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ABSTRACT
Thermoplastic nanocomposites are very intriguing materials, since they have enormous
possibilities in various applications, for instance, in automotive and packaging industries. If the
full potential of nanofillers can be harnessed, it is possible to obtain marked benefits such as
lighter-weight structures with equal or improved mechanical performance, better barrier
properties, improved thermal and fire resistance, easier processability and better surface
appearance. However, establishing a fine and uniform dispersion and strong adhesion is often
challenging in thermoplastic polymer matrices.
The aim of this study was to analyze the dispersion and performance of three nanofillers (clay,
calcium carbonate and titanium dioxide) in melt compounded thermoplastic nanocomposites.
Various melt compounding techniques, filler surface modifications and coupling agents were
applied and their effects on the nanocomposite structure and properties were examined.
In nanoclay-filled composites, it was shown that both the processing history and the coupling
agent characteristics have significant effects on the nanocomposite structure and properties. The
most balanced overall performance was achieved through masterbatch dilution where the two
most critical parameters, dispersion and adhesion, were best combined. The mechanical property
enhancements were more pronounced with the use of the in-house-made masterbatches in
comparison to their commercial counterparts. As comes to the effects of the coupling agent
selection, the molecular weight of the coupling agent seemed to have a strong influence on the
obtained intercalation and exfoliation level, whereas its maleic anhydride content seemed to be
more crucial in terms of mechanical property enhancements. However, after the two-phase
mixing process the use of the coupling agent having lower functionality led to high mechanical
performance as well.
In case of CaCO3-filled nanocomposites, it was shown that the success of the surface
modification process played a crucial role in terms of filler dispersion and property
enhancements. Even though similar properties were achieved with commercial unmodified
CaCO3 together with a coupling agent or neat stearic acid-modified CaCO3, the behaviour of the
surface-modified pilot grade was considerably divergent resulting in very soft and tough
behaviour.
The TiO2-based nanocomposites were prepared either by direct melt compounding or by first
coating the polymer particles with TiO2 through atomic layer deposition (ALD) followed by
subsequent melt compounding. The morphological structure of the nanocomposites differed
markedly depending on their processing history. The ALD-created materials produced a stronger
effect on mechanical properties leading to, for instance, a higher Young’s modulus. On the other
hand, they induced a sharp transition from ductile to brittle behaviour.
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1. Introduction
The performance of nanofillers has been studied widely in different thermoplastic and thermoset
materials. In terms of thermoplastics, most interest has been focused on polyamide (PA),
polypropylene (PP) and polyethylenetereftalate (PET) due to their versatile applications.
Nanofillers are very intriguing because they possess potential to accomplish similar, or even
better, properties compared with conventional micron-sized fillers but at notably lower filler
concentrations. That is, if they are thoroughly dispersed within the matrix and fully exposing
their tremendous interactive surface area. Lower filler content provides, for instance, lighter
weight, better surface appearance and easier processing. Weight reduction accompanied by
maintaining or even improving mechanical properties and surface quality is a great benefit for
instance in automotive, aviation and sports industries [1]. In packaging technology, the utilization
of nanofillers (mainly nanoclay) offers possibilities for producing thinner bottles and packaging
films with equal or even enhanced barrier properties [2, 3]. Furthermore, nanofillers have
potential in improving thermal and fire resistance [2, 4-8] especially if they are used
simultaneously with conventional flame retardants, leading to synergistic effects that reduce the
needed total amount of the filler. The synergism between nanofillers and conventional fillers has
also been demonstrated in case of mechanical property enhancements for instance by Isitman et
al. [8], who have observed a notable increase in Young’s modulus upon combined use of
nanoclay and glass fibre.
However, many challenges have to be overcome before the potential of nanofillers can be fully
utilized. The two main obstacles are difficulties to reach proper dispersion and adequate adhesion
[1, 2, 9, 10]. Compatibility with the polymer matrix is often poor since nanofillers are usually
hydrophilic, whereas many commonly used polymers have a hydrophobic nature. In addition,
nanofillers often possess high surface energies and thus tend to agglomerate. The surface energies
of fillers are usually lowered by modifying the particle surface to prevent pronounced
agglomeration and to improve the compatibility of the filler with the polymer matrix.
Furthermore, the use of various coupling agents is often preferred to promote compatibility,
enhance dispersion and strengthen adhesion between the filler and the matrix.
In general, polymeric nanocomposites can be produced either with in-situ polymerization, melt
intercalation or melt compounding. All of these processing methods can be utilized with
thermoplastic matrices, whereas in case of thermoset materials the options are more limited. The
best results in terms of dispersion level and property enhancements have so far been obtained by
in-situ polymerization, but since it is a complicated and expensive procedure and often limited to
laboratory scale (likewise melt intercalation), the main focus has been placed on developing and
adjusting melt compounding processes in order to produce nanocomposites of good quality. From
engineering point of view, melt compounding is the most convenient method to prepare
nanocomposites, since it provides a large-scale and low-cost production route and is already
adopted in the plastics industry. However, melt compounding sets some major challenges, since
achieving uniform dispersion, elimination of agglomerates and obtaining proper adhesion can be
troublesome due to the high melt viscosities of most polymers and their hydrophobic character.
In order to break down the filler agglomerates and assist the formation of fine dispersion, the
surface modification of the filler particles becomes a key issue. Coupling agents are often also
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added to the composition to improve the interfacial interactions of the filler and the matrix. Other
important factors influencing the filler dispersion in melt compounding are the selection of the
mixing protocol (direct melt compounding, masterbatch dilution) and processing parameters
(screw speed, screw configuration, mixing temperatures). A less studied but yet promising
candidate in nanotechnology is atomic layer deposition (ALD), since through the ALD process it
is possible to create thin, uniform layers of nanofillers directly onto the polymer matrix particles
prior to melt compounding even at relatively low temperatures. Subsequent melt compounding of
these ALD-coated polymer particles is seen as a novel attractive method to produce well
dispersed polymeric nanocomposites [11-14].
This thesis focuses on the effects that various melt compounding techniques, filler surface
modifications and coupling agents have in improving the dispersion of nanofillers and
performance of the nanocomposites. The work also introduces preliminary results from the
utilization of ALD technology in coating PA particles with titanium dioxide (TiO2) followed by
subsequent melt compounding to create nanocomposite structures.
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2. Polymers and coupling agents
2.1 Polymer matrices
The polymer matrices applied in this study included polypropylene (PP), high density
polyethylene (PE-HD) and polyamide (PA), all of which are commonly used in various
applications and also of great interest in terms of nanocomposites. Details of the applied matrix
materials are presented in Table 1.
Table 1. Details of the applied polymer matrices.

*Superscripts I, II, III, IV and V refer to the corresponding Publications where the materials were used.

Polyolefins (such as PP and PE-HD) are the most consumed group of polymers and therefore
tempting candidates also in nanocomposite production. However, their strong hydrophobicity
issues many challenges in achieving proper dispersion of nanofillers which are often hydrophilic.
These challenges are usually attempted to be overcome by surface modification of the filler
particles and/or the application of coupling agents. Polyolefins also possess the benefit of being
able to be melt compounded at relatively low processing temperatures, thus protecting the often
heat-sensitive surface chemistries of the nanofillers and coupling agents. [1] PP has gained many
wide-range applications in household items, packaging and automotive industry due to its easy
processability, low cost, relatively good mechanical properties and recyclability. However, it
usually needs reinforcing to meet the demands of engineering applications. In the late 1990’s,
Toyota research groups [15-17] were among the first to produce PP-based nanocomposites by
melt compounding PP together with modified nanoclay and maleic anhydride-modified
polypropylene (PP-g-MA).
Also in case of PA, the pioneering work of Toyota researchers has been crucial, since they
launched the first commercial nanocomposite in the early 1990’s – a PA-6-based nanoclay-filled
material prepared by in-situ polymerization. This material was later applied in timing belt covers
of the Toyota Camry series [1]. PA-based nanocomposites are still used in various component
covers in the engine departments of motor vehicles due to their high strength and good thermal
resistance. The success of PA in the field of nanocomposites is based on its hydrophilic nature
which enables fine dispersion of nanofillers with less effort than in hydrophobic polymers.
Consequently, the obtained improvements in material performance have been notable.
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2.2 Coupling agents
Most commonly applied coupling agents in thermoplastic nanocomposites include various maleic
anhydride derivatives, silanes and amino acids. In polyolefin-based nanoclay-filled composites,
maleic anhydride-modified polypropylenes (PP-g-MA) and polyethylenes (PE-g-MA) are often
applied. However, the coupling-agent-to-clay ratio has varied significantly in the related studies
[18, 19]. Some of the most common ratios include 1:1, 2:1, 3:1 and 4:1 thus resulting in an equal
or higher amount of the coupling agent in comparison with the clay [18-20]. Usually the level of
intercalation and exfoliation increases as a function of the coupling agent content. However,
mechanical performance or other properties often suffer due to high concentrations of lowmolecular-weight substances. This complicates balancing between the obtainable nanocomposite
structure and properties and makes the selection of the optimal mixing ratio difficult. The optimal
ratio depends on, for instance, the functionality and the chemical structure of the coupling agent,
the surface chemistry and the concentration of the nanoclay as well as the applied processing
method and processing conditions [21-23]. Thus, no clear rule for selecting the coupling-agentto-clay ratio exists.
Maleic anhydride derivatives that are based on the same base polymer, such as PP, may differ
from each other in terms of molecular weight and the amount of reactive maleic anhydride
groups. The influence of these parameters has been widely studied, but so far, the results on the
effect of these parameters have not been unanimous [19, 21, 22, 24, 25]. Generally, it seems that
the higher the content of the coupling agent and the higher its reactivity, the easier it is to reach
fine dispersion and strong adhesion. However, other properties may suffer especially if the
applied coupling agent has a low molecular weight [18, 19]. In terms of molecular weight, it has
been reported that although the level of intercalation and the uniformity of the dispersion is often
better when low-molecular-weight compounds are used, better compatibility with the matrix
leading to more pronounced exfoliation (and probably more pronounced effect on mechanical
performance) may be obtained with the use of high-molecular-weight coupling agents [19, 24,
25]. In this thesis, the performance of two PP-g-MA coupling agents with varying molecular
weight and functionality (Table 2) was studied in nanoclay-filled PP and PE-HD, and the results
are discussed in Publications I, II and IV. Furthermore, Licomont AR 504 was applied together
with unmodified calcium carbonate (CaCO3) in Publications III and IV. Other coupling agents
used in polymeric nanocomposites include, for instance, silanes and amino acids. Silanes do not
usually perform well in non-polar matrices like polyolefins but are often used with thermosets,
rubbers and polar polymer matrices [26, 27]. Amino acids were the first group of coupling agents
used in polymeric nanocomposites and they are usually applied in PA-based materials [27].
Table 2. Details of the applied coupling agents.

*Superscripts I, II, III and IV refer to the corresponding Publications where the materials were used.

4

3. Nanofillers
The effects that fillers have on the properties of composites depend strongly on their particle size,
shape, surface characteristics and degree of dispersion. The reinforcement potential that
nanofillers have over micron-sized fillers can be demonstrated by a simple comparison of
spherical filler particles of 1 m and 10-100 nm in diameter. If we can break up one 1 m particle
into those of 10-100 nm in diameter, it results in a total number of 106-103 particles. If we are
then able to disperse these 106-103 particles evenly to the matrix, the reinforcing potential is
tremendous in comparison with a single 1 m particle since the applicable interactive surface
area is 104-102 times larger.
To fulfil the definition of a nanofiller, at least one of the particle dimensions has to be in
nanometre scale (< 100 nm). Nanofillers are classified according to their shape into particles,
platelets and fibres. All of the dimensions of particle-type nanofillers (such as carbon black or
metal oxides) are in nanometre scale, whereas only two dimensions of the fibre-type and one
dimension of the platelet-type fillers usually fill this criterion. Typical fibre-type nanofillers
include various nanotubes, whereas clay minerals are probably the most common group in the
platelet-type category. [9]
Aspect ratio is one key element in defining the ability of a nanofiller to enhance, for instance,
mechanical properties. The higher the aspect ratio, i.e. relation of particle length to particle
thickness, the more it has potential in mechanical property improvement. As comes to various
nanofiller shapes, aspect ratio increases in the following order: particle, platelet and fibre, as
Figure 1 demonstrates. For instance, nanoclay has a thin platelet-type shape and a relatively high
aspect ratio whereas roundish particles (such as CaCO3 and TiO2) have a lower aspect ratio and
do not necessarily have an equally strong impact on mechanical properties. Meanwhile, they may
provide other benefits such as surface smoothness, gloss etc. Nanofillers often possess high
surface energies and are usually surface-modified to reduce the surface energy and prevent
agglomeration. Moreover, the modification of the filler particle surface usually enhances
compatibility with the matrix, which further facilitates achieving fine dispersion.

Particle

Fibre

Platelet

Ø 1-100 nm
Aspect ratio ~1

Ø 1-100 nm
Length 1-1000 m
Aspect ratio ~ 103-106

Ø 100-1000 nm
Thickness ~1 nm
Aspect ratio ~100-1000

Figure 1. Various nanofiller shapes and typical aspect ratios.
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In this thesis, three types of nanofillers were studied. Publications I, II and IV focus on the
possibilities of nanoclay and nanoclay-masterbatches in PP and PE-HD matrices, whereas
Publications III and IV concentrate on the effects of unmodified and surface-modified CaCO3
in a PP matrix. Moreover, the behaviour of unmodified and surface-modified TiO2 and ALDcreated TiO2 in a PA matrix are compared in Publication V. Table 3 presents some details of the
studied fillers and masterbatches.
Table 3. Details of the applied fillers and masterbatches.

*Superscripts I, II, III, IV and V refer to the corresponding Publications where the materials were used.
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3.1 Clay
Nanoclay is one of the most commonly used nanofillers of today. Clay minerals appear in various
structural forms but the most commonly used grades in nanocomposite production belong to the
family of layered aluminium silicates. They consist of silicate platelets where SiO4 tetrahedrons
and AlO6 octahedrons are organized in various combinations. The most common group of
layered aluminium silicates is smectites, where the platelets consist of SiO4 and AlO6 in relation
of 2:1. Their common structure is schematically presented in Figure 2. In fact, the term
“nanoclay’” usually refers to montmorillonite (MMT), which is the most common clay mineral
belonging to the smectite family [2, 9].

Figure 2. The common structure of smectites. [28]
The popularity of nanoclay is based on its easy availability, low price among nanofillers and
versatile modification possibilities which enable its successful application in many types of
polymers [1, 9]. Nanoclay appears naturally in agglomerated form. However, these agglomerates
consist of smaller primary particles of a couple of micrometers in diameter, which possess a
unique internal structure: they consist of small crystallites, where a random number of thin (~1
nm) individual silicate platelets are tightly packed parallel to each other. The diameters of these
platelets usually vary between few hundred nanometers resulting typically in aspect ratios of
about 200-500. [9]
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The platelets are weakly bonded by van der Waal forces and therefore there remains a small gap,
often referred to as interlayer spacing, between them. This space may be penetrated with solvent
molecules, monomers or molten state polymer chains especially if the interlayer spacing is
extended through modification. If polymer chains have no access between the silicate layers, the
filler stays in agglomerate form resulting in a conventional microcomposite instead of a
nanocomposite structure. If polymer chains enter between the platelets to an extent where the
interlayer spacing is increased but the mutual alignment of the platelets stays intact, the structure
is intercalated. If the platelets are fully separated and randomly oriented, the formation of an
exfoliated structure has been successful. Figure 3 presents these various nanoclay structures in
detail. In practise, it is common that all of the above structures are simultaneously present in the
composition. [2, 9]

Figure 3. Various structures of nanoclay-filled polymer composites. [9]
However, to reach such a dispersion level of nanoclay where the individual platelets are separated
and randomly oriented, i.e. exfoliated, is extremely difficult. If full or even partial exfoliation and
even distribution of filler particles is achieved, the interactive surface area between the filler
particles and the matrix increases significantly, enabling the possibility of notable property
changes already at low filler loadings. Furthermore, obtaining strong adhesion is also essential in
terms of mechanical property enhancements.
Surface modification of the clay particles is often needed to enhance their compatibility with the
matrix. Modification is usually carried out by exchanging the cations lying between the platelets
with more hydrophobic organic ions. The modification possibilities depend on the nature of the
clay mineral and the chosen polymer matrix. The modifiability of nanoclays is usually
represented with their cation exchange capacity (CEC, unit meq/100g) which relates to the
average amount of cations on the individual platelets. There exists numerous modification
possibilities but most commonly, the cations are replaced by alkyl ammonium or phosphonium
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ions. The idea behind the nanoclay modification process is to both enlarge the gap between the
platelets in order to facilitate the access of polymer chains between them and to reduce the
surface energy of the particles thus enhancing compatibility with the polymer matrix. The
modifying ions can be arranged in various forms, as presented in Figure 4, including mono- or
bilayer, pseudo-trilayer, paraffin and lipid-type bilayer structures [3, 9]. The longer the polymer
chains of the replacing ions and the higher the cation exchange capacity of the clay, the more the
spacing between the platelets enlarges. Modified clay minerals are usually referred to with the
term organoclay. Most commercial nanoclays are surface-modified.

Figure 4. Various orientations of the modifying ions between silicate platelets. [3]
Unfortunately, thermal resistance of most organic ions is limited, which may induce problems
especially in melt compounding where relatively high operating temperatures are often needed.
For instance, such alkyl ammonium ions that contain long carbon chains may start to degrade at
around 200 oC which is well below the melt compounding temperatures of many polymers.
Minor degradation of the surface chemistry is inevitable during melt compounding but if it occurs
to an extent where the modification is partly or fully destroyed, the silicate layers collapse and the
obtained increase in interlayer distance is lost, weakening the prerequisites for proper dispersion,
as shown in Figure 5. Therefore, the applicability of nanoclay in melt compounded
thermoplastics is strongly limited by their processing temperatures. [2, 29]
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~ 30 oC

~ 40-180 oC

> 200 oC

Figure 5. Degradation and changes in organoclay structure at elevated temperatures.
[modified from 29]
In previous studies [30], it was shown that in one-phase compounding, it is possible to increase
the exfoliation level of the clay by introducing higher shear rates, i.e. higher screw speed during
the twin-screw extrusion process. In this thesis, the main focus was on studying the effects that
varying melt processing history and the characteristics of coupling agents (molecular weight,
functionality) have on the structure and properties of the prepared nanoclay-filled polyolefinbased composites. The results are discussed in Publications I, II and IV.

3.2 CaCO3
Calcium carbonate (CaCO3) is one of the most widely consumed inorganic fillers in the
thermoplastic industry. Limestone (which consists of 95-100 % of CaCO3) is a commonly
appearing mineral all around the world. It appears in many forms, colour shades and
compositions depending on its formation history and geographical origin. The various types of
CaCO3 are obtained by first grounding the limestone into coarse crush and subsequently
pulverizing and screening it into varying particle sizes. Most common grades include ground
calcium carbonate (GCC) and precipitated calcium carbonate (PCC), the latter originating from
burnt lime. Burnt lime is generated by burning limestone in a furnace, thus transforming CaCO3
into calcium oxide (CaO). CaCO3 is commonly used as a filler and pigment in plastic, paper and
paint industries. Its particle size varies typically in the range of 0.8-40 m and the loadings of
micron-sized CaCO3 are usually in the range of 20-40 wt% in polymeric composites. [26, 31, 32]
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Micron-sized CaCO3 has traditionally been used mainly for cost reduction purposes, viscosity
and shrinkage control and to improve surface quality while its reinforcing effect has been low. It
is inexpensive and can be applied at high loadings. Its other benefits include wide range of
available particle sizes, light colour, easy dyeing and versatile surface modification possibilities.
Nowadays, increasing interest is placed on the use of nano-CaCO3 to also obtain mechanical
property enhancements and such surface smoothness and gloss that cannot be reached with
conventional CaCO3. [32-34]
CaCO3 particles possess a strong tendency to agglomerate due to their high surface energy and
their reactivity with atmospheric moisture which creates hydroxyl groups on their surface. The
hydroxyl groups make the filler surface hydrophilic, so the surfaces of the CaCO3 particles are
often modified in order to reduce the surface energy and to accomplish a more compatible
interface with hydrophobic matrices. CaCO3 is usually surface-modified with stearic acid, other
fatty acids or their salts, as presented in Figure 6. Through surface modification, the surface
energy level of CaCO3 can be lowered from 200 mJ/m2 down to 40 mJ/m2, which is in the same
range as the surface energies of most polymers. [33, 35, 36]

Figure 6. Surface modification of nano-CaCO3 with sodium stearate. [37]
Although the mechanical properties of nano-CaCO3-filled polyolefin-based nanocomposites have
been comprehensively studied during the last decade [34, 37-46], the results have not been
unanimous so far. In previous studies [47], the effects of micro- and nanosized CaCO3 on the
mechanical, thermal and rheological properties of PP-based composites were compared, whereas
in this thesis the focus was on comparing the structure and properties of unmodified and surfacemodified nano-CaCO3 in a PP matrix. The results are discussed in Publications III and IV.
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3.3 TiO2
Titanium dioxide (TiO2) is a white pigment commonly used in paint, paper and cosmetics
industries due to its high refractive index, i.e. its ability to reflect incoming light. In fact, its
refractive index is higher than that of any other commercial white pigment. It is also commonly
applied in, for instance, sun blocks in order to absorb UV radiation and it has many
photocatalytic applications such as self-cleaning surfaces. TiO2 is available in various particle
sizes, which affect its properties as a pigment and an UV absorber. However, agglomeration
readily compromises the efficacy of TiO2, therefore achieving proper dispersion is crucial in
order to obtain the best performance. [48]
TiO2 is obtained from the following minerals: rutile, anatase, brookite and ilmenite. The first
three consist of mainly TiO2 and their crystal structure is octahedral. Both rutile and anatase are
tetragonal but differ in the mutual arrangement of the octahedra, whereas brookite is
orthorhombic. The colour of the minerals ranges from yellowish to brownish. The most
commonly applied forms of TiO2 are rutile and anatase. Rutile is more stable and upon heating to
temperatures above 700 oC, anatase and brookite are transformed into rutile as well. Ilmenite is a
titanate of ferrous iron, and TiO2 can be derived from it through sulphate or chloride processes
during which the traces of iron are removed. Depending on the manufacturing process, either
rutile or anatase forms of TiO2 are generated. Modern TiO2 production lines are almost
exclusively based on the chlorine process, since it leads to higher purity TiO2, less waste and a
smaller quantity of toxic materials. [48]
In this thesis, comparison between unmodified and surface-modified nano-TiO2 and ALD-created
TiO2 materials was carried out in a PA matrix in terms of filler dispersion and nanocomposite
structure. At the same time, mechanical properties of the prepared materials were addressed. The
results are discussed in Publication V.
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4. Processing methods
Thermoplastic nanocomposites are nowadays mainly produced either by melt compounding or
in-situ polymerization. Melt compounding is more intriguing in terms of industrial scale
production since it is easily adaptable by the industry, low-cost, environmentally friendly
(solvents are not needed) and effective in comparison with other alternatives such as in-situ
polymerization [1, 3, 27] and melt intercalation [27, 49] presented in Figures 7 a and b. They are
often slow and expensive, limited to laboratory scale and include complicated processes. The
major challenge in nanocomposite production by melt compounding is achieving uniform and
adequately fine dispersion of the nanofiller within the molten-state matrix as well as establishing
strong adhesion. Moreover, thermal degradation of the surface chemistries of the nanofillers
and/or the applied coupling agents may present a problem if the processing temperatures are high
or the processing sequence is prolonged. [2, 29]

(a)

(b)

Figure 7. Principles of a) in-situ polymerization and b) melt intercalation. [50]

4.1 Twin-screw extrusion
In melt compounding processes, the level of filler dispersion and adhesion are mainly affected by
the surface modifications of the fillers, the compatibility of the filler and the matrix, the filler
content, the applied coupling agents and their functionality, the amount of shear forces that are
directed to the material, and the duration of the mixing sequence. In terms of high quality
nanocomposite production, sufficiently efficient and long-term mixing is essential in order to
enable proper dispersion of the filler particles. This challenge is usually addressed by using twinscrew extruders and/or two-phase, i.e. masterbatch-based, production.
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As already mentioned, the most convenient and efficient way of producing nanocomposites
through melt compounding is twin-screw extrusion in comparison with single-screw extruders,
microextruders or batch-type processes. A twin-screw extruder consists of two parallel screws
that operate either in a co-rotating or counter-rotating mode. The mutual positioning of the screws
can be tangential, i.e. non-intermeshing, or partially or fully intermeshing, as presented in Figure
8. The more intermeshing the screw configuration, the more intensive the mixing. Counterrotation also increases the amount of shear directed to the material. [51-54]

Figure 8. Various screw alignments in a twin-screw extruder. [51, 52]
Other parameters affecting the processing characteristics of the materials include various screw
configurations, by which the residence time and the shear intensity can be controlled. Moreover,
the applied screw speed and processing temperature have a notable effect on the nanocomposite
structure. The intensity of the shear forces can be further increased by applying matrix polymers
of high melt viscosity and/or by lowering the processing temperatures – consequently increasing
internal friction improves the possibilities for obtaining high quality dispersion. The application
of higher screw speeds also generates higher shear forces but then the residence time in the
cylinder inevitably decreases. In case of nanoclay-filled composites, the elevation of screw speed
usually leads to higher exfoliation level and property enhancements but in some cases the
reduced residence time compensates property changes even though the level of exfoliation is
higher [23, 30, 55, 56]. However, extremely high shear forces may also weaken the dispersion of
the filler [57]. Meanwhile, if the screw speed is retained low to ensure adequately long residence
times, the lack of effective shear forces may result in poor dispersion. Hence, balancing between
the screw speed and appropriate residence time is a very complicated task [54]. It is commonly
suggested [19, 21, 54] that the formation of proper nanocomposite structure through melt
compounding strongly relates both on the shear forces that generate the breakdown of the filler
agglomerates into smaller units during the process, and sufficiently long residence time which in
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turn facilitates the penetration of the matrix and/or the coupling agent between the filler particles
and also allows more time for the coupling agent to induce strong adhesion. As an example,
Figure 9 schematically presents the formation of nanoclay dispersion within the matrix during
melt compounding.

Figure 9. Nanoclay platelets shearing and peeling apart during melt compounding. [54]
The melt compounding of the nanocomposites in Publications I, II, III and IV were performed
with a co-rotating twin-screw extruder Brabender DSE 25 (Figure 10) at a screw speed of 200
rpm and processing temperatures of 170-185 oC, from feeder to die respectively. The
masterbatches and masterbatch-based materials addressed in Publication I were prepared with
the same machinery.

Figure 10. Brabender DSE 25 twin-screw extruder.

15

4.2 ALD coating and subsequent melt compounding
ALD is a unique deposition technique for growing thin films based on alternate self-limiting
surface reactions. It is a key technique in producing thin oxide, nitride and metal films in the
semiconductor and display industries. Originally, it was developed for the fabrication of
electroluminescent flat panel displays and termed atomic layer epitaxy (ALE) [58]. Its advantages
over other thin-film deposition techniques include good uniformity, thickness control and better
step coverage. Furthermore, it can be applied at relatively low temperatures. However, it is
considered a slow and expensive process, which has limited its use to some extent [59, 60].
Nonetheless, due to its numerous benefits intensive work has been carried out to develop more
mainstream, scalable and cost-effective ALD reactor solutions. Promising results have already
been achieved, for instance, by developing scalable fluidized bed reactors [59] and continuous
coating processes [61]. The first report on coating particles through the ALD process appeared in
1999, followed eventually by a U.S. patent [62]. Thereafter, a number of studies have focused on
the ALD coating of various particle sizes and types including titanium dioxide, silicon dioxide,
carbon nanotubes and several polymer powders [11-13, 59, 63-65].
In a typical ALD process, the first precursor is led to the reaction chamber in order to form a
monolayer on the substrate surface. The precursor is chosen in a way that it reacts only with the
substrate surface and is not able to react with other similar precursor molecules. Thus, the excess
amount of the precursor can easily be purged away from the reaction chamber by an inert carrier
and purging gas, such as nitrogen (N2). Thereafter, the second precursor is led to the reaction
chamber in order to form chemical bonds with the previously deposited monolayer, followed by a
purge to remove the unreacted precursor molecules and possible reaction side-products from the
chamber. This cycle can then be repeated as many times as necessary to obtain the desired film
thickness. [66, 67] In Publication V, water (H2O) and titanium tetrachloride (TiCl4) were used as
precursors to produce TiO2-layers of varying thicknesses on PA particles. Figure 11
schematically presents the formation of TiO2 in the ALD process.

Figure 11. Schematic presentation of the TiO2 thin-film formation in the ALD process. [66]
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The proper control of the ALD process is essential to obtain high quality coatings. For instance,
the effect of reaction chamber temperature is crucial outside the ALD processing window within
where the effect of temperature is minimal (Figure 12 a). If the processing temperature is too low,
precursors may condensate on the substrate surface leading to excess growth rate and precursor
residues in the ALD coating (Figure 12 b). Meanwhile, there is also a possibility that due to the
insufficient process temperature the precursor molecules are not chemically active and do not
react with the substrate. Thus, they are removed from the reaction chamber with the purifying gas
purges, resulting in decreased growth rates (Figure 12 c). If the processing temperatures are too
high, the precursor may start to degrade and react dissimilarly than the original molecules,
leading to unstable film growth (Figure 12 d), or desorb from the substrate surface (Figure 12 e),
resulting in growth rate reduction. If no proper ALD process window is detected (Figure 12 f), it
may be an indication of insufficient amount of reactive spaces on the substrate surface. [68, 69]
Temperature also affects the structure of the deposited coating: at low temperatures the coating is
typically amorphous, whereas in elevated temperatures it possesses a crystalline structure [70].
In case of ALD-created TiO2-coatings, crystalline TiO2 films have been successfully deposited at
150-350 oC [71]. However, for temperature-sensitive substrates such as polymers, lower
deposition temperatures (< 130 oC) are needed leading to amorphous TiO2 microstructure [7175].

ALD window
Growth rate

Temperature
Figure 12. Growth rate as a function of temperature in an ALD process: a) ALD processing
window, b) precursor condensation or multilayer adsorption, c) insufficient reaction
temperature (precursors do not react), d) precursor degradation temperature, a) precursor
desorption and f) lack of proper ALD processing window. [69]
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Other factors influencing the success of the ALD process are the selected pulse and purge times
[70, 76, 77]. If the pulse times for introducing the precursors into the ALD reactor chamber are
too short, it is possible that the precursors are unable to form a saturated layer on the substrate
surface, resulting in decreased growth rate. Sufficiently long purge times between the precursor
pulses is essential in order to remove all excess precursor material from the reaction chamber
prior to the introduction of the other. Precursors usually react intensely with each other and
therefore it is crucial that all excess material is removed to prevent unwanted reactions elsewhere
than in the substrate surface. Moreover, the generated reaction side-products such as hydrochloric
acid (HCl) are often corrosive and need to be carefully removed from the reaction chamber to
eliminate contamination and possible degradative effects during the ALD process and subsequent
compounding procedures. It is therefore reasonable to apply extended purge times. However, this
also increases the overall cycle time, which has to be taken into account.
Microextruders (batch volume of ~ 5 cm3) and small batch mixers are convenient to use for melt
compounding when the amount of raw materials is limited, they are expensive or only laboratory
scale or preliminary tests are performed. Microextruders have the advantage of easier cleaning
over batch mixers, whereas the residence time can be tightly controlled in both methods due to
the possibility of closed circulation. However, their efficacy in achieving fine dispersion, for
instance, in the case of nanoclay, is more limited in comparison with full-scale extruders since the
applied shear forces are weaker [78, 79]. Microextruders can often be easily attached to injection
moulding machines of the same magnitude enabling convenient preparation of test samples
subsequent to melt compounding. Such combination was utilized in the preparation of the TiO2filled PA nanocomposites in Publication V, where the materials were compounded in a 5 cm3
DSM Xplore TM microextruder (Figure 13), operating at 220 oC and 200 rpm with a dwell time
of 2 minutes and subsequently, moulded into test specimens with a 5 cm3 DSM Xplore TM
injection moulding machine.

Conical screws
Recirculation channel
Force transducer
Valve
Exit

Figure 13. Schematic presentation of the DSM Xplore TM microextruder. [80]
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5. Aims of the study
The aims of this thesis included gathering knowledge of melt compounding of thermoplastic
nanocomposites and understanding the properties and structure of these nanofilled compounds
and various factors that influence them. Polyolefins are very intriguing matrix candidates since
they are widely used in various applications and low-cost materials. They are also beneficial in
terms of low melting temperatures, i.e. low processing temperatures, which facilitate avoiding
premature degradation of the heat-sensitive surface chemistries of the nanofillers during melt
compounding. However, their strongly hydrophobic nature sets considerable challenges for
obtaining proper dispersion and strong interactions with hydrophilic nanofillers. In terms of
nanoclay-filled composites, the main aim was to obtain comparable results with previous studies
and to examine the possibilities and restrictions of one-phase and two-phase melt compounding.
In-house-made masterbatches were compared with their commercial counterparts in order to
verify the current quality level of nanocomposite production in our laboratory (Publications I
and IV). Interest was also aimed at the coupling agent selection and its effect on the
nanocomposite structure and performance in two polyolefin matrices (Publication II), since the
physical characteristics of the coupling agent, such as molecular weight and degree of
functionality, may be crucial in terms of the obtained structure and properties. Nano-CaCO3 was
also studied, and the main interest was focused on comparing the performance of two commercial
grades having varying surface chemistries with one surface-modified pilot grade (Publications
III and IV). A novel coating technology, ALD, was also utilized to examine the differences
between traditionally melt compounded nano-TiO2 composites and those derived from ALDcoated PA particles (Publication V). ALD has in fact been used for long time in the electronic
industry but it is a new candidate in nanocomposite technology. Therefore, it was intriguing to
examine its possibilities in nanocomposite production.

19

6. Experimental methods
The microstructures of the prepared nanocomposites were analyzed through scanning electron
microscopy (SEM), X-ray diffraction (XRD) and transmission electron microscopy (TEM). SEM
was applied in evaluating the particle size and particle size distribution of the various CaCO3 and
TiO2 grades (Publications III, IV and V). Furthermore, SEM was applied to analyze the
dispersion of the fillers and to examine the fracture surface morphologies (Publications II, III
and V). XRD was applied to estimate the interlayer spacing between the individual clay platelets
in the nanoclay-filled materials and to analyze the level of nanoclay dispersion together with
TEM (Publications I, II and IV). Both are essential methods in evaluating the structure of
nanoclay-filled polymer composites in terms of intercalation and exfoliation levels and
uniformity of dispersion. However, they should always be used as complementary methods to
avoid misinterpretations of the nanocomposite structure [2, 27]. TEM samples are very small and
do not necessarily represent the full nature of the examined material. For instance, large micronsized agglomerates can not be detected in TEM images but are revealed through XRD and/or
SEM analysis. TEM was also applied in Publication V to examine the level of TiO2 dispersion.
Mechanical properties of the compounds were determined by conducting tensile and impact tests.
The tensile tests were performed according to SFS-EN-ISO 527, whereas the unnotched and
notched Charpy impact tests were conducted according to SFS-EN-ISO 179. Prior to mechanical
testing, the test bars congruent with SFS-EN-ISO 527 were prepared with a Krauss Maffei
KM50C2 (type 1A, Publications I, II, III and IV) or with a DSM Xplore TM injection
moulding machine (type 1 BA, Publication V) after proper oven-drying of the materials.
Differential scanning calorimetry (DSC) and thermogravimetric analysis (TGA) were performed
in order to estimate crystallinity degrees (Publication II), amounts of certain composite
constituents (Publications III and IV) and thermal degradation behaviour (Publications I, III
and IV). In addition, the amount of TiO2 was estimated with an ash content test in Publication
V.
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7. Structure and properties
HD/nanoclay composites

of

PP/nanoclay

and

PE-

7.1 The effect of processing method
Melt compounding is the most convenient method to produce nanocomposites in industrial scale
but still very challenging particularly in the case of highly hydrophobic polymers such as
polyolefins. Problems arise since fillers are often hydrophilic. Thus, the filler particles are usually
surface-modified to enhance compatibility with the matrix, and/or coupling agents are used to
establish stronger adhesion between the filler and the matrix. High shear forces and adequately
long residence times are needed in order to properly disperse the filler and achieve strong
interactions between the filler particles and the matrix. However, the surface modifications of the
fillers and most coupling agents are often sensitive to heat and may deteriorate if the processing
temperatures are too high or the processing time is excessively long. The high shear forces that
are present during the melt compounding process may also be detrimental.
Direct melt compounding and masterbatch dilution are compared in terms of polyolefin-based
nanocomposite structure and properties in Publications I and IV. Both procedures exhibit
certain benefits: direct melt compounding is quicker and exposes the materials to heat and high
shear forces for a shorter period of time. In turn, masterbatch dilution requires two processing
cycles causing prolonged exposure to heat and high shear but, on the other hand, it doubles the
time that the shear forces have to effectively distribute and disperse the filler particles. It also
allows more time for the coupling agent to function properly and for the polymer matrix to
penetrate between the clay platelets. Many studies speak for the masterbatch-based
nanocomposite production in terms of the obtained structure and property enhancements [20, 21,
57, 81].
Both PP and PE-HD were used as matrix materials, and the same nanoclay (Nanomer I.44P) and
coupling agent (Scona TPPP 2112 FA) were applied in both matrices. The amount of the
coupling agent was kept constant at 9 wt% whereas the content of the clay varied between 3-8
wt% in PP and 1-8 wt% in PE-HD. Two test series were made for each clay concentration: the
other was directly melt compounded and the other was diluted from a 40 wt% in-house-made
masterbatch prepared beforehand with the same machinery. Commercial PP- and PE-HD-based
masterbatches, Nanoblend MB 1001 and Nanoblend MB 2201 respectively, were diluted to
similar concentrations for reference. The compositions and the processing histories of the PPbased nanocomposites are shown in Table 4. The abbreviations for the PE-HD-based materials
followed the same principle.
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Table 4. Compositions and processing history of the PP-based nanocomposites. [Publication I]

Thermal stability of the composites was of interest, since it is known that excessive shear forces
and prolonged exposure to high temperatures may be detrimental to the filler surface treatment
and/or coupling agent. The concern was especially on how the more severe processing history
affects the thermal stability of the masterbatch-based nanocomposites in comparison with their
directly melt compounded counterparts. The results were roughly similar in both matrices, and
there were no significant changes in the thermal stability of the nanocomposites at any clay
concentration between the directly melt-compounded materials and the in-house-made
masterbatch derivatives. Examples of the thermal stabilities of the directly melt compounded
materials as well as the in-house-made and commercial masterbatch derivatives in both matrices
are presented in Figure 14 at a clay loading of 6 wt%.
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Figure 14. TGA curves at a clay loading of 6 wt%: a) PP-based nanocomposites and b) PEHD-based nanocomposites. Corresponding curves for neat PP, neat PE-HD, coupling agent
(Scona) and Nanomer I.44P (MMT) are also included for reference. [Publication I]
Mechanical properties (Tables 5 and 6) of the compounds were distinctively better after two
processing steps (masterbatch + dilution) and in most cases, the in-house-made masterbatches led
to more pronounced enhancements than the commercial ones resulting in, for instance, a rise as
high as 75 % in Young’s modulus in the case of PP and a 60 % rise in the case of PE-HD at a
clay loading of 8 wt% (compositions marked with PP-MB-8 and PE-MB-8 in Tables 5 and 6).
Adhesion seemed to be better after masterbatch dilution as well, since the impact strengths of the
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masterbatch derivatives were higher than those of the directly melt compounded materials in both
matrices, along with a higher Young’s modulus. In the case of PP, the notched impact strengths
of the in-house-made masterbatches were even higher than for the neat PP. The increase of the
impact strength near or above the level of the neat matrix polymer, which is due to the strong
interactions achieved with the use of nanoclay and PP-g-MA together in a PP matrix, has been
discovered by other authors as well [20, 55, 82]. However, the addition of nanoclay and PP-gMA did lower the level of notched impact strength in the PE-HD-based nanocomposites
considerably even though the positive effect of masterbatch use was still clear when compared
with the directly melt compounded materials. PE-HD is a very tough material and becomes brittle
even after minor addition of filler or, for instance, PP-based coupling agent. Tanniru et al. [83]
and Deshmane et al. [84], for instance, have found similar discrepancies in the impact strength
behaviour of PP- and PE-HD-based nanocomposites.
Table 5. Mechanical properties and interlayer spacing values of the PP-based directly melt
compounded and masterbatch-based nanocomposites. [Publication I]

Table 6. Mechanical properties and interlayer spacing values of the PE-HD-based directly
melt compounded and masterbatch-based nanocomposites. [Publication I]
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Even though interlayer spacing between the clay platelets did not vary much as a function of
processing history (Tables 5 and 6), dispersion was clearly better at all clay loadings after two
processing cycles especially in the case of the PP matrix, as the TEM images reveal in Figures 15
a-c at a clay loading of 6 wt%. The higher exfoliation level and stronger adhesion achieved by
two processing cycles seemed to induce more pronounced effects on the mechanical properties.
Several other research groups have similar findings in their work [20, 21, 57].
However, the corresponding XRD curves in Figure 16 show that pronounced agglomeration
exists in the commercial masterbatch derivative (PP-COMMB-6), which is evidenced by its
longish tail at high measuring angles. This tendency to agglomerate is most probably one major
reason for its inferior performance in terms of mechanical property enhancements when
compared with its in-house-made counterpart. The XRD and TEM results for the PE-HD-based
nanocomposites indicated basically the same type of behaviour but in a smaller scale than in the
PP matrix.

Figure 15. TEM images of the PP-based nanocomposites at a clay loading of 6 wt%: a)
directly melt compounded material (PP-6), b) in-house-made masterbatch derivative (PPMB-6) and c) commercial masterbatch derivative (PP-COMMB-6). [Publication I]
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Figure 16. XRD curves of the PP-based nanocomposites at a clay loading of 6 wt%. Pure
Nanomer I.44P (MMT) is included for reference. [Publication I]
In conclusion, it is clear that the utilization of a masterbatch process provides advantages over
conventional direct melt compounding in both studied matrices due to longer residence time and
exposure to high shear forces. The Young’s modulus and impact strength are increased,
indicating stronger adhesion after the two mixing sequences, whereas the thermal stability of the
materials is not severely altered. According to the XRD and TEM analyses, masterbatch dilution
may lead to more exfoliated structures, although variation in the interlayer spacing is small
between the directly melt compounded and masterbatch-based materials. The property
enhancements were more pronounced in PP, probably due to the more hydrophobic nature of PEHD and its higher melt viscosity, both of which weaken possibilities for clay dispersion and
exfoliation.

7.2 The effect of coupling agent
The selection of the coupling agent may affect the structure and properties of the nanocomposites
significantly. Coupling agents may differ from each other in terms of chemical structure,
functional activity and molecular weight. As comes to polyolefin-based nanocomposites, various
maleic anhydride-modified coupling agents (such as PP-g-MA) have proven to be effective.
However, the results are still somewhat inconsistent in terms of the effects that the varying
molecular weight and the maleic anhydride content of these coupling agents have on the structure
and properties of the prepared nanocomposites [24, 85, 86].
The performance of two PP-g-MAs with varying molecular weight and maleic anhydride content
in PP- and PE-HD-based nanocomposites is compared in Publication II. The used matrix
polymers and the nanoclay were the same as in Publications I and IV. Similar nanocomposite
formulations were prepared with both coupling agents and the nanocomposite structures and
properties were subsequently compared. Licomont AR 504 had a number-average molecular
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weight of 1,500 - 2,900 g/mol and a maleic anhydride content of 3.5 - 4 % [87, 88], whereas
according to the technical data supplied by the manufacturer, Scona TPPP 2112 FA had a notably
lower maleic anhydride content of only 1 % and a relatively low melt flow rate of 3-7 g/10min
indicating high molecular weight. The concentration of the coupling agent was kept constant at 9
wt%, whereas the clay content varied between 3-8 wt%. For reference, compositions were also
prepared at the same clay concentrations without adding any coupling agent. Furthermore, the
effect of neat PP-g-MA addition was investigated. The abbreviations used for the various
compositions are shown in Table 7 for the PP-based nanocomposites (the abbreviations followed
the same principle in case of PE-HD).
Table 7. Compositions of the PP-based nanocomposites. [Publication II]

In terms of mechanical properties, the use of Licomont and nanoclay seemed to induce a
pronounced effect on Young’s modulus in the PP matrix resulting in a 20 % increase, whereas
the application of Scona with nanoclay did not significantly affect the modulus value (Figure 17
a). However, the crystallinity degrees of all the prepared PP-based nanocomposites including
coupling agents were in the same range. The crystallinity degrees were slightly higher for the
compounds that contained mere clay, and this nucleation effect is probably one reason for the
higher modulus values obtained for these compounds. Furthermore, it is possible that the addition
of (low-molecular-weight) PP-g-MA compensates the stiffening effect of clay to some extent.
This has been suggested by other authors as well [19, 21], although opposite findings also exist
[25]. In case of Scona, the significance of sufficiently long residence time and prolonged
exposure to high shear forces is evident because it has a very high molecular weight and low
maleic anhydride content, suggesting that it would probably need more time to function
effectively. The effects of two-phase mixing on its performance in a PP matrix are analyzed in
Publications I and IV.
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The mechanical performance of the PE-HD-based nanocomposites was somewhat different in
terms of the effects on Young’s modulus (Figure 17 b). While the application of mere clay
resulted in the most pronounced effect on Young’s modulus in the case of PP, the highest
elevation in PE-HD (40 %) was reached when either of the coupling agents was used together
with clay (neat clay addition resulted in an elevation of about 20 %.) For instance, Lee et al. [89]
have reported modulus changes of the same magnitude with the use of PP-g-MA and Gopakumar
et al. [90] have also observed a more intense effect on modulus in a PE-HD matrix when
coupling agent is included in the composition as well. The crystallinity degrees were slightly
lower for the compounds that contained Licomont and clay when compared with those containing
Scona, probably due to the lower molecular weight of Licomont. This might partly explain why
the use of Licomont did not result in an equally strong effect on modulus at low clay loadings.

(a)

(b)

Figure 17. Young’s modulus values of the prepared nanocomposites at clay loadings of 3, 6
and 8 wt%: a) PP-based nanocomposites and b) PE-HD-based nanocomposites.
[Publication II]
Although there were some marked differences in the Young’s modulus values depending on the
selected coupling agent, the effects on the notched impact strength were similar in both matrices
regardless of the type of the coupling agent, as seen in Figures 18 a and b. In the case of PP, mere
clay addition resulted in slightly higher notched impact strengths, and the values were in fact
higher than that of the neat PP matrix. Similar behaviour has been noticed, for instance, by Li et
al. [91]. The SEM analysis revealed differences in the fracture surface morphologies of the
notched impact test specimens depending on whether there was mere clay or both clay and
coupling agent present in the compositions: the fracture surface was rougher when mere clay was
used predicting higher strength. A possible explanation to this might be weak dispersion or
adhesion in the compounds that contain coupling agents or the relatively high concentration of
PP-g-MA (9 wt%) as Reichert et al. [25] have also suggested. In the PE-HD matrix, the loss of
impact strength due to filler and/or coupling agent addition was distinct and it seemed that the
addition of coupling agents lowered the impact strength more than the addition of clay.
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(a)

(b)

Figure 18. Notched impact strengths of the prepared nanocomposites at clay loadings of 3, 6
and 8 wt%: a) PP-based nanocomposites and b) PE-HD-based nanocomposites.
[Publication II]
The dispersion of the nanoclay was further analyzed with XRD and TEM. In both matrices, the
use of Licomont led to higher intercalation degree of the clay, i.e. larger interlayer spacing
between the clay particles. This was predicted, since Licomont has lower molecular weight than
Scona and therefore easier access between the clay platelets. In the case of PP, the interlayer
spacing did not decrease much as a function of clay content when Licomont was used, whereas in
the compounds that contained Scona the decrease of interlayer spacing was distinct. Similar
behaviour has been recognized for instance by Svoboda et al. [85]. However, according to the
XRD curves (Figure 19) there exists more large agglomerates in the case of PP matrix when
Licomont is used, revealed by the secondary peaks appearing on the curve at higher measuring
angles. Although the curve for PP-3-LIC is nearly congruent with the one for PP-3, it is clear
when comparing the TEM images in Figures 20 a and b that dispersion is on a higher level in the
case of PP-3-LIC. The lower peak in the XRD curve of PP-3-SCO between 4-5o indicates that its
structure does not contain as pronounced agglomeration, which can be clearly detected from
Figure 20 c, revealing a great number of highly dispersed clay particles as well. For instance
Perrin-Sarazin et al. [24] have made similar findings concerning the effects of low- and highmolecular-weight coupling agents on the morphology of PP-based nanocomposites. At higher
clay concentrations, the XRD curves for the compounds where Licomont was used retained their
shape, whereas the curves for the compounds containing Scona started to broaden and shift to
higher angles, predicting increasing variation in particle size and weakening intercalation. Large
particle size distribution is typical when using high-molecular-weight coupling agents such as
Scona, resulting in both larger clay stacks and highly dispersed and exfoliated particles in the
nanocomposite structure. While the low molecular weight of Licomont provides easier access
between the clay platelets, i.e. higher intercalation level, accompanied by good filler dispersion,
the higher molecular weight of Scona probably gives better compatibility with the matrix, leading
to a higher amount of exfoliated particles even though it has poorer prerequisites to provide
strong adhesion due to its lower maleic anhydride content. The most probable reasons for the
more pronounced effect on Young’s modulus with Licomont use is based on its high maleic
anhydride content leading to stronger adhesion accompanied with the obtained high intercalation
level and uniform dispersion.
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Figure 19. XRD curves for the PP-based nanocomposites at a clay loading of 3 wt%. The
corresponding curve for pure Nanomer I.44P (MMT) is included for reference. [Publication
II]

(a)

(b)

(c)

Figure 20. TEM images of the PP-based nanocomposites at a clay loading of 3 wt%: a) PP-3
18,500 x, b) PP-3-LIC 18,500x and c) PP-3-SCO 18,500x. [Publication II]
In the case of PE-HD, the interlayer spacings stayed nearly on the level of the neat Nanomer
I.44P except when Licomont was used. PE-HD is very hydrophobic and the used PE-HD grade
also possessed a relatively low melt flow rate, i.e. high viscosity, which are both factors that
intensively hinder accomplishing proper dispersion. It can be noticed from Figure 21 that the
XRD curve of PE-3 follows the path of the reference (MMT) whereas the curves for PE-3-LIC
and PE-3-SCO are shaped and located differently. The curve of PE-3-SCO indicates moderate
changes in the intercalation and exfoliation level and also reveals that the presence of large
agglomerates is diminished (no distinct peak appears between 6-8 o). Still, the use of Licomont
(PE-3-LIC) has led to a higher intercalation level and the shoulder of the main peak at low
measuring angles refers to partial exfoliation as well. For instance, Lee et al. [89] and
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Gopakumar et al. [90] have made similar findings concerning the shape of the XRD curve. By
comparing Figures 22 a-c, it is evident that the use of both coupling agents has improved the
intercalation level of the clay but intercalation is clearly stronger when Licomont is used. When
coupling agents are not included in the composition, intercalation is poor even though the clay
particles have dispersed into smaller units. At higher clay concentrations, a growing tendency to
agglomerate and weaker intercalation is observed in the case of both coupling agents. Still, the
application of coupling agents leads to more pronounced dispersion than the use of mere clay.
This is probably one explanation to their better performance in mechanical tests as well [92].

Figure 21. XRD curves for the PE-HD-based nanocomposites at a clay loading of 3 wt%.
The corresponding curve for pure Nanomer I.44P (MMT) is included for reference.
[Publication II]

(a)

(b)

(c)

Figure 22. TEM images of the PE-HD-based nanocomposites at a clay loading of 3 wt%: a)
PE-3 60,000 x, b) PE-3-LIC 60,000x and c) PE-3-SCO 60,000x. [Publication II]
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On the whole, the use of Licomont led to a higher intercalation level in both matrices due to its
lower molecular weight which provides an easier access between the clay platelets, while the use
of the higher molecular weight coupling agent (Scona) led to a more uneven dispersion but also
to partial exfoliation. The mechanical property enhancements were more distinct when Licomont
was used, since its higher maleic anhydride content enables more efficient interactions between
the filler and the matrix. In PP matrix, the performance of the two coupling agents varied
significantly in terms of Young’s modulus, whereas the effect on impact strength was nearly
similar. The use of Scona had practically no influence on the Young’s modulus, probably due to
its low maleic anhydride content and high molecular weight. Even though a great number of
exfoliated clay particles were detectable when Scona was used, its lower maleic anhydride
content did not provide similar prerequisites for adhesion. In PE-HD matrix, the use of both
coupling agents led to property changes of the same magnitude independently of their maleic
anhydride content or molecular weight.
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8. Structure and properties of PP/nano-CaCO3 composites
Nano-CaCO3 particles are usually surface-modified prior to melt compounding in order to hinder
agglomeration and to accomplish better compatibility and adhesion between the filler particles
and the polymer matrix. Surface modification is essential especially when highly hydrophobic
matrices, such as polyolefins, are used in order to enhance the dispersion of the filler. Another
possibility to improve compatibility and adhesion is to apply coupling agents. The effects of
surface modification on the structure and mechanical properties of nano-CaCO3-filled PP is
addressed in Publications III and IV, where two commercial CaCO3 grades with equal particle
size (~70 nm) but varying surface chemistry are compared with a surface-modified pilot grade of
CaCO3.
One commercial grade was unmodified (Multifex-MM) and the other was surface-modified with
stearic acid (Calofort SV). The applied PP matrix and coupling agent were similar as in the
nanoclay-filled materials (details in Tables 1 and 2). Both the commercial and pilot grades of
CaCO3 were examined with SEM to reveal possible differences in their particle size and/or
particle shape, and the corresponding SEM images are presented in Figures 23 a-d. It can be
clearly observed that both commercial grades have smaller particle size and narrower particle size
distribution than the pilot grade. Figure 23 c reveals that the unmodified pilot grade contains
rather small spherical particles accompanied by larger sharp-edged particles. However, the stearic
acid-modified pilot grade (Figure 23 d) seems to consist of micron-sized clusters of varying size.
It is likely that the CaCO3 particles have agglomerated prior to or during the surface modification
process and, therefore, the stearic acid coating has been unintentionally performed on clusters
instead of discrete particles.
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Figure 23. SEM images of the various CaCO3 nanoparticles at a magnification of 10,000: a)
Multifex-MM, b) Calofort SV, c) pilot grade before surface modification and d) pilot grade
after surface modification. [Publication III]
The compositions of the prepared CaCO3 nanocomposites are presented in Table 8. Coupling
agent (Licomont) was applied with the unmodified CaCO3 grade at a constant concentration of 1
wt%, while the content of the CaCO3 varied between 3-9 wt%. The stearic acid-modified grade
was blended as such to similar concentrations. For reference, the surface-modified pilot grade
was compounded at a 3 wt% concentration, and one compound was made from the unmodified
CaCO3 grade at 3 wt% without adding any coupling agent.
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Table 8. Compositions of the prepared CaCO3 nanocomposites. [Publication III]
Abbreviation

PP

Multifex-MM

Calofort SV

Pilot grade

Licomont AR 504

[wt%]

[wt%]

[wt%]

[wt%]

[wt%]

PP

100

PP-3

97

3

PP-3-LIC

96

3

1

PP-6-LIC

93

6

1

PP-9-LIC

90

9

1

PP-3-SA (pilot)

97

PP-3-SA

97

3

PP-6-SA

94

6

PP-9-SA

91

9

3

8.1 Mechanical properties and fracture surface analysis
The mechanical properties of the commercial CaCO3 compounds remained mostly unchanged or
were slightly lowered in relation to the neat PP matrix in terms of tensile strength and elongation
at yield. Furthermore, their elongation at break was generally lower than for the PP reference, as
shown in Table 9. For instance, Hanim et al. [93] have observed similar behaviour with the use of
nano-CaCO3 and Zebarjad at al. [94] with micron-sized CaCO3. The behaviour of the pilot grade
PP-3-SA (pilot) was totally different, since its elongation at break was notably higher than for
any other compound or the neat PP matrix indicating a strong toughening effect. Moreover, the
values for its tensile strength and Young’s modulus were the lowest within the test series. In fact,
its modulus was reduced as much as 30 % in comparison with the neat PP matrix, reflecting
emerging softness and adhesion-related problems. The standard deviation was also quite high for
this compound, possibly indicating poor dispersion of the filler as well. Meanwhile, the
application of both commercial CaCO3 grades led to an increase in Young’s modulus even
though its magnitude was mostly independent of filler content. For instance, Yang et al. [43] have
reported similar behaviour in terms of flexural modulus when CaCO3 concentrations have
remained below 10 wt%. The most distinct effect on modulus, a 25 % increase in comparison
with the neat PP reference, was achieved with PP-9-LIC, indicating that the use of coupling agent
strengthens adhesion more effectively, as also suggested by Avella et al. [95]. Typically, CaCO3
addition results in an increase of stiffness, but for some reason the obtained results for the pilot
grade were quite the opposite implied by its considerably tough and soft behaviour. Possible
explanations for its divergent performance include poor dispersion and distribution of the filler,
weak adhesion or excess concentration of stearic acid.
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Impact strength was greatly altered with the addition of CaCO3, the reduction being 40-70 % in
the case of the unnotched impact strength regardless of filler type or content, as Table 9 reveals.
The decline was the smallest when either the unmodified commercial CaCO3 grade was applied
without coupling agent (PP-3) or the pilot grade was used (PP-3-SA (pilot)). Wang et al. [46]
have observed that the use of PP-g-MA decreases notched impact strength significantly in
PP/CaCO3 nanocomposites, whereas in this study a similar effect was observed by comparing the
results of PP-3 and PP-3-LIC. In previous studies, the effect of nano-CaCO3 addition has either
resulted in an increase [34, 38, 93] or a modest decrease or steadiness [39, 96] of notched impact
strength. While the notched impact strength remained mostly unchanged in this study, PP-3-SA
(pilot) demonstrated a distinct increase of nearly 60 % when compared with the neat PP
reference. The increase in impact strength is usually associated with fine dispersion of CaCO3
particles accompanied by loose adhesion [39, 96] which can be achieved, for instance, with
stearic acid modification. However, in this study the toughening effect was most pronounced,
surprisingly, in the compound with poor dispersion and weak adhesion as confirmed later by
SEM analysis.
Table 9. Selected mechanical properties of the prepared CaCO3 nanocomposites.
[Publication III]

The SEM images taken from the fracture surfaces of the compounds containing unmodified
CaCO3 are presented in Figures 24 a-d at various concentrations. The filler is distributed quite
evenly in all compounds even though explicit agglomerates are clearly observable. When
comparing Figure 24 a to Figures 24 b-d, it can be noticed that the addition of the coupling agent
has improved adhesion since the filler particles are more embedded in the matrix – this can also
be detected from Table 9 as a clear difference in Young’s modulus between PP-3 and PP-3-LIC.
Corresponding SEM images with stearic acid-modified CaCO3 grades are presented in Figures 25
a-d. It is evident that the commercial surface-modified CaCO3 grade has more pronounced
dispersion and considerably smaller particle size distribution than the surface-modified pilot
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grade. In fact, Figure 25 a reveals the presence of micron-sized agglomerates, one shown on the
surface and another one dislodged as demonstrated by the large void. Furthermore, a number of
smaller voids are detectable in Figure 25 a, indicating relatively weak adhesion. The CaCO3
particles of the pilot grade have presumably agglomerated prior to the surface modification,
resulting in coating of clusters which are then extremely difficult to disperse within the matrix.
The stearic acid-modified agglomerates may then act as softeners/lubricants and thereby improve
impact strength even though filler dispersion is poor. Altogether, dispersion and adhesion seem to
have higher quality with the commercial surface-modified grade (Figures 25 b-d) although some
agglomeration and lack of adhesion is observed also in these compounds.
Surface modification tends to decrease the size of the filler agglomerates even though it does not
completely prevent agglomeration [41, 97]. This effect is clearly seen by comparing Figures 24
b-d and Figures 25 b-d, which undoubtedly reveal that surface modification produces finer
dispersion. However, it can be concluded that adhesion is more pronounced when unmodified
CaCO3 is used together with the coupling agent since there exists more vacancies on the fracture
surfaces of the compounds where surface-modified CaCO3 grades are applied. For instance,
Avella et al. [95] have made similar findings concerning the adhesion levels through fracture
surface analysis.

Figure 24. SEM images of the fracture surfaces of the notched impact test bars containing
unmodified CaCO3 at 10,000 magnification: a) PP-3, b) PP-3-LIC, c) PP-6-LIC and d) PP9-LIC. [Publication III]
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Figure 25. SEM images of the fracture surfaces of the notched impact test bars containing
surface-modified CaCO3 at 10,000 magnification: a) PP-3-SA (pilot), b) PP-3-SA, c) PP-6SA and d) PP-9-SA. [Publication III]
Both commercial CaCO3 grades behaved nearly similarly in terms of mechanical performance.
The most significant elevation in Young’s modulus was achieved with the simultaneous use of
the unmodified commercial CaCO3 at 9 wt% and coupling agent (PP-9-LIC) but otherwise there
were no marked differences. However, the performance of the pilot grade differed significantly
from its commercial counterparts since it introduced a highly soft and tough behaviour, i.e. low
modulus accompanied by substantial elongation at break and high notched impact strength. Some
possible explanations include poor filler dispersion and distribution, wide particle size
distribution, strong tendency to agglomerate and lack of adhesion - all such factors that were
verified through SEM analysis.
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8.2 Thermal properties
In order to further understand the varying mechanical performance of the surface-modified
CaCO3 grades, their stearic acid content and thermal stability were examined with TGA and
DSC. The TGA curves in Figure 26 reveal that the decomposition of stearic acid is slowly
initiated at around 100 oC, propagating more quickly after 300 oC and continuing up to
temperatures around 600 oC. The TGA curve for the unmodified CaCO3 grade (Multifex-MM) is
included for reference, thus confirming that the mass loss at this stage is referable to the stearic
acid content which was estimated to be 3.3 wt% for the commercial grade and 4.2 wt% for the
pilot grade. After decomposition of stearic acid, another distinct slope appeared on the TGA
curves in the temperature range of 650-850 oC reflecting the decomposition of CaCO3 into
calcium oxide (CaO) and carbon dioxide (CO2). However, the variation in stearic acid content
seems to be the only observable distinguishing factor between the two surface-modified grades
through TGA. Still, it may be one explanation for their varying mechanical performance since
correlation between increasing impact strength and growing stearic acid content in a PE-HD
matrix has been reported, for instance, by Lazzeri et al. [41].
TGA

3.3 wt% stearic acid

100
Pilot grade

Weight [%]

90

4.2 wt% stearic acid

Calofort SV
Multifex-MM

80
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Figure 26. Stearic acid content and the decomposition of the surface-modified CaCO3
grades determined with TGA. Multifex-MM is included for reference. [Publication III]
DSC scans were later performed to detect possible differences in the onset temperatures or rates
of decomposition between the surface-modified CaCO3 grades in an oxidizing atmosphere. The
relevant DSC curves are presented in Figure 27. Multifex-MM is again included for reference
showing no distinct decomposition in the applied temperature range. Meanwhile, the surfacemodified commercial CaCO3 grade (Calofort SV) starts to decompose at around 195 oC with a
rather slow decomposition rate. On the other hand, the surface-modified pilot grade starts to
degrade rapidly already at 185 oC. The higher stearic acid content of the pilot grade probably
predisposes it to earlier decomposition. Furthermore, if the generated stearic acid layer in the
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pilot grade is too thick, it interferes with the bonding between PP and CaCO3 leading to a
situation where the strength of the composite starts to approach that of stearic acid. This may
result in marked loss of stiffness which can, in fact, be observed in Table 9 - the Young’s
modulus of the PP-3-SA (pilot) is notably lower than for the other CaCO3 compounds and also
lower than for the neat PP reference.

Endothermic heat flow

DSC

o

195 C

Pilot grade
Calofort SV
o

185 C

50

100

150

Multifex-MM

200

250

300

Temperature [oC]

Figure 27. Thermal stabilities of the surface-modified CaCO3 grades in an oxidizing
atmosphere determined with DSC. Multifex-MM is included for reference. [Publication III]
The observed changes in composition and thermal behaviour of the surface-modified CaCO3
grades through TGA and DSC analyses provide one complementary explanation for the divergent
performance of the pilot grade. Through TGA, the quantity of stearic acid was evaluated to be
about 25 % higher for the pilot grade than for the commercial grade. This results in an earlier and
faster decomposition of the pilot grade in the DSC analysis and partially explains its dissimilar
mechanical performance as well.
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9. Structure and properties of PA/nano-TiO2 composites
The possibilities of ALD in various applications of nanomaterial modification have been studied
for years [60, 98, 99] and it has many advantages over other thin-film deposition techniques. Its
benefits include good uniformity and thickness control along with better step coverage.
Moreover, ALD can be applied at relatively low temperatures. The possibilities of ALD in the
coating of PA particles with nano-TiO2 are analyzed in Publication V in terms of mechanical
and tribological properties.
The used PA powder PA2200 (EOS GmbH) having an average particle size of 60 m was first
placed in a flow type reactor P400 (Beneq Oy, Finland) where it was coated with thin layers of
TiO2. The used ALD reactor chamber is schematically presented in Figure 28. The PA powder (~
100 g) was first positioned on a filter covered plate (Ø 200 mm) and mounted in the ALD reactor
chamber and the TiO2 coating was then created on the PA particles. The precursor vapours of
H2O and TICl4 were led to the chamber with the aid of high purity N2 carrier gas followed by
separate N2 purges. The reaction temperature was fixed at 40 oC and the pressure in the chamber
at 130 Pa. The following growth sequence was repeated as many times as was necessary to obtain
TiO2 layers approximately 10 nm and 40 nm thick: a 30 s pulse of H2O vapour was first led into
the reactor chamber to form a monolayer on the PA particles followed by a 15 s N2 purge to
remove excess H2O, then a 60 s pulse of TiCl4 and another 15 s purge of N2. H2O and TiCl4
reacted to form a monolayer film of TiO2 on the PA particles whereas the excess amount of
precursors and the reaction side product (HCl) were removed from the chamber with the aid of
N2 purges. The pulse times were significantly extended in order to assure sufficient exposure of
PA particles to the precursors and efficient removal of the excess precursor vapours and side
products and selected based on, for instance, the research of McCormick et al. [100].

Figure 28. Schematic presentation of the ALD reactor chamber. [101]
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The ALD-coated PA particles were melt compounded as such in order to form a nanocomposite
structure. For reference, compounds containing two commercial nano-TiO2 fillers (particle size
~21 nm) were also made at filler contents of 1, 2 and 4 wt%, as presented in Table 10. One
commercial filler (Aeroxide P25) had no surface modification, whereas the other (Aeroxide
T805) was modified with octylsilane. Both fillers have crystal forms containing approximately 20
% of rutile and 80 % of anatase [102].
Table 10. Compositions of the prepared TiO2 nanocomposites.

9.1 Mechanical properties and TiO2 dispersion
The mechanical properties of the prepared TiO2 nanocomposites showed a distinct increase in
Young’s modulus for the ALD-created nanocomposites in comparison with neat PA or the
compounds where commercial nanofillers were applied even though standard deviations were
fairly large (Table 11). However, the ALD-created compounds were more brittle, indicated by
their lower impact strengths and extremely small elongations at break. These observations could
partially derive from the chain scission of the PA matrix, as Su et al. [103] have suggested. On
the other hand, the tensile test results for the compounds that contained commercial TiO2 fillers
were in good accordance with literature [104, 105].
The ash content test (Table 11) revealed that the ALD-created compounds (especially PA 40 nm
ALD) possessed higher nano-TiO2 contents than calculatory estimations predicted. It is then
apparent that the growth rate of the TiO2 coating in the processing temperature of 40 oC has been
faster than estimated. This may be a result of, for instance, undesired condensation or diffusion of
the precursors or side products during the ALD process leading to unstable TiO2 film growth
which complicates the interpretation of the test results. Our recent study [101] introduced a
markedly lowered viscosity for the ALD-created materials. Lower viscosity accompanied by
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retained thermal properties offers advantages in, for instance, precision moulding of thin-walled
small parts. However, EDS analysis revealed that there exists a significant amount of chlorine (014 wt%) in the ALD-coated materials which is of concern, for instance, in terms of its degradable
effect on the PA matrix during melt compounding. These EDS findings confirmed the
assumption that the ALD coating contains also undesired traces of precursors/side products.
In later studies [106], a notable reduction in the molecular weight of the ALD-created materials
was in fact observed. This phenomenon is most likely due to the chlorine residues that may have
caused deterioration of the matrix during melt compounding. Su et al. [103], for instance, have
reported a strong reduction of the molecular weight of neat PA6 after several processing cycles
and the presence of chlorine most probably accelerates it. Therefore, attempts to minimize the
chlorine residues during the ALD process and further studying of the effects of chlorine after
successive thermal treatments are essential to better understand the observed properties. The
amount of chlorine could probably be lowered by increasing the deposition temperature [107],
however, elevated temperatures might be detrimental for the PA matrix.
Table 11. Selected properties of the PA-based nanocomposites with TiO2. [Publication V]

The varying mechanical performance of the ALD-created materials might also derive from their
divergent morphology and aspect ratio observed in the TEM analysis. Both commercial TiO2
fillers dispersed evenly and the size of the filler agglomerates remained under 100 nm (Figure 29
a), whereas ALD-created TiO2 appeared mostly as ribbons of varying size (Figure 29 b). A
dissimilar behaviour was also evidenced by visual examination of the fracture surfaces of the
various tensile test bars. The fracture surfaces of neat PA and PA with commercial TiO2 fillers
were similar, resulting in tensile bar thinning and ductile fracture, but the fracture mechanism
was clearly different in the case of the ALD-created nanocomposites. A large void existed in the
PA 10 nm ALD test bar which was either created during the fracture or probably already during
injection moulding. The void was highly elongated in the PA 10 nm ALD composite, whereas in
the case of PA 40 nm ALD it was very small due to the rapid and brittle fracture of the test
specimen. The presence of the void and extensive fibrillation can not be unambiguously
explained but most probably the very low viscosities of the ALD-created materials observed in
our recent study [101] have affected the microstructure and mechanical behaviour to some extent.
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Furthermore, the amorphous structure of the ALD-created TiO2 may have had an effect, but
although amorphous TiO2 films have been made at low temperatures, their structure and
properties are not yet fully understood [108].
In order to better understand the observed mechanical property changes in the PA-based
nanocomposites, SEM images were also taken from the fracture surfaces of the tensile test bars.
Surprisingly, they revealed the presence of large impurity particles (Ø 40-60 m) in the neat PA
matrix and according to EDS analysis, they consisted mainly of silicon (47 wt%), oxygen (37
wt%), calcium (9 wt%) and sodium (5 wt%). The existence of impurities was also evidenced in
the ash content test performed to obtain the nano-TiO2 contents for various compounds (Table
11) and taken into account when calculating TiO2 contents. According to the PA powder
manufacturer, these particles are not added on purpose, but some impurities may still enter the
material during production. With SEM, the same differences in fracture mechanism that were
visually detected could be examined in more detail. Very similar fracture behaviour was observed
for neat PA and PA filled with commercial TiO2 nanofillers, whereas a more pronounced
fibrillation effect was evident with the PA 10 nm ALD compound. On the other hand, PA 40 nm
ALD presented highly brittle fracture behaviour.

(a)

(b)

Figure 29. TEM images of a) PA / 2 wt% T805 and b) PA 40 nm ALD. [Publication V]
To summarize the effects of commercial and ALD-created nano-TiO2 on the mechanical
properties of PA-based nanocomposites, it is clear that the ALD-created materials have
distinctively stronger effect on Young’s modulus than the commercial fillers, whereas they
induce a sharp transition from ductile to brittle behaviour. In related studies, evidence of low
viscosity originating probably from the divergent morphology of the ALD-created materials as
well as their possible degradation due to chlorine residues was detected. To fully understand
these differences, further work to accomplish a more detailed analysis of the composition and
possible degradation of the ALD-created materials needs to be done.
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10. Conclusions
The aim of this thesis was to study if comparable or better results in comparison with commercial
products can be reached with in-house-made material modification and process design. In
addition, the applicability of a new process (ALD) in coating polymer particles with metal oxide
nanofillers was preliminary studied.
The preparation of nanocomposites by melt compounding has been found to be challenging in
numerous studies, since achieving fine dispersion of the filler to an often hydrophobic and high
viscosity matrix is proven to be very difficult. This problem has been addressed with various
surface modifications of the filler particles, application of coupling agents, utilization of varying
melt compounding techniques (i.e. twin-screw extruders, single-screw extruders, batch mixers,
microextruders), variation in the mixing sequence (direct melt compounding, masterbatch
dilution) and adjusting processing parameters or screw geometry. Although numerous studies
have been published in the field of thermoplastic nanocomposites, the results have been partly
controversial and the interpretation and comparison of the results is very difficult due to the
above mentioned factors as well as the enormous diversity of the applied raw materials, their
contents and the mixing protocols.
In the case of nanoclay-filled nanocomposites, it was evident that both the processing protocol
and the selection of the coupling agent have notable effects on the structure and properties of the
prepared materials. The best overall performance was achieved with two-phase processing
(masterbatch dilution) where the two most critical parameters, good dispersion and strong
adhesion, were nicely combined. The effect was clearly observed on the nanocomposite structure
and as improved mechanical performance in both PP and PE-HD matrices. The two-phase mixing
sequence exposes the materials to high shear forces for a longer period of time, allows more time
for the coupling agent to induce adhesion and assists the matrix polymers’ penetration between
the individual clay platelets. The concern was, however, whether the more severe mixing
protocol would induce thermal degradation and weaken thermal stability of the materials.
Fortunately, this was not evidenced through TGA, and the thermal behaviour seemed to remain
unchanged. The application of in-house-made masterbatches led to more pronounced property
enhancements than their commercial counterparts, which was a fascinating observation in terms
of evaluating the success and functionality of our processing protocol. In fact, there were quite
large agglomerates present in the compositions where the commercial masterbatches were used,
indicating some kind of clay structure collapse during compounding.
As comes to one-phase mixing (direct melt compounding), the use of the low-molecular-weight
coupling agent (Licomont) resulted in superior mechanical performance compared with its highmolecular-weight counterpart (Scona) in PP matrix. Still, Scona gave good results in PE-HD
matrix and after two-phase processing, also in PP. Thus, it was confirmed that especially when
high-molecular-weight coupling agents (with low functionality) are used, the importance of
sufficiently long processing times has to be emphasized. Although the molecular weight of the
coupling agent seemed to have a strong influence on the obtained intercalation and exfoliation
level of the nanoclay, maleic anhydride content seemed to be more crucial in terms of mechanical
property enhancements.
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Regarding nano-CaCO3, it was shown that the success of the surface modification process plays a
crucial role in terms of filler dispersion and property enhancements. However, similar mechanical
properties were achieved either with the use of unmodified CaCO3 together with coupling agent
or by applying neat surface-modified CaCO3. Even though adhesion seemed to be on a higher
level when coupling agent was used, the dispersion was finer with the surface-modified grade.
Meanwhile, the surface-modified pilot grade behaved in a totally different manner having
extremely low modulus values accompanied by pronounced extension at break and increased
impact resistance, although filler dispersion was quite poor. This might be due to its high stearic
acid content in comparison with the commercial grade, deriving presumably from unintentional
surface coating of clusters instead of individual particles which in turn led to poor dispersion and
pronounced softening and toughening behaviour.
Nanocomposites of TiO2 and PA were prepared both by direct melt compounding and with a
combination of preceding ALD coating of PA particles with TiO2 followed by subsequent melt
compounding. The morphological structure of the nanocomposites was completely different
depending on the processing history, and the viscosities of the ALD-created materials were
significantly lower in comparison with the directly melt compounded materials. The ALDcreated materials had a stronger effect on mechanical properties leading to, for instance, higher
Young’s modulus. On the other hand, they induced a sharp transition from ductile to brittle
behaviour. In later studies, a significant reduction of molecular weight was observed in the ALDcreated materials probably due to chlorine residues deriving from the ALD process. To some
extent, this partly explains their unique performance. However, further studies such as deeper
analysis of composition, attempts to minimize the chlorine residues during the ALD process and
studying the effects of chlorine after successive thermal treatments are essential to better
understand the observed properties. Furthermore, ALD is a relatively new method for producing
nanofiller coatings on polymeric substrates and only few published studies exist in this area. This
makes the evaluation of the test results even more difficult and therefore, both further
understanding and adjustment of the ALD process is necessary to obtain reproducible results and
find more detailed explanations to support the obtained nanocomposite structures and property
changes.
On the whole, interpretation of the test results is challenging, since there exists a number of
factors that influence, for instance, the mechanical performance of nanofilled compounds and
make the analysis of the results very complex. Furthermore, unambiguous opinions of the factors
that determine these properties have not yet been achieved even though numerous manuscripts
have been published in the area of thermoplastic nanocomposites during the last decades. Further
work should be addressed to better understand the phenomena behind the performance variation
and to determine which mechanisms are dominant in relation to property enhancements.

45

References
[1] Pinnavaia T.J., Beall G.W. (Eds.), Polymer-clay nanocomposites, John Wiley & Sons Ltd.,
Chichester, 2000.
[2] Ray S.S., Okamoto M., Polymer/layered silicate nanocomposites: A review from preparation
to processing, Progress in Polymer Science 28 (2003) 1539-1641.
[3] LeBaron P.C., Wang Z., Pinnavaia T.J., Polymer-layered silicate nanocomposites: An
overview, Applied Clay Science 15 (1999), 11-29.
[4] Gilman J.W., Flammability and thermal stability studies of polymer layered-silicate (clay)
nanocomposites, Applied Clay Science 15 (1999) 31-49.
[5] Zhang J., Jiang D.D., Wilkie C.A., Thermal and flame properties of polyethylene and
polypropylene nanocomposites based on an oligomerically-modified clay, Polymer Degradation
and Stability 91 (2006) 298-304.
[6] Bertini F., Canetti M., Audisio G., Costa G., Falqui L., Characterization and thermal
degradation of polypropylene–montmorillonite nanocomposites, Polymer Degradation and
Stability 91 (2006) 600-605.
[7] Modesti M., Lorenzetti A., Bon D., Besco S., Thermal behaviour of compatibilized
polypropylene nanocomposite: Effect of processing conditions, Polymer Degradation and
Stability 91 (2006) 672-680.
[8] Isitman N.A., Gunduz H.O., Kaynak C., Nanoclay synergy in flame retarded/glass fibre
reinforced polyamide 6, Polymer Degradation and Stability 94 (2009) 2241-2250.
[9] Alexandre M., Dubois P., Polymer-layered silicate nanocomposites: Preparation, properties
and uses of a new class of materials, Materials Science and Engineering 28 (2000) 1-63.
[10] Mai Y.W., Yu Z.Z. (Eds.), Polymer nanocomposites, Woodhead Publishing, Cambridge,
2006.
[11] Spencer J.A., Liang X., George S.M., Buechler K.J., Blackson J., Wood C.J., Dorgan J.R.,
Weimer A.W., Fluidized bed polymer particle ALD process for producing HDPE/alumina
nanocomposites, 2007 ECI Conference on the 12th International Conference on Fluidization –
New Horizons in Fluidization Engineering, Vancouver, Canada, RP4 50 (2007) 417-424.
[12] Liang X., Hakim L.F., Zhan G.-D., McCormick J.A., George S.M., Weimer A.W., Spencer
J.S., Buechler K.J, Blackson J., Wood C.J., Dorgan J.R., Novel processing to produce
polymer/ceramic nanocomposites by atomic layer deposition, Journal of the American Ceramic
Society 90 (2007) 57-63.

46

[13] Liang X., King D.M., Groner M.D., Blackson J.H., Harris J.D., George S.M., Weimer A.W.,
Barrier properties of polymer/alumina nanocomposite membranes fabricated by atomic layer
deposition, Journal of Membrane Science 322 (2008) 105-112.
[14] Hintze C., Properties of nanocomposites produced by atomic-layer-deposition-coated
polyamide powder, Master of Science thesis, Tampere University of Technology, 2008.
[15] Kawasumi M., Hasegawa N., Kato M., Usuki A., Okada A., Preparation and mechanical
properties of polypropylene-clay hybrids, Macromolecules 30 (1997) 6333-6338.
[16] Kato M., Usuki A., Okada A., Synthesis of polypropylene oligomer-clay intercalation
compounds, Journal of Applied Polymer Science 66 (1997) 1781-1785.
[17] Hasegawa N., Kawasumi M., Kato M., Usuki A., Okada A., Preparation and mechanical
properties of polypropylene-clay hybrids using a maleic anhydride-modified polypropylene
oligomer, Journal of Applied Polymer Science 67 (1998) 87-92.
[18] Xu W., Liang G., Wang W., Tang S., He P., Pan W.-P., PP-PP-g-MAH-Org-MMT
nanocomposites. I. Intercalation behavior and microstructure, Journal of Applied Polymer
Science 88 (2003) 3225-3231.
[19] Wang Y., Chen F.-B., Li Y.-C., Wu K.-C., Melt processing of polypropylene/clay
nanocomposites modified with maleated polypropylene compatibilizers, Composites: Part B 35
(2004) 111-124.
[20] Bureau M.N., Perrin-Sarazin F., Ton-That M.-T., Polyolefin nanocomposites: Essential work
of fracture analysis, Polymer Engineering and Science 44 (2004) 1142-1151.
[21] Ton-That M.-T., Perrin-Sarazin F., Cole K.C., Bureau M.N., Denault J., Polyolefin
nanocomposites: Formulation and development, Polymer Engineering and Science 44 (2004)
1212-1219.
[22] Kim D.H., Fasulo P.D., Rodgers W.R., Paul D.R., Structure and properties of
polypropylene-based nanocomposites: Effect of PP-g-MA to organoclay ratio, Polymer 48 (2007)
5308-5323.
[23] Lertwimolnun W., Vergnes B., Influence of compatibilizer and processing conditions on the
dispersion of nanoclay in a polypropylene matrix, Polymer 46 (2005) 3462-3471.
[24] Perrin-Sarazin F., Ton-That M.-T., Bureau M.N., Denault J., Micro- and nano-structure in
polypropylene/clay nanocomposites, Polymer 46 (2005) 11624-11634.
[25] Reichert P., Nitz H., Klinke S., Brandsch R., Thomann R., Mülhaupt R.,
Poly(propylene)/organoclay nanocomposite formation: Influence of compatibilizer functionality
and organoclay modification, Macromolecular Materials and Engineering 275 (2000) 8-17.
[26] Zweifel H. (Ed.), Plastics Additive Handbook, Carl Hanser Verlag, Munich, 2001.
47

[27] Kornmann X., Synthesis and characterization of thermoset-clay nanocomposites, Doctoral
thesis, Luleå University of Technology, 2001.
[28] Nanostructures in polymer matrices, workshop, September 2001, University of Nottingham,
presentation of Rick Beyer.
[29] Gelfer M., Burger C. Fadeev A., Sics I., Chu B., Hsiao B.S., Heintz A., Kojo K., Hsu S.-L.,
Si M., Rafailovich M., Thermally induced phase transitions and morphological changes in
organoclays, Langmuir 20 (2004) 3746-6758.
[30] Peltola P., Välipakka E., Vuorinen J., Syrjälä S., Hanhi K., Effect of rotational speed of twin
screw extruder on the microstructure and rheological and mechanical properties of nanoclayreinforced polypropylene nanocomposites, Polymer Engineering and Science 46 (2006) 9951000.
[31] Moore E.P. (Ed.), Polypropylene handbook, Carl Hanser Verlag, Munich, 1996.
[32] Saarela O., Airasmaa I., Kokko J., Skrifvars M., Komppa V., Komposiittirakenteet,
Hakapaino Oy, Helsinki, 2003.
[33] Pritchard G. (Ed.), Plastics Additives: An A-Z reference, Chapman & Hall, London, 1998.
[34] Chan C.-M., Wu J., Li J.-X., Cheung Y.-K., Polypropylene/calcium carbonate
nanocomposites, Polymer 43 (2002) 2981-2992.
[35] Karger-Kocsis J. (Ed.), Polypropylene: Structure, blends and composites, Chapman & Hall,
London, 1995.
[36] Review, Technical information plastics R1-02, Physicochemical aspects of mineral
components for plastics processors, Omya Research and Technology Services, Applied
Technology
Services
Plastics,
http://www.omya.nl/web/omya_nl.nsf/Attachments/
99D5A76919AB206AC125737D0036D84A/$FILE/OMYA_R_1_02_EN.pdf (3.9.2010)
[37] Lam T.D., Hoang T.V., Quang D.T., Kim J.S., Effect of nanosized and surface-modified
precipitated calcium carbonate on properties of CaCO3/polypropylene nanocomposites, Materials
Science and Engineering A 501 (2009) 87-93.
[38] Wang G., Chen X.Y., Huang R., Zhang L., Nano-CaCO3/polypropylene composites made
with ultra-high-speed mixer, Journal of Materials Science Letters 21 (2002) 985-986.
[39] Zuiderduin W.C.J., Westzaan C., Huétink J., Gaymans R.J., Toughening of polypropylene
with calcium carbonate particles, Polymer 44 (2003) 261-275.
[40] Zhang Q.-X., Yu Z.-Z., Xie X.-L., Mai Y.-W., Crystallization and impact energy of
polypropylene/CaCO3 nanocomposites with nonionic modifier, Polymer 45 (2004) 5985-5994.

48

[41] Lazzeri A., Zebarjad S.M., Pracella M., Cavalier K., Rosa R., Filler toughening of plastics.
Part 1 – The effect of surface interactions on physico-mechanical properties and rheological
behaviour of ultrafine CaCO3/HDPE nanocomposites, Polymer 46 (2005) 827-844.
[42] Ma C.G., Rong M.Z., Zhang M.Q., Friedrich K., Irradiation-induced surface graft
polymerization onto calcium carbonate nanoparticles and its toughening effects on polypropylene
composites, Polymer Engineering and Science 45 (2005) 529-538.
[43] Yang K., Yang Q., Li G., Sun Y., Feng D., Morphology and mechanical properties of
polypropylene/calcium carbonate nanocomposites, Materials Letters 60 (2006) 805-809.
[44] Ma C.G., Mai Y.L., Rong M.Z., Ruan W.H., Zhang M.Q., Phase structure and mechanical
properties of ternary polypropylene/elastomer/nano-CaCO3 composites, Composites Science and
Technology 67 (2007) 2997-3005.
[45] Lin Y., Chen H., Chan C.-M., Wu J., High impact toughness polypropylene/CaCO3
nanocomposites and the toughening mechanism, Macromolecules 41 (2008) 9204-9213.
[46] Wang Y., Shen H., Li G., Mai K., Effect of interfacial interaction on the crystallization and
mechanical properties of PP/nano-CaCO3 composites modified by compatibilizers, Journal of
Applied Polymer Science 113 (2009) 1584-1592.
[47] Haveri S., Kalsiumkarbonaatti polymeerinanokomposiitin täyteaineena, Master of Science
thesis, Tampere University of Technology, 2006.
[48] Wypych G., Handbook of fillers - a definitive user's guide and databook, ChemTec
Publishing, Toronto, 2000.
[49] Shen Z., Simon G.P., Cheng Y.-B., Comparison of solution intercalation and melt
intercalation of polymer-clay nanocomposites, Polymer 43 (2002) 4251-4260.
[50] Advani, S.G. (Ed.), Processing and properties of nanocomposites, World Scientific, New
Jersey, 2007.
[51] Wildi R.H., Maier C., Understanding compounding, Carl Hanser Verlag, Munich, 1998.
[52] Extrusion definitions, Tangram Technology Ltd., Consulting Engineers for Plastics
Processing
and
Plastics
Products,
http://www.tangram.co.uk/TI-PolymerExtrusion_Definitions.html (3.9.2010)
[53] White J.L., Twin screw extrusion: Technology and principles, Hanser Publishers, New York,
1991.
[54] Dennis H.R., Hunter D.L., Chang D., Kim S., White J.L., Cho J.W., Paul D.R., Effect of
melt processing conditions on the extent of exfoliation in organoclay-based nanocomposites,
Polymer 42 (2001) 9513-9522.

49

[55] Modesti M., Lorenzetti A., Bon D., Besco S., Effect of processing conditions on morphology
and mechanical properties of compatibilized polypropylene nanocomposites, Polymer 46 (2005)
10237-10245.
[56] Lertwimolnun W., Vergnes B., Effect of processing conditions on the formation of
polypropylene/organoclay nanocomposites in a twin screw extruder, Polymer Engineering and
Science 46 (2006) 314-323.
[57] Zhu L., Xanthos M., Effects of process conditions and mixing protocols on structure of
extruded polypropylene nanocomposites, Journal of Applied Polymer Science 93 (2004) 18911899.
[58] Suntola T., Antson J., Method for producing compound thin films, US Patent No. 4,058,430
(1977).
[59] King D.M., Spencer J.A., Liang X., Hakim L.F., Weimer A.W., Atomic layer deposition on
particles using fluidized bed reactor with in situ mass spectrometry, Surface & Coatings
Technology 201 (2007) 9163-9171.
[60] Ritala M., Leskelä M., Atomic layer epitaxy – a valuable tool for nanotechnology?,
Nanotechnology 10 (1999) 19-24.
[61] Heller C.M.A., Erlat A.G., Breitung E.M., Systems and methods for roll-to-roll atomic layer
deposition on continuously fed objects, Patent Application No. PCT/US2007/066029, Patent No.
WO 2008/057625 (2008).
[62] George S.M., Ferguson J.D., Weimer A.W., Atomic layer controlled deposition on particle
surfaces, US Patent No. 6,613,383 (2003).
[63] Zhan G.-D., Du X., King D.M., Hakim L.F., Liang X., McCormick J.A., Weimer A.W.,
Atomic layer deposition on bulk quantities of surfactant-modified single-walled carbon
nanotubes, Journal of the American Ceramic Society 91 (2008) 831-835.
[64] Wilson C.A., McCormick J.A., Cavanagh A.S., Goldstein D.N., Weimer A.W., George
S.M., Tungsten atomic layer deposition on polymers, Thin Solid Films 516 (2008) 6175-6185.
[65] George S.M., Ferguson J.D., Weimer A.W., Wilson C.A., A method of depositing an
inorganic film on an organic polymer, Patent Application No. PCT/US02/22742, Patent No. WO
03/008110 (2003).
[66] Guozhong C., Nanostructures & nanomaterials – synthesis, properties & applications,
Imperial College Press, London, 2004.
[67] George S.M., Ott A.W., Klaus J.W., Surface chemistry for atomic layer growth, Journal of
Physical Chemistry 100 (1996) 13121-13131.

50

[68] Bosund M., Galliumarsenidipinnan passivointi atomikerroskasvatustekniikalla, Master of
Science thesis, Helsinki University of Technology, 2007.
[69] Putkonen M., Development of low-temperature deposition processes by atomic layer epitaxy
for binary and ternary oxide thin films, Doctoral thesis, Helsinki University of Technology, 2002.
[70] Nalwa H.S. (Ed.), Handbook of thin film materials, Academic Press, San Diego, 2002.
[71] Aarik J., Aidla A., Mändar H., Uustare T., Atomic layer deposition of titanium dioxide from
TiCl4 and H2O: Investigation of growth mechanism, Applied Surface Science 172 (2001) 148158.
[72] Aarik J., Aidla A., Uustare T., Sammelselg V., Morphology and structure of TiO2 thin films
grown by atomic layer deposition, Journal of Crystal Growth 148 (1995) 268-275.
[73] Aarik J., Aidla A., Uustare T., Ritala M., Leskelä M., Titanium isopropoxide as a precursor
for atomic layer deposition: Characterization of titanium dioxide growth process, Applied Surface
Science 161 (2000) 385-395.
[74] Zhang Z., Triani G., Fan L.-J., Amorphous to anatase transformation in atomic layer
deposited titania thin films induced by hydrothermal treatment at 120 oC, Journal of Materials
Research 23 (2008) 2472-2479.
[75] Niskanen A., Radical enhanced atomic layer deposition of metals and oxides, Doctoral
thesis, University of Helsinki, 2006.
[76] Puurunen R.L., Surface chemistry of atomic layer deposition: A case study for the
trimethylaluminum/water process, Journal of Applied Physics 97 (2005) 121301.1-121301.52.
[77] Aarik J., Aidla A., Kukli K., Uustare T., Deposition and etching of tantalum oxide films in
atomic layer epitaxy process, Journal of Crystal Growth 144 (1994) 116-119.
[78] Eteläaho P., Sulasekoitetut nanoseostetut polyolefiinit, Licentiate thesis, Tampere University
of Technology, 2007.
[79] Li J., Ton-That M.-T., Tsai S.-J., PP-based nanocomposites with various intercalant types
and intercalant coverages, Polymer Engineering and Science 46 (2006) 1060-1068.
[80] Quaedflieg M., Rijks L., New developments in micro-compounding of nanocomposites,
DSM Xplore, 2007.
[81] Liang G., Xu J., Bao S., Xu W., Polyethylene/maleic anhydride grafted
polyethylene/organic-montmorillonite nanocomposites. I. Preparation, microstructure and
mechanical properties, Journal of Applied Polymer Science 91 (2004) 3794-3980.
[82] Ding C., Jia D., He H., Guo B., Hong H., How organo-montmorillonite truly affects the
structure and properties of polypropylene, Polymer Testing 24 (2005) 94-100.
51

[83] Tanniru M., Yuan Q., Misra R.D.K., On significant retention of impact strength in clayreinforced high-density polyethylene (HDPE) nanocomposites, Polymer 47 (2006) 2133-2146.
[84] Deshmane C., Yuan Q., Perkins R.S., Misra R.D.K., On striking variation in impact
toughness of polyethylene-clay and polypropylene-clay nanocomposite systems: The effect of
clay-polymer interaction, Materials Science and Engineering A 458 (2007) 150-157.
[85] Svoboda P., Zeng C., Wang H., Lee J., Tomasko D.L., Morphology and mechanical
properties of polypropylene/organoclay nanocomposites, Journal of Applied Polymer Science 85
(2002) 1562-1570.
[86] Wang Y., Chen F.-B., Wu K.-C., Effect of the molecular weight of maleated polypropylenes
on the melt compounding of polypropylene/organoclay nanocomposites, Journal of Applied
Polymer Science 97 (2005) 1667-1680.
[87] Lomakin S.M., Dubnikova I.L., Berezina S.M., Zaikov G.E., Kinetic study of polypropylene
nanocomposite thermo-oxidative degradation, Polymer International 54 (2005) 999-1006.
[88] Gorrasi G., Tammaro L., Tortora M., Vittoria V., Kaempfer D., Reichert P., Mülhaupt R.,
Transport properties of organic vapors in nanocomposites of isotactic polypropylene, Journal of
Polymer Science: Part B: Polymer Physics 41 (2003) 1798-1805.
[89] Lee J.-H., Jung D., Hong C.-E., Rhee K.Y., Advani S.G., Properties of polyethylene-layered
silicate nanocomposites prepared by melt intercalation with a PP-g-MA compatibilizer,
Composites Science and Technology 65 (2005) 1996-2002.
[90] Gopakumar T.G., Lee J.A., Kontopoulou M., Parent J.S., Influence of clay exfoliation on the
physical properties of montmorillonite/polyethylene composites, Polymer 43 (2002) 5483-5491.
[91] Li P., Song G., Yin L., Wang L., Ma G., New toughened polypropylene/organophilic
montmorillonite nanocomposites, Journal of Applied Polymer Science 108 (2008) 2116-2121.
[92] Osman M.A., Rupp J.E.P., Suter U.W., Effect of non-ionic surfactants on the exfoliation and
properties of polyethylene-layered silicate nanocomposites, Polymer 46 (2005) 8202-8209.
[93] Hanim H., Zarina R., Ahmad Fuad M.Y., Mohd. Ishak Z.A., Hassan A., The effect of
calcium carbonate nanofiller on the mechanical properties and crystallization behaviour of
polypropylene, Malaysian Polymer Journal 3 (2008) 38-49.
[94] Zebarjad S.M., Tahani M., Sajjadi S.A., Influence of filler particles on deformation and
fracture mechanism of isotactic polypropylene, Journal of Materials Processing Technology 155156 (2004) 1459-1464.
[95] Avella M., Errico M.E., Gentile G., High performance iPP based nanocomposites for food
packaging application, In: Proceedings of NSTI-Nanotech 2006 2 (2006) 841-844.

52

[96] Thio Y.S., Argon A.S., Cohen R.E., Weinberg M., Toughening of isotactic polypropylene
with CaCO3 particles, Polymer 43 (2002) 3661-3674.
[97] Kiss A., Fekete E., Pukánszky B., Aggregation of CaCO3 particles in PP composites: Effect
of surface coating, Composites Science and Technology 67 (2007) 1574-1583.
[98] Leskelä M., Ritala M., Atomic layer deposition (ALD): From precursors to thin film
structures, Thin Solid Films 409 (2002) 138-146.
[99] Leskelä M., Kemell M., Kukli K., Pore V., Santala E., Ritala M., Lu J., Exploitation of
atomic layer deposition for nanostructured materials, Materials Science and Engineering C 27
(2007) 1504-1508.
[100] McCormick J.A., Cloutier B.L. Weimer A.W., George S.M., Rotary reactor for atomic
layer deposition on large quantities of nanoparticles, Journal of Vacuum Science and Technology
A 25 (2007) 67-74.
[101] Nevalainen K., Hintze C., Suihkonen R., Sundelin J., Eteläaho P., Vuorinen J., Järvelä P.,
Isomäki N., Thermal and rheological behaviour comparison of melt-compounded
nanocomposites of atomic-layer-deposition-coated polyamide particles and commercial
nanofillers, Journal of Nanostructured Polymers and Nanocomposites 4 (2008) 129-139.
[102] Egerton T.A., Kessell L.M., Tooley I.R., Wang L., Photogreying of TiO2 nanoparticles,
Journal of Nanoparticle Research 9 (2007) 251-260.
[103] Su K.-H., Lin J.-H., Lin C.-C., Influence of reprocessing on the mechanical properties and
structure of polyamide 6, Journal of Materials Processing Technology 192-193 (2007) 532-538.
[104] Starkova O., Zhang Z., Zhang H., Park H.-W., Limits of the linear viscoelastic behaviour of
polyamide 66 filled with TiO2 nanoparticles: Effect of strain rate, temperature and moisture,
Materials Science and Engineering A 498 (2008) 242-247.
[105] Mishra J.K., Hwang K.-J., Ha C.-S., Preparation, mechanical and rheological properties of
a thermoplastic polyolefin (TPO)/organoclay nanocomposite with reference to the effect of
maleic anhydride modified polypropylene as a compatibilizer, Polymer 46 (2005) 1995-2002.
[106] Nevalainen K., Isomäki N., Honkanen M., Suihkonen R., McNally T., Harkin-Jones E.,
Syrjälä S., Vuorinen J., Järvelä P., Melt-compounded nanocomposites of titanium dioxide
atomic-layer-deposition-coated polyamide and polystyrene powders, submitted to Polymers for
Advanced Technologies
[107] Aarik J., Aidla A., Kiisler A.-A., Uustare T., Sammelselg V., Effect of crystal structure on
optical properties of TiO2 films grown by atomic layer deposition, Thin Solid Films 305 (1997)
270-273.
[108] Hoang V.V., Structural properties of simulated liquid and amorphous TiO2, Physica Status
Solidi B 244 (2007) 1280-1287.
53

Publication I

P. Eteläaho, K. Nevalainen, R. Suihkonen, J. Vuorinen, K. Hanhi, P. Järvelä
Effects of direct melt compounding and masterbatch dilution on the structure and
properties of nanoclay-filled polyolefins
Polymer Engineering and Science, 49, 1438-1446 (2009)

Reprinted from Polymer Engineering and Science with permission from
Society of Plastics Engineers.
Copyright © 2009, Society of Plastics Engineers

Publication II

P. Eteläaho, K. Nevalainen, R. Suihkonen, J. Vuorinen, P. Järvelä
Effects of two different maleic anhydride-modified adhesion promoters (PP-g-MA)
on the structure and mechanical properties of nanofilled polyolefins
Journal of Applied Polymer Science, 114, 978-992 (2009)

Reprinted from Journal of Applied Polymer Science with permission from
Wiley Periodicals, Inc.
Copyright © 2009, Wiley Periodicals, Inc.

Publication III

P. Eteläaho, S. Haveri, P. Järvelä
Comparison of the morphology and mechanical properties of unmodified and
surface-modified nanosized calcium carbonate in a polypropylene matrix
Accepted for publication in Polymer Composites

Reprinted with permission from Society of Plastics Engineers.
Copyright © 2010, Society of Plastics Engineers

Publication IV

P. Eteläaho, S. Haveri, P. Järvelä
The effect of surface modification of filler and two-step processing on the properties
of PP-based nanocomposites
The 1st International Conference Nanopolymers 2007
12-13th June, Berlin, Germany (2007)
Reprinted from the Conference Proceedings of the the 1st International Conference
Nanopolymers 2007 with permission from Smithers Rapra Ltd.
Copyright © 2007, Smithers Rapra Ltd.

Publication V

K. Nevalainen, R. Suihkonen, P. Eteläaho, J. Vuorinen, P. Järvelä, N. Isomäki, C. Hintze,
M. Leskelä
Mechanical and tribological property comparison of melt-compounded
nanocomposites of atomic-layer-deposition-coated polyamide particles and
commercial nanofillers
Journal of Vacuum Science and Technology A, 27, 929-936 (2009)

Reprinted from Journal of Vacuum Science and Technology A with permission from
American Vacuum Society.
Copyright © 2009, American Vacuum Society

