eq. 3.15) to the experimental data of SiO2 micro- 
and nano-particle composites.  The best fitting was obtained with values 
for the parameters as presented in Table 3.4. The average shape factor 
of the silica microparticles from f itting appears to be  =4.9, which 

indicates the formation of aggregates. This value is obtained from f itting 
the model over all fractions of particles, and therefore may ref lect a 
value averaged over a ll concentrations. In contrast, the data for the 
nanocomposites is well described by the model with the shape factor 
value equal to 1.5, which corresponds to homogeneously dispersed 
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spheres. Therefore, we may conclude that SiO2 nanoparticles do not 
form clusters, which was also found from TEM observations (Fig. 2.34).   
The thermal conductivity values for micro-SiO2 and micro-Al2O3 fillers 
that we obtained using the two-phase model are higher, compared to 
those for nanoparticles made of the same material. The reason is the 
higher heat loss on the larger surface area of nanoparticles. The 
maximum packing fraction 

M
   of the dispersed particles was assumed 

0.637 according to the data in literature [206] available for SiO2 

nanoparticles. This results in a value of 0.89 for the term 
 

2

1
M

M





, as 

shown in Table 3.4. Only these particles are well dispersed for all 
concentrations, they are spherical and have a narrow size distribution. 
The value of 

M
  for microparticles was chosen smaller, since they have 

a wider size distribution or a shape different than a sphere, which 

reflects in the values 
 

2

1
M

M





 found in Table 3.4.  

 
Table 3.4: The fitting parameters of the 2-phase LN models. 

 
Composite 

m
 , 

W/m·K 

  
f

 , 

W/m·K 

 
2

1
M

M





 

ER-Al2O3 
micro 

0.168 10 
(7.36) 

5 
(2.45) 

1.34 

ER-SiO2 
micro 

0.168 4.9 2 1.16 

ER-SiO2 
nano 

0.168 1.5 1.36 0.89 
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Fig. 3.8: Thermal conductivity of ER-SiO2 microcomposite  
as a function of the filler loading (squares) fitted  

with the 2-phase LN model (solid line). 
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 Fig. 3.9: Thermal conductivity of ER-SiO2 nanocomposite  
as a function of the filler loading (squares) fitted  

with the 2-phase LN model (solid line). 
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3.12.2 3-phase system 

The results of fitting the three-phase (Eq. 3.15 and Eq. 3.17) LN models 
to the experimental data for surface modified Al2O3, AlN and MgO are 
displayed in Figs. 3.10-3.12. For the three-phase model, the effective 
volume of the CP is 

f l
v v , and the effective value of the filler fraction 

becomes 
f l

  . Estimations show that the volume of the interfacial 

layer takes about 10-40% of the nanoparticle volume. The width of the 
layer is mostly determined by the surface modif ication of the particle, 
rather than its size. For the nonspherical particles we assumed 
agglomeration in form of a rod-like shape. The thermal conductivity of 
the composite was calculated by averaging over the isotropic 
agglomerate orientations, as it was done in literature for the Young 
modulus estimated by the Halpin-Tsai model [263].  
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 Fig. 3.10: Experimental values of the thermal conductivity of ER-Al2O3 
composites as a function of the filler loading (squares) fitted  

with the 3-phase Lewis-Nielsen model (solid line). 
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Fig. 3.11: Experimental values of the thermal conductivity of ER-AlN 
composites as a function of the filler loading (squares) fitted  

with the 3-phase Lewis-Nielsen model (solid line). 
 
We propose the three-phase LN model for nanocomposites containing 
surface modified nanoparticles because of several reasons. First of all, it 
takes into consideration the third phase, which is the aligned layer of 
polymer chains in the vicinity of nanoparticles. Secondly, if the 
nanocomposite is described by the two-phase LN model, the parameters 
of the model become unrealistically high. For example, the thermal 
conductivities of nanoparticles are much higher than theoretically 
possible. In contrast, the three-phase model predicts realistic values of 
the thermal conductivity of nanoparticles and their shape factor.  The 
three-phase model was proposed specially for nanocomposite systems, 
which have a third phase of polymer aligned layer that was created in 
the synthesis stage. 
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Fig. 3.12: Experimental values of the thermal conductivity of ER-MgO 
composites as a function of the filler loading (squares) fit ted  

with the 3-phase Lewis-Nielsen model (solid line). 
 
The fitting parameters of the 3 phase LN model are shown in Table 3.5. 
 

Table 3.5: The fitting parameters of the 3-phase LN model. 
 

Compo- 
site 

m
 , 

W/m·K 

  
F

 , 

W/m·K 

 
2

1
M

M





 

 l f

f

 




 

l , 
nm 

ER-Al2O3 
nano 

0.171 3.0 2 1.1 1.17 1.6 

ER-AlN 
nano 

0.171 3.6 22 1.1 1.10 1.9 

ER-MgO 
nano 

0.169 4.3 2 1.0 1.38 2.5 

 

The three-phase model predicts small values of the thickness l  for the 
interfacial layer (1.6-2.5 nm). For polymers with nanosized clay this 
layer was estimated by electron spin resonance to be between 5-15 nm 
[264]. Chen et al. [265] deduced that the thickness of the interfacial 
layer was 5-10 nm for poly(vinyl alcohol)/silica and dependent upon 
composition. The other estimations [266] for the interfacial thermal 
conductance between a single crystal silicon and amorphous 
polyethylene have shown that the interfacial layer of the polymer has a 
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thickness of 16 nm. Calculating the three-phase model with the same 
interface thickness for our experimental systems, we can derive that the 
effective thermal conductivity of the particle + interfacial layer, i.e. CP, 
becomes smaller as the size of the composite particle decreases. As 
shown in Table 3.6, the thermal conductivity 

F
  becomes smaller if the 

size of the CP decreases, e.g. 0.36 for 22 nm MgO particles opposed to 
1.11 for 60 nm AlN particles.  
 

Table 3.6: The fitting parameters of the 3-phase LN model  
assuming a 16 nm interfacial layer thickness. 

 
Composite 

m
 , 

W/m·K 

  
F

 , 

W/m·K 

 
2

1
M

M





  l f

f

 




 

ER-Al2O3 
nano 

0.171 2.5 0.38 1.1 3.62 

ER-AlN 
nano 

0.171 3.1 1.11 1.1 2.03 

ER-MgO 
nano 

0.169 4.3 0.36 1.1 5.15 

 
The Kapitza thermal resistance, 

K
R , caused by different phonon 

scattering processes, is effectively present in the measured value for the 
thermal conductivity of the CP. In a multiphase system there can be a 
strong scattering of phonons, which occurs when the phonons propagate 
through a boundary separating one phase from another. The large 
interfacial area plays a dominant role for the phonon scattering 
mechanisms inside a polymer composite. This effect is vanishing with 
increasing filler size. However, the effective value for the thermal 
coefficient of the CP ( F

 ) and the size of CP gives an estimation for KR . 

The structure of the equation for the effective thermal conductivity of 
the CP assumes that we deal with a three-phase model, where the 
interfacial layer has thermal conductivity l

 , and a layer thickness l . 

Although the thermal conductivity of nanoparticles is unknown, the 
thermal resistance of the layer is /

K l
R l  , effectively introducing the 

thickness l  and the thermal conductivity of the layer. Therefore,  
  

1
f

F f

l

l

d


 


 

   
 

.                  (3.21) 
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3.13 The effect of the size 

The effect of size on the thermal conductivity is revealed in Fig. 3.13, 
where SiO2 particles are used as filler. The epoxy-based composites 
filled with SiO2 microparticles have much higher thermal conductivity 
values, compared to those filled with nanosized particles. This effect is 
attributed to the phonon scattering on the much larger surface areas of 
the nanoparticles.  
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Fig. 3.13: Thermal conductivity of composite with nano- and 
microparticles of SiO2 vs. fillgrade. 

3.14 Surface modification and aspect ratio 

In order to check the influence of surface modification of incorporated 
particles on the thermal conductivity, various types of the epoxy-BN 
filled systems have been fabricated. In order to enhance the thermal 
conductance of the filler-matrix interface, a SCA in the form of GPS was 
applied for some samples [151, 195]. The thermal resistance of the 
interface is not known and cannot be measured on the nanoscopic scale. 
But the boundary thermal resistance is dependent on the quality of the 
interface and the acoustic mismatch between a polymer and filler. The 
mismatch determines the degree of phonon scattering at the interface. A 
SCA helps to decrease the mismatch by creating a polymer layer, which 
has different properties. The quality of the interface between dissimilar 
materials can also be improved by grafting a SCA on the surface of 
nano- or microparticles [98, 267]. 
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The specimens, details about the modification of the particles, the 
measured thermal conductivity values and the relative improvement of 
the thermal conductivity, compared to the reference sample, are 
summarized in Table 3.7. 
 

Table 3.7: Influence of surface functionalization on the thermal 
conductivity. 

 
Specimen SCA λ, W/m·K Improvement, % 
Neat ER  0.168 - 
ER-70BN-10 no 0.234 39 
ER-0.5BN-10 no 0.264 57 
ER-1.5BN-10 no 0.236 40 
ER-70BN-10 yes 0.240 43 
ER-0.5BN-10 yes 0.274 63 
ER-1.5BN-10 yes 0.242 44 

 
Differences in the thermal conductivity can be seen for epoxy resin filled 
with BN particles, depending on filler size, shape and modif ication. T he 
thermal conductivity measurements show that the addition of 10 wt.% 
BN filler enhances the thermal conductivity by about 39-57%, depending 
on the filler size and its morphology. The surface modif ication of BN 
particles with silane coupling agent can increase the thermal 
conductivity additionally by up to 7%, for the composite filled with 
submicron particles of BN (0.5 μm). The increase in thermal conductivity 
is due to a decrease in the thermal contact resistance between the filler 
and matrix, due to the improvement of the interface between host and 
particles [182]. 
We can witness an increase of the thermal conductivity for a different 
particle shape. The shape of the particles of 70 nm and 1.5 μm diameter 
is spherical. If spherical particles are homogeneously dispersed into a 
polymer matrix, the average distance between them is the maximum 
possible. If the aspect ratio is differing from one, in case of platelets or 
needles, the average distance between particles becomes smaller for the 
same volume percentage of filler material. The high aspect ratio 
particles greatly exhibit the bridging phenomenon which assists in the 
formation of the conducting network by lowering the percolation 
threshold [139]. 
The BN filler of 0.5 μm size has a platelet-like structure with an aspect 
ratio larger than one. This leads to a smaller average distance between 
particles. Since the thermal conductivity is much lower in the polymer 
than in the filler, the reduced distance between the particles could be 
the reason for the more efficient heat transfer [271]. 



84                                                                             Chapter 3 

 

3.15 Crystallinity 

Nanoalumina in the α, γ and δ phases with different average particle 
size were introduced into epoxy resin, using a conventional mechanical 
mixing method and ultrasonication processing. Surface treatment of the 
particles was realized by silanization, in order to improve the 
compatibility of the host polymer and the ceramic filler, by organizing 
physical and chemical bonding between the dissimilar materials. Five 
types of alumina-epoxy composites were fabricated with an average 
particle size ranging between 20 and 80 nm. The filler loading was 2 
wt.% for all composites.  
Al2O3 can exist in several crystalline phases, which all revert to the most 
stable hexagonal alpha phase at elevated temperatures [269]. Besides 
α-phase Al2O3 with APS of 40 and 80 nm, we investigated γ-phase Al2O3 
with APS of 20 and 40 nm supplied by IoLiTec. We also prepared a 
composite using 30 nm δ-phase Al2O3 particles obtained from Sigma-
Aldrich. Microscopy revealed the different structure of the filler material: 
alumina particles supplied by IoLiTec have an irregular shape (see Fig. 
2.32), while Al2O3 obtained from Sigma-Aldrich consists of spherical 
particles. 
The thermal conductivities of neat ER and nanocomposites filled with 
different types of alumina are presented in Table 3.8.  
 

Table 3.8: Influence of crystallinity and particle size on the thermal 
conductivity. 

 
Specimen Nanofiller APS, nm λ, W/m·K 
Neat ER None - 0.1686 
ER-Al2O3-2 γ- Al2O3 20 0.1739 
ER-Al2O3-2 δ- Al2O3 30 0.1745 
ER-Al2O3-2 α- Al2O3 40 0.1755 
ER-Al2O3-2 γ- Al2O3 40 0.1757 
ER-Al2O3-2 α- Al2O3 80 0.1762 

 
As it was expected, the addition of the inorganic filler raised the thermal 
conductivity of the epoxy matrix, but not by much. The thermal 
conductivity was improved by 3% with the incorporation of 20 nm γ-
Al2O3 and by 4.5% by adding 80 nm α-Al2O3 particles, compared to the 
neat polymer. We conclude that the influence of the crystal structure of 
the incorporated alumina particles on the thermal conductivity is 
negligible for such small particles. The thermal resistance, which is 
caused by phonon scattering processes, plays a dominant role in limit ing 
the thermal conductivity. The scattering of phonons in composite 
materials is mainly due to the existence of a thermal barrier, originating 
from an acoustic mismatch at the interface between the organic polymer 
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host and ceramic filler [98, 207, 270]. The composite containing the 
largest nanoparticles, which means lowest particle surface area, has the 
highest thermal conductivity value. This is because the interfacial 
thermal barrier is relatively small compared to other nanocomposites 
[271]. 

3.16 Alignment  

Engineers have been working for decades to develop efficient heat 
transfer from conductor to environment. The operating life and power 
rating of high voltage machines, apparatuses and cables can be 
prolonged by improving thermal conductivity of electrical insulation 
material. The orientation of nanoparticles could be a good solution to 
improve the thermal conductivity in one direction. It is well known that 
thermal transport increases significantly in the direction of orientation of 
the nanoparticles and slightly changes in the direction perpendicular to 
the orientation [54]. The anisotropic behaviour of the thermal 
conductivity will lead to the cooling of the conductor, for example in a 
cable.  
The theory behind the alignment of nanoparticles and the experimental 
results are presented in Appendix A.   

3.17 Summary 

Polymer materials have good insulating properties and processability but 
the thermal conductivity is rather weak. The microparticles, which have 
been used for more than 50 years as filler, change the property of a 
polymer considerably. The study of nanostructured materials might help 
in developing a new branch of polymer-based nanocomposites, which 
can be used in special applications. It has been found that filler size, 
geometry, concentration, dispersion, orientation, c rystal structure, and 
interface between the polymer matrix and filler affect the thermal 
conductivity of the host polymer. Different models, which are used to 
predict and fit the thermal conductivity of a two-phase system, have 
been discussed. There is not a single model that can be used to describe 
the thermal conductivity of all composites. All proposed models are good 
in particular cases. The heat conduction mechanism of nanocomposite 
materials is completely different from that in a matrix that has been 
reinforced by conventional sized microfiller. In case of microcomposites, 
the heat is conducted mainly via the highly conductive filler. In case of 
nanodielectrics, the surface modified nanoparticles reorganize the 
polymer matrix in such a way that the interface polymer layer in the 
proximity of the particles changes its properties signif icantly. The 
interface polymer layer, which is created by surface modified 
nanoparticles, has semicrystalline properties. It means that polymer 
chains are not chaotically distributed. They are perpendicular to the 
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particle surfaces. This interfacial polymer layer has to be considered as a 
separate phase in addition to filler and polymer, which has not been 
affected by nanoparticles. A three-phase Lewis-Nielsen model has been 
proposed and used to describe the behaviour of epoxy filled with surface 
modified nanoparticles. The model fits very well the experimental data 
and takes into account the interface thermal resistance. The creation of 
nanoparticle paths is possible in prac tice if the relative permittivities of 
the matrix and filler have quite different values and if the polymer 
matrix has a low electrical conductivity. Our system does not satisfy 
these requirements and therefore can be studied only in theory.  
 



 

 

 
 
 

4 
Dielectric response of 

nanocomposites 

 

 

4.1 Introduction 

Dielectric Spectroscopy (DS) is a powerful tool for investigating a variety 
of dielectric processes for both electrical and non-electrical applications. 
The dielectric properties of materials play a fundamental role in the 
description of physical phenomena in many branches of modern science 
and engineering [272]. Dielectric spectroscopy provides a link between 
the dynamics of molecular motion of the individual constituents of a 
complex material and the characterization of its bulk properties 
[273]. Polymer nanocomposites are interesting because of their unique 
behaviour especially at low concentrations of nanofiller. It has been 
reported that the presence of a small amount of inorganic filler can 
affect the real and imaginary parts of the complex permittivity [116, 267, 
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274, 275]. The influence of nanofillers is unique in the sense that the 
incorporation of clay [72], alumina, titania or zinc oxide [74, 93, 276] 
into a polymer can reduce the relative permitt ivity compared to the 
value of the neat polymer material. The dielectric spectroscopy results 
show a behaviour that cannot be explained by rules of mixture and 
therefore a qualitative model is proposed for the explanation of the low 
values of the relative permittivity.  

4.2 Measurement principle 

DS is a commonly used technique to record the behaviour of the 
complex permittivity as a function of frequency and temperature. The 
measurement is based on the interaction of an electric field with the 
electric dipole moment of the test specimen, which is often expressed by 
the complex permittivity. In other words, the technique is based on the 
application of a voltage of varying frequency to a test specimen and on 
the measurement of the resulting current and the phase shift between 
the current and the applied voltage. From these data, the real and 
imaginary parts of the complex permittivity are derived [277].  

4.3 Measurement setup 

A fully automated Alpha-A dielectric analyzer from Novocontrol has been 
used, which allows measuring the complex permittivity (and deduced 
quantities such as conductivity, impedance or  tan  ) of a dielectric as a 

function of frequency and temperature [278]. Fig. 4.1 shows a 
schematic representation of the DS setup. The system consists of a ZGS 
Alpha active cell and includes an automatic temperature control unit 
(Quatro cryosystem) with a precision of 0.1°C [279, 280]. The sample 
lies within a cryogenic cell, which can be heated up to 400ºC and cooled 
down to -160ºC with 0.01ºC temperature stability. A sinusoidal voltage 
of 3 Vrms was applied across the sample. The diameter of the measuring 
electrodes is 20, 30 or 40 mm depending on the sample size. 
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Fig. 4.1: Equivalent circuit diagram of the DS setup. 
 

The main part of ZGS Alpha active cell, the sample holder, is shown in 
Fig. 4.2.   
 

 

     
Fig. 4.2: Low frequency (<20 MHz) sample holder  

(image by Novocontrol). 
 
Specimens with a diameter of 42 mm and a thickness of about 0.5 mm 
were created using the synthesis process explained in Chapter 2. Prior 
to dielectric characterization, aluminum or gold electrodes were 
deposited onto both sides of the specimens by sputtering, in order to 
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achieve a good contact between the samples and measuring electrodes 
[281].  In order to minimize the amount of absorbed water in the 
specimens, which may affect the measurement data [117], all samples 
were dried at 140°C for 2 days before the measurements and stored in 
nitrogen gas to keep them dry. The measurements were performed in a 
cryogenic cell under a nitrogen atmosphere to prevent any influence of 
humidity. 
The dielectric properties were measured in the frequency range of 10-2-
107 Hz and at temperatures between -20°C and 120°C. The temperature 
was increased in steps of 20°C. The values of the complex permittivity 
for each data point are the average values of 3 measurement values 
with an error of 2-3%. 

4.4 Polarization spectrum 

A dielectric material in its simplest form can be represented as a 
capacitor and a resistor in parallel. The current through such a sample 
must have both a real and imaginary component [31]. This can be taken 
into account by defining the complex permittivity ( * ), which relates to 
a material’s ability to respond to the electric field by its polarization. 
 

  j*                                 (4.1) 

 
   is what we know as the relative permittivity, it is a measure of the 
amount of polarization. The imaginary part    represents the loss 
component, it is a measure of the losses involved in the polarization 
processes.  
The behaviour of the permittivity as a function of frequency and 
temperature is sensitive to material changes, such as aging processes, 
absorbed moisture or the addition of fillers [8]. Any change of the 
molecular structure of a dielectric will show up if the related polarization 
phenomena are occurring in the measured frequency range.   
The loss tangent tan() is directly related to the real and imaginary parts 
of the complex permittivity: 
 

 





tan ,                                (4.2) 

 
where   is the electrical conductivity.  
 
In practice tan() is frequently used for the testing of high voltage 
components at 50 Hz. However, a lot more information about the 
structure and condition of a dielectric material is available when the 
complex permittivity is measured in a broad frequency range [282].   
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Even though DS generally yields complex dielectric relaxation spectra, 
the data analysis and discussion of the dielectric properties is mainly 
based on the dielectric loss spectrum   . This has two reasons: 
 

 Dielectric dispersion curves often show more details and make 
visual evaluation easier. For example: every time    varies 
rapidly – at the relaxation or resonance frequency – a peak can 
be seen in the   curve. 

 The real and imaginary part of *  are related through the 
Kramers-Kronig relations (4.3 and 4.4), since the two spectra are 
fully equivalent in terms of information about relaxation 
processes [283]. 
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The frequency dependant polarization spectrum of a dielectric is the 
superposition of all active polarization mechanisms (see Fig. 4.3):  
 

 For very high (i.e. optical) frequencies even electrons cannot 
keep up with the changing field, the result is a relative 
permittivity equal to 1. 

 At high frequencies (IR, UV) electronic and atomic polarizations 
are dominating.  

 
 Electronic polarization is a resonant process which occurs in a 

neutral atom when the electric field displaces the electron 
density relative to the nucleus it surrounds. 

 Atomic polarization is a resonant process, which arises from 
the change in dipole moment accompanying the stretching of 
chemical bonds between unlike atoms in molecules 

 
In most applications we stay well below these frequencies. 
 
For electrical engineering applications frequencies below 100 MHz are 
important. 
 

 At intermediate frequencies (1 Hz … 100 MHz) orientational 
polarization shows up. In this frequency range, molecules, parts 
of molecules or molecular chains orient in the changing electrical 
field. In this region changes in the material composition affect 
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the polarization, for instance because of the introduction of filler 
materials. 

 
 Dipole relaxation originates from permanent and induced 

dipoles aligning to an electric field. Dipole relaxation is heavily 
dependent on the temperature and chemical surrounding. 

 Ionic relaxation comprises of ionic conductivity, interfacial 
and space charge relaxation.  

 
 At low frequencies two mechanisms may become visible (< 1 Hz): 
 

 Interfacial polarization – the polarization of interfaces 
between materials, with a relaxation time in the range of 
seconds to hours. The losses caused by interfacial 
polarization are relatively high compared to losses, which 
are originated from other polarization mechanisms.  

 DC conductivity – this gives rise to ohmic losses that show 
up in a linear reciprocal relation between    and the 
frequency. This is especially visible at higher temperatures, 
where the conductivity strongly increases. 

 
The polarization processes at low frequencies and high temperatures are 
obscured by the effect of the DC conductivity. For a fast approximation 
of   , Wübbenhorst and van Turnhout [284] proposed a simplified 
version (4.5 and 4.6) of the Kramers-Kronig relations, which can be 
used to remove the effect of the conductivity. 
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   ,                    (4.5)
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


    .                     (4.6)                  

 
Dielectric relaxation as a whole is the result of the movement of dipoles 
and electric charges due to an applied alternating field. Relaxation 
mechanisms are relatively slow compared to resonant electronic 
transitions or molecular vibrations, which are usually in the Terahertz 
frequency range. 
 



Dielectric response of nanocomposites                           93 

 

 
Fig. 4.3: The polarization spectrum over a wide range  

of frequencies [285]. 
 
The complex permittivity exhibits several types of relaxation, each of 
them characterized by their own relaxation parameters. The most 
pronounced, - and -relaxation and DC conductivity, are shown for an 
epoxy example in Fig. 4.4.  
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Fig. 4.4: Schematic representation of the polarization spectrum of a 

polymer-based composite as a function of temperature. 
 
The -relaxation has a high and narrow peak in comparison to other 
relaxations. In polymers, the -relaxation is associated with the glass 

f, Hz 
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transition temperature Tg. Sometimes it is difficult to determine the -
peak, because it can be overshadowed by the DC conductivity (see Fig. 
4.4). The -relaxation is characterized by a broad relaxation peak, which 
can have a width of several decades. It originates from localized 
fluctuations of the side groups of a polymer.  
When considering real polymers, it becomes clear that the polarization 
spectrum is much more complicated. A spectrum is always a 
superposition of the relaxation mechanisms and sometimes it is difficult 
to discern the individual relaxation processes [31]. Havriliak and Negami 
proposed an empirical expression to describe the dielectric relaxation of 
some polymers [286, 287]: 
 

 
  

,

1

s

b
a

T

j T

   





  
   

,                       (4.7) 

 
where   is the relative permittivity at  , 

s  is the static relative 

permittivity at 0 ,  T  is the relaxation time, and the exponents a  

and b  are values between zero and unity.  

4.5 Dielectric response of neat epoxy 

The real and imaginary parts of the complex permittivity of the neat ER 
samples as a function of frequency are shown in Figs. 4.5 and 4.6, 
respectively. The high values of    at low frequencies and high 
temperatures can be attributed to the proximity of the -relaxation peak. 
The broad peak on   (f), which can be seen at 1 kHz for -20°C, moves 
to higher frequencies with increasing temperature and is attributed to a 
-relaxation process. The -relaxation is linked to the mobility of the 
side chains in the polymer [113].  
The imaginary part of the complex permittivity of the reference neat ER 
sample as a function of frequency is shown in Fig. 4.7. The -relaxation 
peak is not clearly visible at high temperatures because it is obscured by 
the DC conductivity, which increases greatly above the T  [8]. The 
location of the -relaxation peak can be confirmed with DMA (dynamic 
mechanical analysis). 
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Fig. 4.5:  of the reference neat ER samples for different  

temperatures as a function of frequency. 
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Fig. 4.6:   of the reference neat ER samples for different  

temperatures as a function of frequency. 
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Fig. 4.7:   of the reference neat ER samples for different  

frequencies as a function of temperature. 

4.6 Influence of filler type and concentration 

Figs. 4.8-4.11 show the real part of the complex permittivity of Al2O3 -, 
AlN-, MgO- and SiO2 - epoxy composites as a function of frequency for 
different filler contents at 20°C. With an increase in frequency,    
decreases monotonically in all samples. As the frequency increases, 
some dipolar groups, e.g. larger molecules, can not keep pace with the 
applied f ield. Therefore the contributions of these inert dipolar groups to 
the permittivity disappear, which leads to a decrease of the amount of 
polarization in the system [288].  
The modified nanoparticles with coupling agents on the surfaces have 
different microscopic properties compared to the bulk polymer matrix, 
which is relatively far away from the particle surface. A SCA affect s the 
amorphous structure of epoxy and leads to some alignment of the 
polymer chains, which are perpendicular to the particle surface [8] (see 
Fig. 4.12).  
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Fig. 4.8:  of ER-Al2O3 samples as a function of frequency at 20°C. 
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Fig. 4.9:  of ER-AlN samples as a function of frequency at 20°C. 
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Fig. 4.10:  of ER-MgO samples as a function of frequency at 20°C. 
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Fig. 4.11:  of ER-SiO2 samples as a function of frequency at 20°C. 
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Fig. 4.12: A particle without surface modification (left) and a particle 
with surface modification (right). The grey area around the surface 

treated particle is a layer of aligned polymer chains. 
 
The    spectra of composite materials containing surface modified 
particles (Al2O3, AlN and MgO) show a similar trend. The composites 
with 2 wt.% of modified particles have the lowest    values. The value 
of    at 0.5 wt.% is the second lowest. An incorporation of 5 wt.% and 
further 10 wt.% gives a rise in    above the value of the reference 
epoxy.  
 
We assume two mechanisms, which affect the polarization of ER. The 
first mechanism is the restriction of the chain mobility in the vicinity of 
the nanoparticles, within a few nanometers of the filler surface. This 
mechanism is caused by the interface polymer layer with modified 
molecular structure and chain dynamics, compared to the neat polymer 
matrix. The dipolar groups are immobilized in the proximity of the 
nanoparticles [29]. The first effect explains why the relative permittivity 
drops down. The second mechanism is the effect of the relative 
permittivity of the filler itself. The relative permittivity of any material 
we used as a filler is higher than the    of ER. The second effect 
explains why the relative permittivity increases for fillgrades above 2 
wt.%.  The first effect is predominating up to 2 wt.%, while the second 
one becomes stronger for higher concentrations.   
Singha and Thomas investigated the systems based on ER and filled 
with 0.1, 0.5 and 1 % of TiO2, ZnO and Al2O3 [74, 93, 289]. The higher 
filler concentration is ref lected in the higher relative permittivity values 
of the composites. We explain the difference between our results and 
the results of Singha and Thomas by a different surface modificat ion, 
which influences the dielectric behaviour of the final nanocomposite. It 
can also be explained by variations in the synthesis process, for example 
using different times for ultrasonication and curing. The epoxy system 
the samples were based on is also not the same. Variations in the 
chemical structure of the ER can lead to a different thickness of the 
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interfacial layer, thus to a different response of the polymer to an 
external electric field.  
The higher values of    for Nanopox-based composites (Fig. 4.11), 
compared to the neat polymer and composites filled with other particles, 
are assumed due to the different specimen preparation process. 
Nanopox composites were produced using an in-situ polymerization 
process. The surface modification is not part of this synthesis method, 
therefore we assume that there is no interfacial layer of aligned polymer 
chains in the proximity of the SiO2 nanoparticles. Thus, immobilization of 
the epoxy chains does not take place, which would explain why a 
reduction of    could not be observed. Another reason why Nanopox-
based composites have higher relative permittivity values can be due to 
byproducts, which are present inside the polymer after in-situ 
precipitation of nanos ilica [290]. These byproducts are assumed to be 
very mobile and lead to a higher    of the composite material overall.  

4.6.1 Restriction of chain mobility 

ER samples filled with MgO nanoparticles have the lowest relative 
permittivity values of all nanocomposites tested. An interesting feature 
is that the MgO (APS is 22 nm) nanoparticles are the smallest within the 
group of tested nanoparticles, i.e.  Al2O3 and AlN (APS is 30 nm and 60 
nm, respectively), not taking into account the composites filled with SiO2 
due to missing surface modification.  All   (f) curves of ER-MgO have 
lower values than neat epoxy samples. Since the    of the bulk material 
of MgO, Al2O3 and AlN is approximately the same, namely 8.5-10 
depending on the structure [150, 291], we conclude that the interaction 
between the MgO nanoparticles and the host is the strongest. Since MgO 
nanoparticles are the smallest, they have the highest surface-to-volume 
ratio, which leads to larger amounts of OH groups on the surface. The 
evidence of larger amounts of hydroxyl groups on the surface of MgO 
nanoparticles, compared to e.g. Al2O3 nanoparticles, can be found in 
TGA spectra of as-received and GPS-treated particles of these types (see 
Figs. 2.21 and 2.22, Chapter 2). The larger weight loss for MgO in Fig. 
2.22 indicates a larger amount of GPS molecules that reacted with the 
OH groups on the surface of the nanoparticles. The reaction of hydroxyl 
groups with GPS creates stronger bonds between particles and host. 
Therefore more dipolar groups will be immobilized in the vicinity of the 
MgO nanoparticles. The importance of the size of the particles and 
therefore the interfacial region is underlined by results for ER-BN 
composites shown in Section 4.7.  
AlN particles have the largest APS and therefore smallest interface 
volume (see Section 4.7). Since the volume of interfaces decreases for 
increasing filler size at constant weight percentage, the move to larger 
filler results in smaller zones of immobilization. The larger the particles 
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are, the larger the inf luence of the filler properties becomes, compared 
to the changes to the polymer structure. Therefore the inf luence of the 
immobilization layers diminishes.  

The    values of ER-AlN-5 are higher than of neat ER, while ER-Al2O3-5 
values are still lower. The amount of hydroxyl groups on the surface of 
alumina is larger than on the surface of AlN. Hence, more GPS groups 
connect to the surface of Al2O3 particles. In turn, more dipole groups of 
the epoxy will be immobilized in the interface polymer layer. The 
properties of the filler become predominant at 10 wt.% of Al2O3 or AlN. 
Therefore the    of ER-Al2O3-10 and ER-AlN-10 have higher values than 
neat ER.  
The    values of all specimens at 1 kHz and the difference compared to 
neat ER are shown in Table 4.1. Neat ER has an    equal to 3.52. 
Specimens with MgO nanoparticles have values between 3.06 and 3.25, 
which is a reduction by 8.5% to 15%, compared to the neat ER. The 
addition of 2 wt.% of alumina nanofiller leads to a 7.4% reduction of   . 
The lowest value for ER-AlN composites is 3.4, which is a 3.6% 
reduction. ER-SiO2 samples have a higher   for all fill grades, compared 
to the reference sample. 
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Table 4.1: The relative permittivity of the specimens at 1 kHz and  
the difference compared to neat ER. 

 
 

Composite 
Relative 

permittivity    
 

Difference (%) 
Neat ER 3.52 - 
ER-Al2O3-0.5 3.41 -3.3 
ER-Al2O3-2 3.28 -7.4 
ER-Al2O3-5 3.45 -2.0 
ER-Al2O3-10 3.69 +4.7 
ER-AlN-0.5 3.44 -2.2 
ER-AlN-2 3.40 -3.6 
ER-AlN-5 3.59 +1.9 
ER-AlN-10 3.78 +7.4 
ER-MgO-0.5 3.14 -12.1 
ER-MgO-2 3.06 -15.0 
ER-MgO-5 3.18 -10.9 
ER-MgO-10 3.25 -8.5 
ER-SiO2-0.5 3.58 +1.6 
ER-SiO2-2 3.61 +2.5 
ER-SiO2-5 3.68 +4.5 
ER-BN-10 70nm 3.47 -1.4 
ER-BN-10 500nm 3.90 +10.8 
ER-BN-10 1500nm 4.09 +16.0 
ER-BN-10 5000nm 4.33 +22.9 

 
Fig. 4.13 shows the effect of different nanoparticle types with a fillgrade 
of 2 wt.% on the    of the nanocomposites as a function of frequency. 
Nanocomposites with 2 wt.% are shown, because the reduction of    is 
the most pronounced at this fillgrade for all investigated nanocomposite 
types, except for SiO2 nanoparticles. As the volume of the filler material 
increases, the inf luence of the material properties of the particles on the 
   of the matrix becomes more pronounced. The surface of AlN, Al2O3 
and MgO was treated with GPS, which creates better adhesion and 
aforementioned interfacial layer.  

4.6.2 Effect of the relative permittivity of the nanoparticles 

The    becomes higher if the concentration of the filler exceeds 2 wt.% 
or 0.5 wt.% for SiO2. It was mentioned above that the relative 
permittivity of any material that we add as filler, is relatively high, 
compared to the    of ER. The higher volume fraction of the filler with 
higher    results in a higher relative permittivity of the composite. If the 
volume fraction increases, the amount of the material with high relative 
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permittivity is increasing along with the overlapping of the interfacial 
layers, which leads to the higher relative permittivity of the whole 
nanodielectric system. The overlapping is possible at high f iller loadings 
(≥ 10 vol. %) or large interface layer around the nanoparticles.  
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Fig. 4.13: The effect of the filler type on the   of nanocomposites with 

2 wt.% for 20°C as a function of frequency. 
 
The dielectric losses of the composites containing up to 5 wt.% of 
nanoparticles do not differ much from those of the neat polymer (see 
Figs. 4.14 and 4.15). The mechanism why the losses appear to be 
slightly reduced at low and at high frequencies is not well understood 
yet.  
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Fig. 4.14:   of ER-Al2O3 samples as a function of frequency at 20°C. 
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Fig. 4.15:    of ER-SiO2 samples as a function of frequency at 20°C. 

 
The main difference in the dielectric spectroscopy spectra of composites 
with nanoparticles is observed at frequencies higher than 1 kHz. The 
polarization of epoxy dipolar groups is more pronounced in the high 
frequency region, which causes higher losses in this region. The lower 
losses of nanocomposites can be an indication for the presence of the 
interfacial layer. The side chains, which are responsible for the 
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relaxation peak, are restricted in the vicinity of nanoparticles, while in 
unfilled polymer all side chains can move in respect to the applied field, 
which increases the losses of the system. However, the    at 50 Hz is 
almost the same as for ER. That means that ER f illed with small 
amounts of nanoparticles can be used for electrical insulation 
applications and the losses are much lower compared to microcomposite 
systems filled with 60 wt.% of conventional sized alumina or silica filler.   

4.7 Effect of filler size 

The complex permittivity of composites filled with 10 wt.% of surface 
modified BN particles was investigated. BN particles with different APS 
have been chosen in order to study the effect of filler size on the real 
and imaginary parts of the complex permittivity. 
The    increases if the size of particles increases, while the particle 
concentration remains constant. The relative permittivity of epoxy-based 
compounds with 10 wt.% of modified mic ro- and submic ron-BN particles 
is higher than of the neat ER, while    of ER filled with 10 wt.% of 70 
nm particles is lower compared to the reference sample (see Fig. 4.16). 
XRD analysis showed that the structure of BN is the same in all cases 
(see Chapter 2.9.1.2 Fig. 2.25). Thus, the difference can be explained 
by the size of the particles, their aspect ratio and their surface 
modification.  
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Fig. 4.16: The effect of the filler size on the   of composites with  

10 wt.% BN particles for 20°C as a function of frequency. 
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The imaginary part of the complex permittivity   , which represents the 
dielectric losses, is shown in Fig. 4.17. The dielectric losses of 
composites filled with BN are higher compared to ER in the low 
frequency region (<1 kHz) and lower for frequencies higher than 1 kHz, 
with the exception of BN with 5 m APS. The broad dielectric loss peak 
in the high frequency region (10 kHz) is attributed to a -relaxation 
process of the epoxy network. It moves to a higher frequency with 
increasing temperature.  
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Fig. 4.17: The effect of the filler size on the   of composites with  

10 wt.% BN particles for 20°C as a function of frequency. 
 
The    of BN filled composites was shown to be dependent on the APS. 
Composites with larger particles show a higher permittivity. An 
explanation for this behaviour could be found in the structure of the 
interface between the filler and polymer matrix. Every modified particle 
has an interfacial layer of constant thickness. For larger particles this 
interfacial layer is relatively thin compared to the particle dimensions, as 
illustrated in Fig. 4.18. Smaller particles with the same weight 
percentage lead to a larger interfacial volume. In our case we have a 
directly proportional relationship between the overall volume of the 
interfacial layer and the amount of polarization. The movement of the 
dipoles in the layer close to the particle is restricted. Since the 
movement of dipoles is limited, the    of the system is lower for smaller 
particles. 
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Fig. 4.18: Illustration of the change of the ratio between particle and 
interface volume as a function of particle size [78]. 

 
The increase of the relative permittivity might be attributed to the 
macroscopic polarization of the BN particles as well. This effect is 
possible if larger particles consist of agglomerates of nanoparticles. The 
individual particles in the clusters may have ionic species with a high 
mobility and DC conductivity on their surface, which adds to the 
polarization of the entire system. 
The dielectric losses of the samples with 1.5 m and 5 m particles are 
high compared to the reference sample. The    of the specimens filled 
with 70 nm and 0.5 m particles do not differ much from neat epoxy.  
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4.8 Relative permittivity as a function of temperature 

Fig. 4.19 shows the    of ER f illed with 2 wt.% of AlN as a function of 
temperature at different frequencies. ER-Al2O3-2 shows a behaviour very 
similar to ER-AlN-2. The relaxation process is similar to neat epoxy, 
but the -peak is shifted to a slightly higher temperature (see Fig. 4.7). 
In MgO the shift is more pronounced, which reflects in the Arrhenius plot 
(Fig. 4.20). Composites filled with SiO2 on the other hand saw a shift of 
the -peak to lower temperatures compared to unfilled reference sample.  
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Fig. 4.19:   of ER-AlN-2 samples for different frequencies  

as a function of temperature. 
 
From the Arrhenius plot (Fig. 4.20) the activation energy for unfilled ER 
could be determined as 2.79 eV. Activation energies of the side chains of 
nanocomposites filled with 2 wt.% of filler are summarized in Fig. 4.20 
and have only minor differences compared to the unfilled reference 
sample.  
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Fig. 4.20: Arrhenius plot and derived activation energies for unfilled ER 
compared to nanocomposites filled with 2 wt.% of different filler types. 

4.9 Analysis and modelling 

It is generally accepted that the surface-to-volume ratio of the 
nanoscale fillers and the interface-polymer layer in the vicinity of the 
filler plays a significant role for the decreased    that has been observed 
[36, 292].  
Tanaka et al. [293] proposed the multi-core model, where he div ided an 
interfacial layer into 3 layers (bonded, bound and loose layers). 
Andritsch [8] proposed the polymer chain alignment model and 
introduced 2 layers (aligned and affected). Rätzke & Kindersberger [59] 
and Todd & Shi [294] proposed a single interface polymer layer or 
interphase. All models have in common the assumption that the 
molecular structure in the interface layer is reorganized, which results in 
a change of the morphology and of the chain dynamics around the 
particles. 
In our model, we assume the existence of an interface layer between 
the filler and matrix, which has different properties than filler or matrix. 
This interfacial layer is introduced to illustrate the effects of surface 
modified nanoparticles on the dielectric properties of nanocomposites. 
The interfacial layer was investigated and its size estimated in prior work 
of Miwa et al. [264], Chen et al. [265] and Hu et al [266]. We use their 
work as a basis to describe a nanodielectric system filled with different 
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types of surface modif ied nanoparticles [95]. Our explanation model has 
its limits however, since current measurement techniques do not offer 
insight in the exact nature of the interface, e.g. the value for the 
permittivity of the interfacial zone. As soon as the physical properties of 
the interfacial layer, for example the thickness or relative permittivity, 
can be measured the qualitative model will be more accurate. 
Due to the large surface area of nanoparticles, the interface layer can 
occupy a significant volume of the polymer in a nanocomposite [40]. We 
assume that the interface layer plays a role for the properties of a 
composite, which is more important than the nature of the particles 
themselves. The total interface volume would occupy a larger space if 
the size of the particles becomes smaller for the same fillgrade.  
The rules of mixture, which are used to predict the relative permittivity 
values of composites filled with conventional microsized particles, cannot 
be applied to the systems containing nanoparticles. T. Andritsch et al. [8, 
295] tried to use the Looyenga formula [296] and semi-empiric models 
[119, 274] to predict the relative permittivity of nanocomposites, but did 
not succeed in fitting experimental data. The interface layer which is 
created by the aligned polymer chains has to be taken into account with 
an entirely different permittivity [297]. The immobilization caused by 
the surface treatment of the nanoparticles seems to be the main factor 
determining the    of composites with fillgrade below 5 wt.%.  
In our hypothesis we assume that the interfacial polymer layer, which 
has different properties compared to the bulk polymer, act s as a third 
phase. A third phase, i.e. interfacial polymer layer, immobilizes the 
epoxy chains around the particles. The dipolar groups in these 
immobilized chains are not able to follow the external field like the 
polymer chains in the amorphous zones do. This leads to lower 
polarization of the interfacial volume and as a result to lower 
polarization of the whole composite. The lower polarization of a material 
reflects on the macroscopic properties of a material, such as the relative 
permittivity. The highest degree of epoxy chain immobilization and as a 
result, lowest relative permittivity value is observed for systems filled 
with 2 wt.% filler. The smaller the particles are, the larger the relative 
interfacial layer is and the larger the total interface volume. We notice 
that the smallest MgO nanoparticles (APS 22 nm) create systems with 
the lowest relative permittivity values. Even the system containing 10 
wt.% of MgO f iller has a lower    than neat ER whilst the addition of 5 
wt.% of AlN particles (APS 60 nm) shows already a higher    than neat 
ER.  
The relative permittivity of a nanocomposite system is a measure of the 
polarization of the polymer host, filler and interface layer. If the    of 
the layer is much lower than either of epoxy or filler, the contribution 
would lower the value of    for the entire system. The relative volume of 
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this layer in the composite with nano-BN is larger than in any of the 
composites with bigger particles. Thus, the impact of the low value of    
in the interface layer is more pronounced in the case of the system filled 
with 70 nm particles, therefore the   (f) values are lower than for ER 
and composites filled with larger particles.     
Typically, the interface thickness is in the order of 5 to 20 nm [8, 264, 
298]. If we assume the interface polymer layer equal to 5 nm, which is 
constant for all BN-filled systems, then the interface region volume 
fraction will occupy 12% of the whole volume for 10 wt.% of the BN 
particles having APS 70 nm. For the system with APS 1.5 m the 
interface volume will be 0.5% for the same fillgrade. For 5 m particles 
this value is even reduced to 0.1%. If we make the same calculations, 
assuming an interface layer of 20 nm, then the overall interface volume 
will occupy 70%, 2% and 0.6% for APS of 70 nm, 1.5 m and 5 m, 
respectively (see Fig. 4.21).  
We can conclude that the size of nanoparticles and the thickness of the 
interfacial layer, which can be created by surface modification of 
nanoparticles, act as a main characteristic determining the dielectric 
behaviour of composites at low filler concentrations. 
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The simplest approach to calculate the relative permittivity of a two-
component system is to use linear rule of mixtures: 
 

 1c p m      ,              (4.8) 

 
Birchak formula [299]:  
 

 
1 1 1

2 2 21c p m      ,            (4.9)   

 
Landau-Lifshitz-Looyenga formula [296]: 
 

 
1 1 1
3 3 31c p m                          (4.10) 

 
or Lichtenecker-Rother formula [300]: 
 

 log log 1 logc p m       ,                   (4.11)  

 
where   is the volume fraction of particles, c , p  and m  are the real 

parts of the complex permittivity of the composite, particles and matrix, 
respectively.  
All formulas show that the relative permittivity of a composite c  should 

vary monotonically. But measurements show that the relative 
permittivity of nanocomposites has a local minimum depending on the 
volume fraction. This behaviour cannot be explained by a two-phase 
theoretical approach. A key feature of nanocomposites is t he high 
surface area of the particles, and, consequently, the large volume 
fraction that can attribute to interface regions.   
As a working hypothesis the existence of an interface polymer layer in 
the vicinity of a particle is assumed, which has different  properties from 
those of the unaltered polymer further away from the particle surface. 
We further assume that homogeneously dispersed nanoparticles have 
the same diameter and are surrounded by interface polymer layers of a 
constant thickness, which are not overlapping [59].  
Using aforementioned conditions, we can introduce the third term, which 
is responsible for the affected interfacial layer. In order to get the 
reduced values and the minimum in the relative permittivity, we have to 
assume that the relative permittivity of an affected layer is lower than 
that of both epoxy and particles. The location of the local minimum is 
strongly dependent on the thickness of an interfacial layer and its 
relative permittivity. In order to fit the experimental values the 
thickness of this layer should be more than 100 nm [297]. Alternatively, 
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the relative permittivity could be below 1, but that is physically incorrect. 
Based on our findings, we can assume that we deal with a global 
restructuring of the host polymer and a change of its macroscopic 
properties, rather than having a confined interfacial zone. This is 
another hypothesis to explain the dielectric behaviour of nanocomposite 
systems.  

4.10 Impact of curing and water absorption  

One of the vital factors, which contribute to the outstanding properties 
of nanocomposites, is the large interface area of a nanoparticle relative 
to its size. The drawback of the large interface area is the large amount 
of water that nanoparticles can take up from the environment. The 
nanoparticles absorb moisture during nanocomposite synthesis and 
afterwards when the material is used as a dielectric. Previous research 
about epoxy resin and epoxy resin composites has shown that the water 
absorbed into the materials has a large inf luence on the dielectric 
behaviour [301-303]. In order to find out the influence of moisture 
uptake and postcuring process on the relative permittivity and dielectric 
loss factor, nanocomposites were investigated containing surface 
modified magnesium oxide nanoparticles.  

Dielectric spectroscopy measurements were performed on test 
specimens that were cured for 4 hours and had been stored under 
ambient conditions for one month (the “wet” samples). The second 
round of tests was performed after subjecting the same specimens to a 
heat treatment at 160°C for 2 days (the “dry” samples). In Figs. 4.22-
4.26, the relative and imaginary parts of the complex permittivity are 
shown as a function of frequency. Two different temperatures (20°C and 
100°C) have been chosen to check the influence of the heat treatment 
(or postcuring).  
As it can be seen in Figs. 4.22 and 4.23, the values of    and    
became lower after the postcuring (PC) process, the effect is depicted by 
arrows. A possible explanation for this behaviour is the absorption of 
humidity in the “wet” samples. The MgO nanoparticles and the ER 
matrix itself absorb water from the environment. The hydrophilic nature 
of the inorganic nanofiller surface tends to attract moisture.  
After the postcuring, the relative permittivity of the nanocomposites 
became lower since a large part of the water, which has a much higher 
value of    than MgO and ER, was evaporated during the postcuring 
process. Beside the reduction in the amount of hydroxy groups in the 
composite system due to the evaporation of the moisture, the further 
polymerization can play a significant role in the molecular dynamics 
[304]. If the reaction between diepoxide-bisphenol-A and the curing 
agent has only partly finished after 4 hours of curing, it will finalize 
during the postcuring period. Also the dielectric losses significantly 
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decrease after heat treatment (see Fig. 4.23). This is noticeable for 
most of the samples with higher filler loadings, since they contain more 
nanoparticles, which have in turn a larger overall surface area and thus 
are more susceptible to water uptake. High dielectric losses at low 
frequencies (see Fig. 4.23 and 4.25) can be attributed to the ionic 
conductivity, which is linked to the water uptake. F ig. 4.24 exhibits a 
very similar dielectric behaviour in the dielectric relaxation for all 
postcured specimens in the frequency region 50Hz-1MHz at 20°C. The 
differences of the loss factor in the low frequency region (0.01-50 Hz) 
can be attributed to the interfacial polarization between ER and the 
incorporated MgO filler. The influence of the water uptake is more 
pronounced at low frequencies for high temperatures, e.g. 100°C (see 
Figs. 4.25 and 4.26).  The water molecules act as mobile ions, which in 
turn is reflected in high values of    and    [305]. 
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Fig. 4.22:  of ER-MgO samples as a function of frequency at 20°C. 
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Fig. 4.23:    of ER-MgO samples as a function of frequency at 20°C. 
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Fig. 4.24:    of ER-MgO samples that that have been postcured. 
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Fig. 4.25:    of ER-MgO samples as a function of frequency at 100°C. 
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Fig. 4.26:    of ER-MgO samples as a function of frequency at 100°C. 
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4.11 Summary 

Measurements of the complex permittivity revealed that the relative 
permittivity of epoxy filled with 0.5, 2, 5 wt.% of alumina, 0.5, 2, 5 and 
10 wt.% of magnesium oxide and 0.5 and 2 wt.% of aluminum nitride 
was lower than for the pure epoxy, despite the fact that the re lative 
permittivity of Al2O3, MgO and AlN is higher than of the epoxy. On the 
other hand, epoxy-silica composites showed higher values of    
compared to neat ER. The dielectric behaviour of nanocomposites was 
explained by the existence of a strong interface layer between polymer 
matrix and inorganic filler, and its inf luence on the macroscopic 
properties of the composite. The dielectric losses of the epoxy resin did 
not change significantly with the addition of nanofiller up to 5 wt.%. 
The reduction of the relative permittivity compared to neat ER at low 
filler concentration is explained by the immobilization of epoxy chains in 
the proximity of nanoparticles. The immobilization is possible due to the 
interface polymer layer that was created by surface modif ication of the 
nanoparticles. The relative permittivity was noticed to have a minimum 
at 2 percent by weight, when the average distance between the 
modified nanoparticles is large. If the distance is large enough, their 
interface layers do not overlap and the lower relative permittivity can be 
solely attributed to the intrinsic properties of the interfacial volume 
around the nanoparticles.  
Differences of the imaginary part    between the neat ER and the 
nanocomposites can mainly be seen at the frequencies above 1 kHz. 
Below 1 Hz some nanocomposites show slightly increased losses. The    
at 50 Hz is almost the same as for ER. This indicates that ER filled with 
small amounts of nanoparticles can be used for electrical insulation 
applications and the losses are much lower compared to microcomposite 
systems filled with 60 wt.% of conventional sized alumina or silica filler. 
The    does not change significantly for nanocomposites as a function 
of fillgrade. The activation energy of the relaxation for 
nanocomposites show only minor differences compared to unfilled epoxy, 
where the activation energy is 2.79 eV. 
The relative permittivity of epoxy-based compounds with 10 wt.% of 
modified BN particles is in all cases higher than in neat ER, when the 
particles have submicron and micron-size dimensions.  
The dielectric losses of epoxy-based compounds with nano- and 
submicron BN filler are only slightly different compared to neat ER. The 
losses are lower in the high frequency region because the dipolar 
polarization of epoxy groups is predominant. Losses are higher for 
composites filled with micron-sized particles. This is explained by the 
influence of interfacial polarization and absorbed humidity.  
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The dielectric spectroscopy investigations demonstrated a reduction of 
the relative and imaginary parts of the complex permittivity for all 
samples after subjecting the samples to postcuring.  
The hydrophilic nanofiller and polymer matrix tend to attract moisture 
from the environment. Samples with a higher f iller loading take up more 
moisture, since the particle surface area is bigger. The influence of 
highly mobile water molecules and its ions is visible primarily at low 
frequencies and higher temperatures.   
The   of the samples was reduced after postcuring. That is most 
noticeable for samples with higher filler loadings, since they contain 
more nanoparticles, which have a large overall surface area. The 
behaviour of   is similar for all ER-MgO systems at frequencies higher 
than 50 Hz.    
 



 

 

 
 
 

5 
Synthesis optimization 

 

 

5.1 Introduction 

Nanotechnology deals with the creation, measurement, modelling, 
control and manipulation of matter at dimensions below 100 nm. The 
unique phenomena, which are inherent to the materials produced, using 
nanotechnology, enable novel applications. The physical and chemical 
properties of materials at this length scale can differ greatly from the 
properties of bulk matter. Nanotechnology is directed towards 
understanding and fabricating improved materials, devices and systems 
that exploit these new properties [306]. By creating nanometer-scale 
structures, it is possible to control the fundamental properties of 
materials, such as melting (or glass transition) temperature, charge 
capacity, complex permittivity and magnetic properties. Making use of 
this potential will lead to new, high-performance products and 
technologies that were not possible before. The properties are radically 
different compared to those of the traditional filled polymer materials.  
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The technical approach involves the incorporation of nanoparticles into a 
selected polymer matrix. There are two main challenges in developing 
polymer-based nanostructured materials after the desired nanoparticles 
have been selected for the polymer of interest. First, the choice of 
nanoparticles requires an interfacial interaction and/or compatibility with 
the polymer matrix. Second, the proper processing technique should be 
selected to uniformly disperse and distribute the nanoparticles or 
nanoscale clusters within the polymer matrix [11].  

5.2 Incorporation of nanoparticles 

The incorporation of nanoparticles in a polymer matrix can be realized in 
different ways. For solid thermosetting prepolymers or thermoplastic 
polymers with solid nanoparticles, the following processing methods are 
recommended: 
 

 Solution blending [307, 308], 
 Melt intercalation [309-311], 
 Roll milling [312, 313]. 

 
For liquid thermosetting prepolymers or thermoplastic polymers with 
solid particles, the following processing methods are recommended: 
 

 In-situ polymerization [314-316], 
 Electrospinning [317], 
 Emulsion polymerization [318, 319], 
 High-shear mixing [116, 320, 321]. 

 
The surface of nanoparticles can be modified with coatings, surfactants 
and coupling agents to improve the nanoparticle dispersion in all these 
methods. 
Nanocomposite materials hold the potential to redefine the field of 
traditional composite materials in terms of performance and possible 
applications. Developing the processing-manufacturing technologies in 
terms of quantity and value for commercialization will be one of the 
main challenges [322]. 

5.3 Synthesis optimization 

The production procedure can be introduced to the market, if it provides 
samples with a good dispersion of nanoparticles and reproducible 
properties of a composite.   
In our nanocomposite synthesis we combine solution intercalation and 
high shear mixing together with surface modification of the 
nanoparticles. The surface modif ied nanoparticles, which were modified 
in ethanol, were dispersed inside ER. The suspension of surface modified 
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nanoparticles, solvent and epoxy was subjected to high shear mixing to 
disperse the nanoparticles inside the polymer matrix. Subsequently, the 
ethanol was evaporated at 115°C. The boiling point of ethanol is 78°C 
but it can only be slowly evaporated at that temperature because it is 
trapped on a molecular level. Alternative might be solvents that have a 
lower boiling point like acetone or methanol. The boiling point of acetone 
and methanol is 56°C and 65°C, respectively. Preliminary results show 
that acetone is not a good candidate since the dispersion of 
nanoparticles is not stable and nanoparticles settle in this solvent. 
Methanol is a good solvent for the particles we use but it is more toxic 
than ethanol [323]. Water has a few advantages compared to ethanol 
such as being more environment friendly, better dispersion in a shorter 
time span (see section 2.5.1) and lower price. The main disadvantage is 
the higher boiling point. Therefore, water cannot be used as a solvent to 
make the synthesis of nanocomposites faster.  
 
Degassing is another crucial problem while processing a nanocomposite. 
The air trapped in the sample because of insufficient degassing may 
initiate cracks and mechanical failure of a specimen under low strains 
[324]. 

5.4 Separation of the particle modification from the 
fabrication procedure 

The separation of the particle modification from the rest of the 
production process will reduce the synthesis time. The nanoparticles can 
be modif ied in a suitable solvent, e.g. ethanol, water or methanol. The 
surface modif ied nanoparticles can be filtered out from the solvent. The 
problem in this case is choosing the proper filter. If the grain size of the 
filter is too big, the particles can seep through the filter. If the grains are 
too small, the particles might clog the filter.  
In a next step, the solvent can then be evaporated. Surface modified 
particles are hydrophobic and stick together in the absence of a solvent. 
Afterwards they can be separated mechanically and introduced to the 
polymer as a dry filler (see Fig. 5.1).  
Large amounts of nanoparticles can be functionalized, dried and stored 
for a long period of time. The dispersion of dried, surface modified 
nanoparticles inside an ER can be realized by high shear force mixing. 
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Fig. 5.1: Surface modification of nanoparticles for long term storage.  
(a) Dispersion of nanoparticles in a solvent; (b) surface modification 

with SCA; (c) agglomeration of modified hydrophobic particles;  
(d) filtration. 

5.5 Sol-gel method for production of nanocomposites 

Another method for the faster creation of nanocomposites can be 
realized through the fabrication of a master batch with a high 
concentration of nanoparticles. This method is well suited for 
thermosetting polymers. A high concentration of surface modified 
nanoparticles can be introduced to a polymer and stored for indefinite 
time. A nanocomposite with the required concentration of nanoparticles 
can be obtained by melting a part of the masterbatch and diluting it with 
a neat polymer. This approach is used e.g. by the company called 
Nanoresins®. They fabricate an ER with a high concentration of silicon 
dioxide nanoparticles. The required concentration of nanoparticles can 
be obtained by addition of neat epoxy and hardener.  
Among the various processes available for synthesizing nanomaterials, 
sol-gel synthesis appears to be one of the most versatile and cost-
effective for producing nanomaterials. Nanostructures can be 
synthesized in various shapes and forms, such as monoliths, films, fibers, 
and monodispersed nanocrystalline oxide powders [133, 134].  
The sol-gel preparation involves mixing of different precursor chemicals 
in either liquid or solid form. The precursors generate a solution 
containing a stable dispersion of colloidal particles, known as sol.  
Epoxy-silica nanocomposites have been successfully produc ed using this 
method [133]. This method has one major disadvantage. Some by-
products of nanoparticle precipitation remain in the final composite. The 
by-products can influence the macroscopic properties of a composite, for 
example the relative permittivity or space charge accumulation of the 
system. We attribute the increase of the relative permittivity discussed 
in Chapter 4 to this effect [295].  
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5.6 Nano-microcomposites 

Many polymer nanocomposites can be created in ways similar to 
conventional polymer microcomposites, making them particularly 
attractive from a manufacturing point of view. But , the replacement of 
high loaded microcomposites by low concentration nanocomposites 
probably won’t happen in one step. First of all there is the cost involved: 
more epoxy is needed to replace the conventional sized silica, and 
nanosilica is more expensive than microscale SiO2. The switch will be 
realized gradually.  
Research interest within high voltage and power engineering is now 
focused on nano-micro-composites (NMC) [76, 155, 157, 325]. NMC 
could be the transition from micro- to nanocomposite materials in 
electrical engineering equipment. In most of the cases microcomposites 
cannot be completely replaced by nanocomposites because of the 
reasons explained above. However, nanocomposites could find a niche 
market because of the unique properties they have. A good example is 
the relative permittivity, which can be lower than the relative 
permittivity of a host polymer material at low fillgrade.  
The implementation of nanocomposites depends on the balance between 
the price and difficulties, which must be solved to produce a device at 
the one hand side, and the advantages that could be achieved by using 
nanoparticles instead of conventional sized microparticles.  
Because of the challenges, which must be solved to produce 
nanocomposites, the academia and industry have to work together to 
investigate new materials and implement nanocomposites to the market. 
Nanocomposites are already used for fire retardant materials by the 
company Nanocor® [326]. The company Nanoresins® offers 
nanocomposite products with improved scratch and abrasion resistance 
and better electrical properties [327]. The Japanese company J-Power 
Systems is planning to implement 500 kV DC cables using XLPE doped 
with MgO nanoparticles [328]. Nanocomposites exhibit superiority in 
terms of partial discharge (PD) resistance compared to neat polymers 
and microcomposites [61, 68, 156]. This effect is inherent to 
nanocomposites since composites of smaller particle size are more 
resistant to PD than that of larger size [66].  
Nanocomposite materials can be further explored and used for special 
applications. Insulation materials play an important role in electrical 
apparatuses and cables. One of the first applications for nano-
microcomposites could be in HV cable terminations or in cast resin 
transformers, where improved thermal conductivity is required for better 
heat transfer from the conductors to the environment [80, 329]. 
Another possible application of NMC is epoxy-based insulation material 
for switchgear [330, 331]. NMC is preferable in this case because large 
thermal expansion coefficients of PNC will cause exfoliation component - 
insulation material interfaces due to thermal cycling [332]. Therefore, 
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epoxy-based NMC, which have a little weight percentage of nanofiller 
and approximately 60 wt.% of microfillers, have been developed in 
recent years [277].        

5.7 Alignment of nanoparticles  

The alignment of nanoparticles in the composite matrix can be critical in 
order to maximize anisotropic properties such as the mechanical 
properties and the thermal conductivity [333]. The alignment of 
nanoparticles in one direction can be realized by the application of an 
electric or magnetic field and depends on the nature of the filler [334]. 
The field-nanostructuring can be used to enhance the mechanical 
strength, BD strength, thermal conductivity or to control the relative 
permittivity along one axis [335, 336].  
The anisotropic behaviour of nanocomposites could be realized for a 
system, where the values for the relative permittivity of matrix and f iller 
differ from each other by at least one order of magnitude. The relative 
permittivity of epoxy resin that we used in our study does not differ 
much from the relative permittivity of the filler, therefore the formation 
of nanoparticle paths is hard to realize (see appendix A). The alignment 
can be easily formed by BaTiO3 or PbTiO3 nanoparticles, which have 
relative permittivities higher than 100 [337, 338]. The structuring of the 
particles inside a polymer may provide an opportunity to create 
composites with variable relative permittivity depending on the filler 
loading and paths formation [335].  

5.8 Nanofluids 

Much attention has been paid to a new type of liquid composite material, 
which is called nanofluid. The enhanced properties are mainly associated 
with improved heat transfer and a higher breakdown voltage compared 
to conventional transformer oil [339-343]. 

5.9 Summary 

All mentioned methods of nanocomposite production have been tried out 
at a laboratory scale. It is needed to scale up the process to fabricate 
large quantities of nanomaterials. There is still lack of real time 
industrial characterization methods, tools and infrastructure like facilities, 
equipment and skilled personnel. To move nanotechnology forward, 
education is needed for both scientists and engineers in academia and 
industry [322].  
 



 

 

 
 
 

6  
Health and environmental 

aspects 

 

 

6.1 Possible harmful effects of nanoparticles 

The introduction of novel materials into industry applications requires 
safety evaluations as well as an understanding of the impact of the 
nanomaterials on the environment, human health and other biological 
species [322, 344, 345]. Humans continually come into contact with 
small and tiny particles, for example pollen or dust, and they are 
generally not seriously hurt by being exposed to these particles. A pure 
wax candle can release 250.000 nanoparticles per cubic centimeter in 
one evening. Smoke released by one cigar may contain more than 
70.000 nanosized particles [346, 347]. The processes that apply to 
ultrafine particles in principle are applicable for nanoparticles as well. 
Airborne particles can be divided by size into three groups [348]: 
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 Small particles (APS < 80 nm) are in the agglomeration mode, 

they are short-lived and tend to rapidly agglomerate and form 
large particles; 

 Large particles (APS > 2000 nm) are in coarse mode and subject 
to gravitational settling; 

 Intermediate particles (80 nm < APS < 2000 nm) are in 
accumulation mode and can remain suspended in air for a longer 
time up to several weeks. They can be removed from the air via 
dry or wet deposition [349-351]. 

 
As it can be seen from the classif ication, the biggest danger (concerning 
the life-time of nanoparticles) comes from intermediate particles rather 
than particles with APS < 100 nm. Since these particles can stay in the 
air for weeks, the basis for bioaccumulation in the food chain is given. 
Major targets where these particles usually accumulate are lungs, bones 
and the brain. This is considered a serious occupational health hazard in 
chronic inhalation exposures [352]. 
Besides inhalation, nanoparticles may enter the body via skin contact or 
by ingestion. The nanoparticles penetrate the human body during 
inhalation, either through nasal cavity or the alveolar-capillary barrier in 
the lungs [353-355]. Once nanoparticles enter a body via the digestion 
system with food, they can penetrate into the blood stream and 
accumulate in the liver and spleen [343, 356]. The risk of skin 
penetration is rather small since skin is much thicker compared to 
alveolar membrane [357, 358]. Carbon and graphite nanoparticles may 
cause skin diseases and respiratory infections, which have been 
reported in literature [359, 360]. Studies investigating the toxicology of 
carbon nanotubes showed that, once they reach the lungs, they are 
more toxic than carbon black or quartz [361-363]. The high aspect ratio 
of CNT makes them more dangerous, since this leads to sharp ends due 
to the needle-like shape [364]. Strict industrial precautions measures 
should be taken to protect the health of humans [365]. 
The unique health hazards are attributed to nanoparticles since their 
size is comparable to human cells. The result of that is that the human 
immune system may not work against them [366, 367].  
The surface chemistry and the surface area of nanoparticles play a 
significant role in the increased toxicity of nanoparticles [368]. 
Thus, the size of the particles, shape, charge and their treatment  are 
important considerations [322]. The toxicity of TiO2 on the other hand 
has not been found to be dependent on particle size or surface area 
[369, 370]. TiO2 nanoparticles were shown to be solely deposited on the 
outermost surface of the skin and were not detected in deeper layers of 
the human epidermis and dermis skin layers [359]. However, chemically 
modified titania nanoparticles from over-the-counter sunscreen products 
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have been shown to induce the formation of hydroxyl radicals and 
oxidative DNA damage. Additionally, sunlight-illuminated TiO2 was 
shown to cause catalyzed DNA damage in human cells [322, 359, 371]. 

6.2 Requirements and precautions on working conditions 

The nanoparticles that we use in our study are only harmful for the 
human body if they accumulate in the internal organs, for example lungs.  
The nanoparticles are not dangerous as soon as they are mixed into a 
polymer host, because of the strong bonding between filler and matrix. 
Safety measures are necessary to prevent the release of nanoparticles 
into air [372]. Fume hoods and respiratory masks are needed to be used 
at the factories which produce nanocomposites, in order to protect lungs 
against airborne nanoparticles. A small under-pressure in the working 
area is recommended to prevent escape of nanoparticles to other 
working areas. Ventilation systems have to be equipped with 
nanocertified filters to prevent outflow of nanoparticles to the 
environment [343, 373]. Toxicological aspects have to be taken into 
account, when the lifetime of a composite is over and it has to be 
recycled or disposed. One has to be aware of the possibility of nanosized 
particles being released into the atmosphere as a result of combustion 
and then being inhaled by humans [374]. 
The determination of toxicity of nanoparticles is a quite expensive, 
complicated and time consuming research [375, 376]. The cost of a 
toxicological study is high but insignificant compared with the fines and 
penalties paid by the companies in asbestos victims trials. More work is 
needed on all new nanomaterials to assess their toxicity and health 
hazards [377].  
Another issue is the correct interpretation of the data obtained using 
these complex bio/nanomaterial systems. A worthy goal for toxicologists 
and material scientists is the joint development of ‘green’ nanomaterial 
formulations – those optimized for function and minimal health impact. 
The European Commission considers safety issues and precautionary 
principles for nanotechnology application on daily basis [378].  



 

 



 

 

 
  

 

7 
Conclusions and 

recommendations 

 

 

7.1 Conclusions 

One of the biggest challenges of this project was to synthesize dielectric 
nanocomposites with various f iller types. In order to make an organic 
polymer and inorganic filler compatible with each other, it is essential to 
create a chemical bonding between the constituents. To obtain a good 
dispersion of the nanoparticles, treatment with a coupling agent is a 
vital factor. Surface modified aluminum oxide, aluminum nitride, boron 
nitride and magnesium oxide nanoparticles were introduced into an 
epoxy resin using ultrasonic bath and high shear mixer for further 
improvement of the particle dispersion. 
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The heat conduction mechanism of nanocomposite materials is 
completely different from that in a matrix that has been reinforced by a 
conventional sized microfiller. In case of microcomposites, the heat is 
conducted mainly via the highly conductive filler. It has been shown that 
nanoparticles reorganize the polymer structure in such a way, that 
epoxy chains are aligned perpendicular to the particle surface. The 
alignment is possible because of surface functionalization by a coupling 
agent. It was postulated that the interface polyme r volume, which is 
affected by the alignment of polymer chains, conducts the heat much 
better than an amorphous polymer that is not affected by nanoparticles. 
We proposed a three-phase Lewis-Nielsen model and used this model to 
describe the behaviour of epoxy filled with surface modified 
nanoparticles. The model fits the experimental data very well and takes 
the interface thermal resistance into account. 
 
Besides the thermal properties, the dielectric characteristics are affected 
by the interfacial layer as well. The interfacial polymer layer immobilizes 
the epoxy chains around the particles. The dipolar groups in these 
immobilized chains are not able to follow the external field, which leads 
to a lower polarization of the interfacial volume and as a result to lower 
polarization of the whole composite. The lower polarization of a material 
reflects on the macroscopic properties of a material, such as the relative 
permittivity. The highest degree of epoxy chain immobilization and as a 
result, lowest relative permittivity value is observed for the systems 
filled with 2 wt.% of the nanoparticles. The smaller the particles are, the 
larger the relative interfacial layer is and the larger the total interface 
volume. We notice that the smallest nanoparticles (MgO with an APS of 
22 nm) create the system with the lowest relative permittivity values. 
Even the system containing 10 wt.% of MgO has a lower    than neat 
ER. Conversely, the addition of 5 wt.% of the largest particles (AlN with 
an APS of 60 nm) results in a higher    than for the neat ER. If the 
volume fraction increases, the amount of material with a high relative 
permittivity is increasing, and leads to a higher relative permittivity of 
the overall nanocomposite. 
The relative permittivity of epoxy-based compounds with 10 wt.% of 
modified BN particles is in all cases higher than neat ER, when the 
particles have submicron and micron-size dimensions. However, the    
of the composite with nano-BN is lower than that of the reference 
polymer. This is attributed to the influence of interfacial volume, which 
is a function of the particle size.  
We can conclude that the size of nanoparticles and the thickness of the 
interfacial layer that is created by surface modif ication of nanoparticles, 
act as a main characteristic determining the dielectric behaviour of 
composites at low filler concentrations. 
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The dielectric spectroscopy investigations demonstrated a reduction of 
the real and imaginary parts of the complex permittivity for all samples 
after subjecting the samples to postcuring. The postcuring leads to the 
evaporation of water and finalizes the process of epoxy curing.  
 
An overview was given how to improve the ex-situ polymerization 
process as well as different methods of nanocomposite production. It 
was described how nano-micro-composites can be used beneficially for 
industrial application in the near future.  

7.2 Recommendations 

For the future work we would recommend to verify some of the concepts 
that have been brought up in the course of this project: 
 

 Thermal treatment of nanofillers in vacuum before surface 
functionalization may free up the hydroxyl groups on the surface 
of the nanoparticles to make them available for hydrogen 
bonding with the SCA and further with the polymer matrix. The 
effect of temperature treatment can be considered as an 
additional step in order to improve the contact between the 
polymer matrix and introduced filler. 

 
 In the three-phase Lewis-Nielsen thermal conductivity model, the 

thermal conductivity of the filler and the interfacial layer were 
estimated as well as the thickness of the layer. Direct 
measurements of the interfacial layer and the thermal 
conductivity of individual particles will be helpful to understand 
the nature of the thermal conductivity of nanocomposites and 
make the fitting model more accurate.  

 
 One of the possible ways to improve the thermal conductivity of 

polymer materials is the creation of micro-nano-composite 
systems. It is common practice to add up to 60 wt.% of low-price 
inorganic filler such as silica, quartz or alumina to the epoxy 
insulation used for HV equipment. This improves the thermal 
conductivity up to 0.75-0.9 W/m·K, compared to 0.15-0.25 
W/m·K of neat epoxy [195, 379]. The thermal conductivity can 
be further improved by surface modification of microparticles 
with silane coupling agent. The other solution is to use high 
aspect ratio microparticles. The most effective way to improve 
the thermal conductivity could be the production of a material 
system, which combines several methods.  
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o First of all, the amount of microfiller should be optimized.  
o Secondly, the particles have to have a high aspect ratio.  
o Thirdly, the surface should be modified in order to 

minimize the thermal resistance between epoxy and filler.  
o In addition, the surface modified nanoparticles with high 

aspect ratio can be added to create thermally conductive 
channels between microparticles.  

 
 Previous measurements [8, 78, 79] on epoxy-based 

nanocomposites saw a drastic increase of the short-term DC 
breakdown voltage. The short and long term AC BD tests are of 
vital importance for practical applications and need to be 
considered for the future research.  

 
 Using a finite-element program, like COMSOL, or Molecular 

Dynamics simulation software, to model an optimal system with 
maximal achievable thermal conductivity. Furthermore, to check 
the influence of different parameters such as the thermal 
conductivity of particles, their shape, aspect ratio and thickness 
of the aligned polymer layer. 

 
 



 

 

 
 
 

Appendix A  
Formation of nanoparticle 

paths 

 

  

A.1 Theory 

Anisotropic material properties can be induced in ceramic/polymer 
composites by applying an alternating electric field of moderate strength 
during processing. Under suitable conditions, particles of an inorganic 
filler material with high thermal conductivity that are randomly 
dispersed in a liquid pre-polymer can be polarized and organize the 
paths consisting of particles in the electric field (see Fig. A.1). 
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Fig. A.1: Types of electrically induced structure observed to form  
in low volume-fraction suspensions of lead titanate  

in a curing epoxy resin [380]. 
 
When a single particle suspended in a fluid medium is exposed to an 
electric field, two phenomena can possibly occur:  
 

1. electrophoresis; 
2. dielectrophoresis. 

 
Electrophoresis is defined as the translational motion of charged matter 
within any electric field (uniform or nonuniform). Dielectrophoresis is 
defined as translational motion of neutral matter caused by the 
induction of polarization in a nonuniform electric field. The major 
differences between the electrophoresis and dielectrophoresis effects are 
given as: 
 

1. The dielectrophoretic effect is not dependent on the polarity of 
the applied electric field, while the electrophoretic effect is 
dependent on both the field direction and the polarity of the 
particle charge. 

Type I) Weak interaction of polarized particles 

Type II) Randomly ‘located pearl chains’ 

Type III) Chains aggregate into ‘columns’ 
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2. The dielectrophoretic force depends on the dielectric 
permittivities of both – particles and surrounding fluid and on the 
difference between them. Higher f ield strengths are required for 
fluids of low dielectric permittivity. Electrophoresis operates 
under relatively low fields. 

3. The dielectrophoretic effect is proportional to the particle volume 
and is more pronounced as the particle size increases. In contrast, 
the electrophoretic effect is relatively independent of particle size.  

4. Dielectrophoresis requires very divergent nonuniform electric 
fields for pronounced effects while electrophoresis is observed in 
both uniform and nonuniform electric fields [381, 382]. 

A.2 Dielectrophoresis 

The interaction potential between particles in the suspension can be 
expressed as: 
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where ( )V r  is total interaction potential, 

0  is permittivity of vacuum, 

m
  is relative permittivity of the medium, a  is average particle radius, 

  is zeta potential,   is Debye reciprocal length, r  is interparticle 

radius, and A  is Hamakar constant [383]. 
The first term in Eq. A.1 represents a repulsive potential due to the 
Stern and Gouy-Chapman charge layers surrounding a particle in 
suspension. The second term is an attractive potential based on van der 
Waals forces of attraction. 
If the electric field is applied to the suspension, a third term must be 
introduced. This term is the solution to the Laplace equation and is 
included in the interaction potential equation to yield: 
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where   is orientation angle of particles,   is effective polarizability, 

f
  is relative permittivity of the filler, and loc applied

E E  [384, 385].  
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The orientation angle dependence of Eq. A.2 shows why the particles 
form the well recognized chains exclusively along the electric field. The 
orientation angle   is defined as the angle between a vector parallel to 
the applied field and a vector connecting the centers of two particles in 
suspension (see Fig. A.2). The contribution to the attractive interaction 
potential is maximal when 0   . At a critical angle of approximately 
55°, the dipole-dipole potential switches from an attractive to a 
repulsive potential. Hence, particles existing at an orientation greater 
than 55° will experience a repulsive potential. The result is the 
formation of distinct chains parallel to the applied field direction.  
 

 
 

Fig. A.2: Schematic of the orientational relationship of the interaction 
potential under an applied electric field [381]. 

 
There are several requirements necessary for the matrix materials in the 
dielectrophoretic composite: 
 

 The matrix must be an insulating material of low dielectric 
constant that can easily transform from a liquid-like to a solid 
state. The liquid-like state is necessary for easy orientation of the 
particles. The matrix must be insulating in order to allow the 
generation of a polarization field and the relative permittivity is 
desired to be low so the effective polarizability,   is maximized 

for a given particular filler material.  
 The polymer matrix should have a high breakdown strength in 

the uncured state. 

 

 

Two particles  
at zero 
degrees  
to applied 
field. 
Result is 
attractive 
potential 
energy. 

 Two particles at>55° to 
applied field direction. 
Result is repulsive  
potential energy. 

 

Applied E-field 
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 The viscosity of the uncured polymer matrix must be low enough 
to allow dielectrophoretic migration of particles into the chained 
structure but high enough to prohibit settling of the particles due 
to gravitational forces. If particles of the filler component have a 
higher density than that of the surrounding fluid, they tend to 
settle down under the influence of gravity. The rate of 
sedimentation depends on particle size and shape and also on 
the viscosity of the surrounding fluid. However, the forces acting 
on different sized particles are not of the same magnitude.  

 A further difficulty concerns the viscosity of the surrounding fluid, 
which is not constant over the course of the processing cycle. For 
example, thermosetting polymers such as epoxy resins exhibit a 
progressive increase in viscosity with time as polymerization 
proceeds. At the same time, the polymerization reaction itself is 
exothermic and heat is generated. The fluid experiences a rise in 
temperature and consequently its viscosity decreases.  

 The matrix should cure rapidly and easily to allow for a rapid 
production rate and lower production costs. 

 
Theoretically, any material with a dielectric constant higher that that of 
the matrix ( 1  ) can be aligned and chained through the 

dielectrophoretic effect [381].   

A.3 Electrorheological effect 

The electrorheological effect was first discovered by Winslow in 1949 
[386]. Winslow discovered that in certain suspensions a change in 
viscosity can be observed on application of an electric field to these 
suspensions. The application of AC or DC electric field leads to a 
redistribution of the dispersed particles into chains of aggregates.  
The origins of the electrorheological effect are still unclear. It is 
generally accepted that the electric field induces a space charge 
separation on the suspended particles to form a dipole. The induced 
dipoles on one suspended particle then interact with each other in 
accordance to electrostatic dipolar-dipolar attraction. The dipolar 
interactions drive the particles to form the chains. 
Using the electrorheological effect of chain formation, it is possible to 
align particles between electrodes. It is possible to manipulate a 
uniformly dispersed uncured mixture to one that has nonuniform mixing 
of volume fraction and connectivity [387]. 
The electrorheological effect and dielectrophoresis/ electrophoresis take 
place at the same time, since they appear at similar conditions. It is 
hard to distinguish which effect plays the dominant role, therefore the 
formation of paths of nanoparticles can be equally attributed to both of 
these effects.    



138                                                                         Appendix A 

 

The dipole interaction leads to the formation of chains, which are parallel 
to the applied electric field. Dielectrophoretic assembly can be induced 
by applying a high alternating field across a particle suspension in 
uncured thermoset polymers.  
The results described in literature [388] obtained on aligned samples are 
far from the values predicted by the parallel mixing rule. The reason for 
this discrepancy is that the particles within each chain are not actually 
touching, but are separated by a thin polymer layer between them. 
These thin polymer interfaces disrupt the continuity of the filler phase 
and result in substantial disagreement with the parallel mixing rule. 
In a dielectrophoretic process, a dispersion of filler particles in a liquid 
pre-polymer is exposed to an AC electric field. Under suitable conditions, 
the filler particles become polarized and exhibit a mutually attractive 
force, which causes them to form chain-like structures between the 
electrodes. The liquid can then be solidified by means of a chemical 
reaction or a change in temperature and the newly formed structures 
fixed in place to form a composite material with anisotropic properties. 
The frequency of the applied electric field is dictated by the dielectric 
properties of the fluid and the filler. In a polyurethane matrix optimum 
alignment can be established with frequencies ~ 10 Hz, whereas in an 
epoxy the higher conductivities require frequencies ~ 700 Hz to produce 
alignment [389].  

A.4 Experiment 

For the experiment on the alignment of nanoparticles a special mold was 
designed and produced. Basis was the mold that has been used for 
casting samples for the thermal conductivity measurement. Custom 
made PTFE bushings were introduced to separate the HV and ground 
electrodes.  
The experimental setup consisted of the following parts (see Fig. A.3): 

 Function generator, to generate the initial sine wave 
 AC amplifier, for increasing the power of the sine wave 
 Oscilloscope, to measure amplitude and frequency of the input 

and output voltages and output current 
 Aforementioned mold, where the epoxy with functionalized 

particles was cast 
 Oven, for  curing of the sample during voltage application 



Formation of nanoparticles paths                                 139 

 

 

 
Fig. A.3: Schematic representation of the experimental setup for  

chain formation of nanoparticles. 
 
The frequency of the sine wave was 1 kHz and the voltage amplification 
was 1000 times with an input voltage of 1V. Hence we expected the 
output voltage to be 1 kV. But, the output voltage was initially only 50V. 
This voltage level was stable for approximately 15 minutes. Since the 
mold with the liquid composite was inside the oven at 140°C, the 
polymerization process of the epoxy started at some point. The epoxy 
resin undergoes a change in conductivity as a result of the curing 
process, consequently the output voltage started growing. Within 8 
minutes the output voltage reached 1 kV, which was the set-point from 
the beginning, and remained constant afterwards.  
Unfortunately, the thermal conductivity value of the produced sample 
was approximately the same as in the sample that was created without 
voltage application (normal production procedure).  
We did not check the morphological structure with TEM, but it seems 
that the attempt of particle alignment failed. The reason is probably the 
high electrical conductivity of the epoxy resin in it’s liquid state. Ceramic 
particles can be aligned if their dielectric constant is considerably higher 

than that of the matrix, i.e. 1
2
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relative permittivity of the epoxy resin 3.3
m
   and the relative 

permittivity of the filler (AlN or Al2O3) 9
f

   [194, 390], the effective 

polarizability will be 0.36  . Since the effective polarizability is less 

than 1, this is not enough to organize nanoparticle paths inside the 
polymer host. 
Fig. A.4 and Table A.1 illustrate the input and output voltages and 
output current, in cyan, purple and orange lines, respectively, at 
different stages of the experiment. Figs. A.4.a to A.4.e have been 
captured in time intervals of 1 minute. Here the transformation of the 
output voltage from rectangular to sinus can be witnessed. After 8 
minutes of voltage application, the voltage remains constant (Fig. A.4.f), 
while the current is slowly dropping down.  
 

Table A.1. Changing parameters as a function of time during the 
experiment of alignment of nanoparticles. 

 
Time, min Output Voltage, V Output current, mA 

0 47.2 19.82 
1 62.7 19.8 
2 90.7 19.78 
3 143 19.72 
4 255 19.58 
5 475 18.96 
6 852 17.32 
7 1.040 8.58 
8 1.050 4.4 
10 1.050 3.9 
15 1.050 3.68 
75 1.050 3.4 
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e) 

 
 

 

f) 

 
 

Fig. A.4: Input voltage, output current and output voltage  
at different moments of time. 
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List of abbreviations 

 
Abbreviation Description 

  
AC Alternating current 
AlN Aluminum nitride 

Al2O3 Aluminum oxide 
Al(OH)3 Aluminum hydroxide 
AlO(OH) Aluminum oxide hydroxide 

AlP Aluminum phosphide   
APS Average particle size 
BAs Beryllium arsenide 

BaSO4 Barium sulfate 
BaTiO3 Barium titanate 

BD Dielectric breakdown 
BeO Beryllium oxide 
BeS Beryllium sulfide 
BN Boron nitride 
BP Boron phosphide  

C2H6OH Ethanol 
CA Coupling agent 

CaCO3 Calcium carbonate 
CaO Calcium oxide 

CaSO4 Calcium sulfate 
CP Composite particle 
CNT Carbon nanotube 

DGEBA Diglycidyl ether of bisphenol-A 
DC Direct current 

DMA Dynamic mechanical analysis 
DS Dielectric spectroscopy 
EDS Energy dispersive spectroscopy 
ER Epoxy resin 

FESEM Field emission scanning electron microscopy 
FTIR Fourier transformed infrared spectroscopy 
HDPE High density polyethylene 
HV High voltage 
GaN Gallium nitride 
GaP Gallium phosphide 

GLYMO γ-glycidoxypropyl-trimethoxysilane 
GPS γ-glycidoxypropyl-trimethoxysilane 
IR Infrared 

LDPE Low density polyethylene 
LN Lewis-Nielsen model 
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Abbreviation Description 

  
MC Microcomposite 

MesC Mesocomposite 
MgO Magnesium oxide 

Mg(OH)2 Magnesium hydroxide 
MTPHA Methyltetrahydrophthalic acid anhydride 
MWCNT Multiwalled carbon nanotubes 
Na4P2O7 Sodium-diphosphate 

NC Nanocomposite 
NMC Nano-micro-composite 
NMR Nuclear magnetic resonance 
OM Optical microscope 

OMLS Organically modified layered silicates 
PA Polyamide 
PC Polycarbonate 
PE Polyethylene 
PI Polyimide 

PMC Polymer microcomposite 
PMesC Polymer mesocomposite 
PMMA Polymethyl methacrylate 
PNC Polymer nanocomposite 
PP Polypropylene 

PVC Polyvinyl chloride 
prm Revolutions per minute 
SC Silicon carbide 
SCA Silane coupling agent 
SF6 Sulfur hexafluoride gas 
SEM Scanning electron microscope 
Si3N4 Silicon nitride 
SiO2 Silicon dioxide 

SrTiO3 Strontium titanate 
US Ultrasonic 

SWCNT Single-walled carbon nanotubes 
TEM Transmission electron microscope 
TGA Thermogravimetric analysis 

THASYS Thin heater apparatus system 
TiO2 Titanium dioxide 
UV Ultraviolet 
XRD X-ray diffraction 
ZnO Zinc oxide 
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A  J Hamakar constant 

C  J·kg-1·K-1 Specific heat per unit volume 

pC  J·m-3·K-1 Heat capacity 

d  nm Particle size 

D  m2s-1 Thermal diffusivity 

eff
H  mm Effective sample thickness 

M  g·mol-1 Molar mass 

AN  mol-1 Avogadro’s number 

q  J Heat flow 

K
R  m2·K·W -1 Kapitza’s resistance 

Tg K Glass transition temperature 
r  nm Average radius of nanoparticles 

W   Weight fraction of the filler additives 

0  C2·s2·kg-1·m-3 Permittivity of vacuum 

*   Complex permittivity 

    Real part of the complex permittivity 

    Imaginary part of the complex 
permittivity 

c   Real part of the complex permittivity 
of the composite 

m   Real part of the complex permittivity 
of the polymer matrix 

p   Real part of the complex permittivity 
of the particles 

r
   Relative permittivity 
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Symbol Unit Description 

   

D
  K Debye temperature 

fv  nm3 Volume of a particle 

l
v  nm3 Volume of an interface layer 

  W·m2 Heat flux 

   Shape factor 

  W·m-1·K-1 Thermal conductivity 

c
  W·m-1·K-1 Thermal conductivity of a composite 

f
  W·m-1·K-1 Thermal conductivity of a filler 

m
  W·m-1·K-1 Thermal conductivity of a polymer 

matrix 
  kg·m-3 Density of a material 

f  kg·m-3 Density of a filler material 

m
  kg·m-3 Density of a polymer matrix 

GPS  kg·m-3 Density of GPS 

  m·s-1 Average sound velocity 
  S·m-1 Electrical conductivity 
   Volume fraction of a filler 

M
   Maximum packing fraction of the 

dispersed particles 
   Sphericity 

  mV Zeta potential 

   Grüneisen’s constant 
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