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Chapter 1 

Introduction 

Polymers are extensively used in all fields of economy; they form an essential 
part of our life these days. Considerable effort is spent on the development of new 
polymers and on the improvement of the price/performance ratio of these materials. One 
way to create new materials is the modification of polymers in order to create heteroge-
neous polymer systems. The preparation of blends, particulate filled polymers and fiber 
reinforced composites is a much easier, faster and cheaper way to create new materials 
than to develop polymers with completely new chemical structure and to install the 
corresponding polymerization technology. Accordingly, the production and use of 
modified polymers exceeded the overall growth rate of the economy in the last few 
decades [1]. The use of particulate filled polymers looks back to a long tradition, they 
were introduced almost simultaneously with the industrial polymerization of commodity 
polymers [2]. The interest in blends started in the sixties and they are mature materials 
now produced on industrial scale in large quantities [3]. Intensive research was done on 
advanced composites at the end of the seventies and the beginning of the eighties when 
the arms race was at its height and military was willing to sponsor it strongly [4,5]. 
Although some of the results found way into civil life, these materials did not gain wide 
application because of their high price.  

Research on composites gained new impetus with the appearance of nanocom-
posites. In the last decade the interest in nanocomposites increased enormously, in fact 
nano became one of the buzz-words of the scientific community. Systems being around 
for decades or even for almost a hundred year, like PVC containing precipitated CaCO3 
and rubbers reinforced by carbon black, respectively, are now classified as nanocompo-
sites assuming that increased scientific and economic importance would be attached 
automatically. The interest in layered silicate nanocomposites was generated by reports 
from the Toyota research group, which prepared polyamide composites by in-situ po-
lymerization the first time in 1987 [6-8]. Incorporation of montmorillonite into polyam-
ide resulted in considerable reinforcement and enthusiasm was further increased by the 
fact that the timing belt cover of one of Toyota’s models was prepared from this mate-
rial (Figure 1.1). Although this nanocomposite came off the production line since then, 
the interest remained and the number of papers dealing with these materials increased 
exponentially in the last ten years [9-14]. Although much information was collected as a 
result of these efforts and some composites even found new applications since then, the 
expected breakthrough has not been achieved yet; further research is needed in this 
field. 

The Department of Plastics and Rubber Technology has longstanding experi-
ence in the research and development of heterogeneous polymer systems. Particulate 
filled polymers have been studied for more than 20 years at the Department, but experi-
ence was gained also on polymer blends and fiber reinforced composites. These studies 
were directed mainly to model the composition dependence of properties, to determine 
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the effect of interfacial interactions, to find correlations between structure and proper-
ties, to reveal the mechanism and effect of micromechanical deformation processes in 
various heterogeneous polymer systems, etc. All of these questions play an important 
role also in nanocomposites. As a consequence, the decision was made a few years ago 
to use the compiled experience for the study of layered silicate nanocomposites. The 
first results of this program were summarized in the PhD Thesis of András Pozsgay 
[15]. The experience and conclusions gained in that stage were used to determine the 
focus of further research and the goals of this thesis. In this first chapter we give an 
overview about heterogeneous polymers generally and nanocomposites particularly, 
then we discuss specific questions of polymer/layered silicate nanocomposites in subse-
quent chapters. Papers related to topics in this chapter, which were published by the 
author, but do not form a part of the thesis itself, are listed in footnotes. Later footnotes 
indicate papers or manuscripts which form the basis of the corresponding chapter. 

 
Figure 1.1 First application of nanocomposites as timing belt cover of a car [16]. 

1.1. Heterogeneous polymers 
Traditionally the properties of polymers are modified with components, which 

are introduced in amounts comparable to that of the matrix. The second component 
changes all properties of the matrix, it improves some of them, while deteriorates others. 
Practically all properties change, a completely new material is created. Although a large 
number of modified polymers are prepared in laboratories, only those are used in prac-
tice, which offer an advantageous combination of properties at an acceptable price level. 
The components used for the modification of polymers can be classified arbitrarily into 
three categories: 

- polymers and elastomers in polymer blends and impact modified polymers, 
- organic and inorganic fillers in particulate filled polymers, 
- fibers in short or long fiber reinforced composites and advanced composites. 
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The combination of a polymer and one of the second components mentioned 
above offers a convenient route for the preparation of a new polymeric material. The 
development of a new synthesis route requires several years of laboratory and pilot 
plant experimentation, as well as marketing, while a new blend or composite can be 
prepared in a much shorter time. Equipment used in synthesis is also much more expen-
sive than those used for modification. In spite of the more advantageous development 
cost, modified polymers are seldom cheaper than the matrix polymer itself; blending or 
composite preparation costs money even in the case of a relatively cheap filler. Poly-
mers are usually modified in order to achieve technological advantages, to prepare ma-
terials with unique properties. 

The oldest route to modify properties is the introduction of inorganic particu-
late fillers [2,17]. Fillers are cheap and simple materials and they are usually added to 
commodity polymers. We often meet such products in our everyday life; everyone 
knows garden furniture, various parts of the car (bumper, air flow system), PVC sewer 
pipes, plastic floor covering or the outer layer of diapers. In spite of the simplicity and 
low price of the components, high-tech products can be prepared even from these mate-
rials. The last product of the list mentioned above, the outer layer of diapers, is a breath-
able film, which allows the passage of vapor, but blocks the permeation of fluids [18]. 
This effect is achieved by the creation of holes of certain size and size distribution. The 
film is prepared from polyethylene and a large amount, approximately 40-50 wt% 
CaCO3 filler. After its production the film is extended, the filler and the matrix separates 
and holes form to create the breathable film. Efficient production requires a filler with 
the proper particle size and size distribution, controlled adhesion of the components and 
the homogeneous distribution of the filler in the matrix polymer. These requirements 
clearly indicate the factors determining the properties of particulate filled polymers. 

Polymer blends contain two or more polymers at the same time [3]. They are 
used in large quantities in industry, mainly for the production of instruments and elec-
tronic equipment. Blends are prepared to achieve predefined properties, to improve 
processability or to decrease price. The application of these principle or aspects is dem-
onstrated well by PPO/PS blends, in which the incorporation of cheap PS into the more 
expensive PPO results in a considerable improvement of processability and a decrease 
in price; PC/ABS blends may serve as a further example. Rather surprisingly, consider-
able amounts of commodity polymers are also used in the form of blends, mostly to 
gain technical advantages. The main factor determining the properties of blends is the 
miscibility of the components [19]. In spite of the fact that most commercial polymer 
blends are heterogeneous two- or multiphase materials, miscibility determine their 
structure and the interaction of the phases. A certain degree of miscibility or compatibil-
ity is the minimum condition of the practical application of blends. 

The third group of heterogeneous materials includes fiber reinforced compos-
ites [4]. Although these materials may be divided into numerous subgroups, the basic 
idea of their application is the same. The very stiff and strong fiber carries the load in 
these materials, which is transferred and distributed among the fibers by the polymer. 
Naturally the principle works only if the adhesion between the fiber and the matrix is 
very good and the fibers are oriented in the direction of the load. The surface of some 
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high quality fibers is not very active and their surface energy is small thus the charac-
terization of fiber surfaces1,2, the increase of surface activity by oxidation or by other 
methods3 and the development of surface treatment technologies4 are of utmost impor-
tance for the successful use of fiber reinforced composites. Although the three kinds of 
heterogeneous systems, i.e. particulate filled polymers, polymer blends and fiber rein-
forced composites, differ from each other in many aspects, their properties are deter-
mined by the same factors and principles. Moreover, in spite of the fact that nanocom-
posites are often regarded as principally different materials, the main factors determin-
ing their properties seem to be the same as those of traditional modified polymers dis-
cussed in this section. 

1.2. Factors determining the properties of heterogeneous polymers 
As mentioned above the same factors determine the properties of all heteroge-

neous polymer systems and these are the characteristics of the components, composi-
tion, structure, and component interactions [20]. All four are equally important and must 
be adjusted to achieve optimum properties and economics. The effect of component 
properties is obvious. Fillers increase stiffness and the heat deflection temperature of the 
polymer, decrease its shrinkage, and they may improve the appearance of the product. 
Their smaller specific heat and better thermal conductivity increases the productivity of 
several plastics processing technologies. Fillers are often used to achieve properties, 
which were not characteristic for the original polymer used as matrix, e.g. flame resis-
tance, electrical conductivity, magnetic susceptibility, etc. Polymers used for modifica-
tion are quite often elastomers [21]. Contrary to fillers they usually decrease stiffness, 
but improve impact resistance. Often a combination of the two properties is required 
thus fillers and elastomers are added simultaneously to the polymer. Fiber reinforced 
polymers are usually used as structural materials and large stiffness as well as strength 
are required from them.  

The extent of modification depends very much on the amount of the second 
component, i.e. on composition. We usually want to introduce as much modifier as 
possible to achieve large modification, but the amount of the second component often 
has an upper limit. As mentioned above not only the targeted, but all properties of the 
matrix polymer are modified upon the introduction of a second component and some of 
them disadvantageously. Accordingly, properties must be optimized and the proper 
composition selected. The prediction of the composition dependence of the properties of 
modified polymers is an eternal question studied by many groups for a long time. Un-
fortunately, a general solution has not been found, because of the numerous factors 
influencing properties and their interrelation. Prediction of properties is further compli-
cated by the fact that the structure of modified polymers may also change with composi-
tion. 

                                                 
1 Százdi, L., Gulyás, J., Pukánszky, B., Műanyag és Gumi 38, 405-410 (2001) 
2 Százdi, L., Gulyás, J., Pukánszky, B.,  Compos. Interfaces 9, 219-232 (2002) 
3 Százdi, L., Gulyás, J., Pukánszky, B., Composites A33, 1361-1365 (2002) 
4 Dányádi, L., Százdi, L., Gulyás, J., Bertóti, I., Pukánszky, B., Compos. Interfaces 12, 243-258 (2005) 
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The majority of modified polymers have heterogeneous structure. Composition 
often does not define properties; materials with practically the same composition may 
have widely differing properties. Although the structure of particulate filled polymers is 
thought to be simple, the even distribution of particles in the polymer matrix is as-
sumed, this is frequently not the case in practice. Segregation or aggregation of filler 
particles, or the orientation of anisometric fillers may occur in these materials and de-
termine properties [22]. Structure is an important factor in blends. The interaction of the 
components determine the size of dispersed particles, but often also the type of structure 
(fibrillar, lamellar) or the width of the composition range of interpenetrating network 
structure, etc. Structure plays a determining role in fiber reinforced composites. Fibers 
reinforce the polymer if they are aligned parallel with the external load, but strength 
may decrease in the case of vertical alignment [4].  

The important role of interfacial interactions has been mentioned several times 
already [1,23,24]. Good adhesion is a principal condition in fiber reinforced composites 
and interaction determines the structure and properties of blends. The occurrence and 
effect of aggregation and the mechanism of the dominating micromechanical deforma-
tion process depends on matrix/filler interaction. Interactions are often modified; cou-
pling is used in composites, compatibilization in blends and surface treatment in par-
ticulate filled polymers. In this process the surface of a filler is coated by a surfactant, 
which decreases its surface tension [25-27]. The polar groups of the surfactant are 
bonded to the surface, while the apolar tail is directed outwards, towards the polymer 
matrix. The goal of non-reactive treatment is usually to eliminate particle/particle inter-
actions. Non-reactive treatment does not decrease only particle/particle, but also parti-
cle/matrix interaction. The effect of structure and interaction is especially important in 
nanocomposites partly because of the difficulty to distribute nano-sized particles homo-
geneous in the matrix and partly because of the huge interface formed in the process. As 
a consequence, we pay much attention to these factors in subsequent paragraphs, but 
also throughout the entire thesis. 

1.3. Classification of nanocomposites 
The general idea of nanocomposites is based on the concept of creating a very 

large interface between the nano sized building blocks and the polymer matrix. Nano-
composites can be classified in many ways. One approach distinguishes molecular 
composites constituted of a distribution of rigid molecules in a softer matrix, colloidal 
composites containing small spherical particles and layered silicate nanocomposites. In 
this thesis, we classify nanocomposites according to the dimensionality of the nano-
sized heterogeneity. 

1.3.1. Spheres 

Spherical or nearly spherical particles have all three dimensions in the nanometer 
range. Numerous attempts have been made to distribute such particles in a polymer matrix 
with the most different methods. One approach is the use of traditional thermoplastic or 
thermoset technologies to homogenize previously prepared particles into the matrix poly-
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mer. Carbon black, precipitated calcium carbonate and silica are the most frequently used 
representatives of this class of materials. They were around before the nano era and are 
used in specific applications. Interaction and its control is the key for success also in the 
application of these materials, but particle-particle interactions are usually more important 
than polymer-filler adhesion. It has been shown earlier that the occurrence and extent of 
aggregation depends on the relative magnitude of adhesion and shear forces [22]. The 
ratio of the two forces depends on interfacial adhesion, shear forces and the size of the 
particles. Aggregation tendency of fillers increases strongly with decreasing particle size. 
Since in nanocomposites particles are very small, aggregation is practically unavoidable 
and the formed structure governs properties. The size and interaction of the particles de-
termine also the strength of the aggregates. Shear forces can be changed in a limited range 
thus the main factor to control aggregation is the surface modification of the filler. Various 
treatments and modification techniques are used, e.g. surface grafting of the silica [28,29], 
but aggregation can be rarely avoided. We can hope only for a decrease in its extent at 
most. This approach, i.e. the distribution of preformed particles in a matrix with traditional 
techniques, must improve considerably in order to produce nanocomposites with the ex-
pected and forecasted exceptional properties. 

The simultaneous formation of the particles and the polymer matrix, usually in 
sol-gel technology, seems to have much more potentials. The interest in organic-
inorganic hybrids dates back to the 80’s and several reviews are available in this field 
summarizing the technical possibilities, structure, properties and potential applications 
of these materials [30]. Usually silicate chemistry is used to produce particles of differ-
ent sizes [31] or organic-inorganic networks [32]. The size of the particles can be 
changed from 500 to 10 nm by modifying the conditions of the polymerization, hy-
drolysis and condensation of the silica precursors [31]. The homogeneity of the compos-
ite is much better in these materials, although depending on chemistry aggregates can 
form even in this case. Interfacial interactions can be also adjusted by using the proper 
reactants to introduce functional groups to the surface of the filler. These groups can 
react with the polymer during polymerization or cross-linking. This technology may 
lead to nanocomposites with controlled structure and interfacial adhesion, thus materials 
with tailor made properties can be produced for the most diverse applications. 

1.3.2. Fibers and tubes 

Carbon nanotubes are in the focus of attention for some time (Figure 1.2). 
Nanotubes and nanofibers have two dimensions in the nanometer range; they are usually 
micrometer or even millimeter long. They attracted the interest mainly because of their 
exceptional mechanical [33] and electrical properties [34]. Theoretical and experimental 
investigations proved that carbon nanotubes have a Young’s modulus in the range of 1.2 
TPa, but they are also flexible [35]. The extremely high stiffness would make these 
materials ideal reinforcements for composites. The ultimate goal of composite prepara-
tion, i.e. producing materials with high stiffness and toughness at low reinforcement 
content, could be achieved with the nanotubes. However, as mentioned above, effective 
reinforcement has two conditions: alignment parallel with the direction of the load, and 
good stress transfer from the matrix to the fibers. Unfortunately, both are difficult to 
achieve in this case. Carbon nanotubes form bundles and they are usually twisted. Sepa-
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ration of the individual tubes, their homogeneous distribution and parallel alignment are 
problems to be solved in the future. Moreover, similar difficulties arise with stress trans-
fer controlled by interfacial adhesion. Although experiments directed towards the de-
termination of interfacial fracture energy in multi-walled carbon nanotubes reinforced 
composites indicated the existence of a “relatively” strong interface [36], interfacial 
adhesion is insufficient in most cases in spite of the small diameter of the fibers. Many 
attempts were made to improve interfacial adhesion by the functionalization of the 
tubes; an improvement of properties was reported invariably as an effect of modification 
[37,38]. In spite of the huge effort and intensive study, carbon nanotube reinforced 
composites do not meet expectations yet, their performance is moderate at most, espe-
cially if we compare it to their price. A possible way to overcome the difficulties caused 
by the shape and conformation of nanotubes is the use of nanofibers produced by elec-
trospinning. According to Dzenis [39] these fibers are superior to nanotubes in many 
respects, although the way to control interfacial interactions is unclear also in this case. 
Although these fibers have much potential in nanofabrication processes [40] and they 
may have numerous advantages including price, much has to be done before they can be 
used as reinforcements at industrial scale. 

 
Figure 1.2 Structure of a single wall carbon nanotube [41] 

1.3.3. Layered silicates 

Nanoreinforcements with only one dimension in the nanometer range can be 
achieved by platelets, usually single silicate layers. Montmorillonite or hectorite is used 
the most often as reinforcement, but some groups try to disperse also nano-sized graph-
ite platelets in polymers. The negative surface charge of the silicate layers is compen-
sated by solvated cations in the space confined between two layers, called also the gal-
lery, which can be and are exchanged to organic ions, mostly by ammonium ions having 
one or more long aliphatic tails (Figure 1.3). Ion exchange leads to an increase of gal-
lery distance and to a decrease of attractive forces between the layers. The decrease of 
intergallery forces makes exfoliation possible, which is basically the separation of the 
silicate layers. Delamination, or exfoliation, can be initiated by in-situ polymerization or 
by shear in a conventional processing machine. Practically all the papers published in 
this field emphasize the advantages of nanocomposites and often claim complete or at 
least extensive exfoliation. Unfortunately, it is rather difficult to achieve complete exfo-
liation and usually a complex structure forms containing large particles, tactoids with 
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extended gallery distances and individual exfoliated silicate layers. Properties often do 
not improve to the extent as expected [42,43] or even deteriorate [44,45]. Naturally very 
few papers reporting negative results are available although such information would 
also help to increase our knowledge about factors controlling nanocomposite properties. 
This thesis focuses attention exclusively on layered silicate polymer nanocomposites, 
thus these question will be discussed more in detail in subsequent sections.  

 
Figure 1.3 Schematic picture of an ion-exchange reaction [14]. 

1.4. Layered silicate nanocomposites 
As mentioned in the first section of this chapter, the surge in the research of lay-

ered silicate nanocomposites started with the publications of the Toyota group. The inter-
est and enthusiasm was increased even more by the fact that Toyota used the material in 
production. Many groups started research in this area afterwards and the number of papers 
published increased exponentially. The usual approach of many of these groups is to ob-
tain an organophilic silicate from one of the producers, homogenize it with a polymer and 
test the product. Unfortunately, the expected improvement in properties is usually not 
achieved, the structure of the obtained composites is more complicated than claimed, its 
characterization is difficult, and the understanding of structure-property correlations is not 
sufficient yet. The basis of some of these difficulties is found in the conflict between the 
basic idea and reality, in the complicated processes leading to the final product and the 
complex structure of both the silicate and the final composite. 

1.4.1. Idea, composite properties 

The idea of using layered silicates as reinforcement in polymers is based on 
several observations and a hypothesis. Colloid scientist observed quite some time ago 
that layered silicates exfoliate in water; the filler particles fall apart into individual lay-
ers of 1 nm thickness and about 200-500 nm diameter [46-48]. In water suspension the 
solvated surplus cations of the silicate can be exchanged to long chain aliphatic amines, 
the silicates precipitate from the suspension and form particles with larger gallery dis-
tance. After treatment the layers are attached to each other by weaker forces, which are 
supposed to facilitate exfoliation also during processing, when the silicate is introduced 
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into the polymer. Often complete exfoliation is assumed, which results in an extremely 
large interface in the composite. The large interface should lead to considerable rein-
forcement at small silicate content and unique properties generally [12,44,49-55].  

The majority of the groups doing research in this field strongly believes in this 
principle and builds its work as well as publications on it. Most of these papers starts with 
and claims that nanocomposites possess properties superior to those of traditional micro-
composites or filled polymers, that this makes them extremely interesting in the field of 
design and creation of new construction as well as packaging materials5. High aspect ratio 
nanolayers provide properties that are not possible for larger-scaled composites. It is obvi-
ous that exfoliated and thermodynamically stable polymer-layered silicate system must be 
prepared to reach such property enhancement [56,57]. One of the most important attrac-
tions of these materials is an expected significant increase in strength and stiffness [58-
66]. Modulus increases in most cases, indeed, but it is well known that incorporation of 
hard filler into a polymer matrix will always increase the modulus compared to that of the 
matrix [17,67,68]. On the other hand, although improvements in strength were reported, 
the achieved reinforcement is not always convincing [49-54]. Additional advantages of the 
application of layered silicates is claimed to be the improved dimensional stability, resis-
tance against degradation, decreased flammability, etc [9-12,69]. Another attractive fea-
ture and probably the best potential application of nanocomposites is the limited permea-
tion of small molecular weight materials through them. The incorporation of impermeable 
anisometric particles into the polymer matrix forces the permeating molecules to wiggle 
around them in a random walk, hence diffusing through a tortuous pathway (Figure 1.4). 
The permeation of gas molecules through composite materials has been predicted to be a 
function of the aspect ratio of the inclusions, their volume fraction and orientation [70-74]. 
Surface modification and particle shape was shown to affect the barrier properties of hy-
drogenated nitrile rubber (HNBR)/OMMT nanocomposites and decreased permeation was 
found, indeed, compared to spherical silica particles6. 

 
Figure 1.4 Proposed model for diffusion of gases through tortuous pathway in poly-

mer/clay nanocomposites. 

                                                 
5 Százdi, L., Pukánszky, B., Műanyag és Gumiipari Évkönyv 2, 87-90 (2004) 
6 Gatos, K. G., Százdi, L., Pukánszky, B., Karger-Kocsis, J., Macromol. Rapid Commun. 26, 915-919 (2005) 

Polymer/layered silicate 
nanocomposite 

Unfilled polymer



Chapter 1 
 

 

10

1.4.2. Structure of layered silicates 

As mentioned earlier, montmorillonite, hectorite and saponite are used the most 
often for the preparation of polymer nanocomposites. Swellable clay minerals are not 
nanometer-sized filler themselves but can produce such units under appropriate condi-
tions. Clay minerals are called layered silicates because of the stacked structure of 1 nm 
thick silicate sheets. The morphology of clays is usually studied by X-ray diffraction. 
Opinions about their exact structure still differ, because of some technical and theoreti-
cal difficulties in identification [46,47,75-77]. Clays always exhibit a large number of 
crystal defects, moreover their poor crystallization ability results in particles of less than 
2 µm in size. As a consequence structure can be identified only by powder diffraction 
experiments, which are always less sensitive than measurements on single crystals. The 
exact, regular arrangement of atoms is often limited to the inner part of a layer, since 
neighboring layers attached only by weak forces slip on each other, thus changing the 
arrangement of the atoms from layer to layer [47]. 

 
Figure 1.5 Crystalline structure of montmorillonite [13]. 

Montmorillonite gives the bulk of the naturally occurring clay mineral called 
bentonite [47]. Their accompanying minerals are kaolinit, illit, quartz, feldspar and 
mica. Conceptually, they consist of two modular units: tetrahedral and octahedral 
sheets. A tetrahedral sheet is composed of corner-linked tetrahedral units with central 
ions Si4+ (see Figure 1.5) or Al3+ and sometimes Fe3+ as central ions. The basal oxygen 
atoms of a tetrahedron are shared by neighboring tetrahedral units, forming a hexagonal 

Silicate layer 
~1nm 

Basal spacing 

Gallery distance 
Exchangeable cations 

n H2O 

Oxygen OH Al, Fe, Mg 

Si, (Al) 
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pattern. The octahedral sheet is composed of edge-shared octahedral units with Al3+, 
Mg2+, or Fe3+ and Fe2+ serving typically as the coordinating cation. The layer thickness 
is around 0.96 nm and the lateral dimensions of these layers may vary from 30 nm to 
several microns and even larger depending on the particular silicate. These layers organ-
ize themselves to form stacks with a regular van der Walls gap in between them called 
the interlayer or the gallery. Isomorphic substitution within the layers (for example, Al3+ 
replaced by Mg2+ or by Fe2+, or Mg2+ replaced by Li+) generates negative charges that 
are counterbalanced by alkali or alkaline earth cations situated in the interlayer [46,47]. 
The maximum net layer charge for most 2:1 clay minerals is about 1 per formula unit. 
Neutrality on the surface and in the interlayer (space between the layers) is maintained 
by cations, hydrated cations or ionic groups. 

Clays can be characterized by the negative surface charge (known as the cation 
exchange capacity, CEC and expressed in meq/100 g) [46-48]. The charge of the layer 
is not locally constant as it varies from layer to layer and must rather be considered as 
an average value over the whole crystal. A small part of the charge balancing cations 
may be located on the external crystallite surface; however the majority of these ex-
changeable cations are located inside the galleries. The layer charge density and hetero-
geneity of aluminosilicates also differ from one mineral to the other. For example, the 
charge distribution of montmorillonite is quite heterogeneous, while muscovite has a 
homogeneous one. Montmorillonite has a low cation-exchange capacity in the range of 
80 to 120 meq/100 g, therefore, does not have a large amount of ionic interactions hold-
ing the clay plates together. Cation rich clay species, such as vermiculite, are difficult to 
delaminate, and the ease of delamination is one of the most important characteristics for 
composite preparation. 

1.4.3. Organophilization 

Although neighboring layers slip on each other relatively easily, their separa-
tion is not very simple. Solvated cations balancing the negative surface charge of the 
layers keep them quite strongly together and make the dispersion of individual layers in 
polymers difficult. Montmorillonite falls apart to individual layers in dilute suspension 
made in water, but the layers aggregate even under such conditions at higher concentra-
tion [78,79]. Attractive forces among the layers are much stronger than any interaction 
between non-ionic organic polymers and the silicate. In order to decrease the interaction 
of the layers and increase their distance, inorganic cations are exchanged to organic 
ones, usually ammonium cations with one or more long alkyl chains [48,80]. Larger 
distance and weaker forces are expected to facilitate exfoliation and help the distribution 
of the layers in the polymer. However, both the forces and layer distance should depend 
on the amount and arrangement of the alkyl chains in the galleries of the silicate. Ex-
tended XRD studies of thin alkylammonium films on smectite surfaces (specifically 
montmorillonite) were carried out by Weiss and Lagaly [80-84]. Based on the basal-
plane spacing, they suggested that the alkyl chains might lie flat on the silicate surface 
in mono-, or in bilayer, in pseudo-trimolecular arrangement (through kink formation) or 
radiate away from the surface depending on the charge density (CEC) of the silicate and 
the chain length of the organic molecule. 
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Recently a more realistic description has been proposed by Vaia et al. [85] 
based on FTIR and XRD experiments. By monitoring frequency shifts of the asymmet-
ric CH2 stretching and bending vibrations, they found that the intercalated chains exist 
in states with varying degrees of order. In general, as the interlayer packing density, or 
the chain length, decreases (or the temperature increases), the intercalated chains adopt 
a more disordered, liquid-like structure resulting from an increase in the gauche/trans 
conformer ratio. When the available surface area per molecule is within a certain range, 
the chains are not completely disordered but retain some orientational order similar to 
that in the liquid crystalline state. This interpretation has been recently supported by 
molecular dynamics simulations, where a strong layering behavior with a disordered 
liquid-like arrangement has been found, that can evolve towards a more ordered ar-
rangement with increasing chain length [86]. However these simulations confirmed that 
CEC determines the number of alkyl-chains per area and gallery distance will be larger 
for silicates with higher CEC values. All these studies indicate that the arrangement of 
the surfactant among the layers and gallery structure generally strongly influence exfo-
liation and the properties of nanocomposites7. Although gallery distance and forces 
between adjacent layers decrease as an effect of organophilization, the surface of the 
silicate is covered by one or more layers of aliphatic molecules, which decreases their 
interaction also with the polymer matrix. Results obtained on various polymer/layered 
silicate nanocomposites indicate that this decreased interaction is not advantageous and 
might result in inferior properties7,8. 

1.4.4. Preparation, composite structure 

Since the initial publication of the Toyota group, a lot of new techniques were 
tested in order to find a feasible route leading to polymer-clay nanocomposites without 
increasing too much the complexity of the process and, consequently, the cost. However it 
is possible to distinguish a few distinct strategies which can be used to prepare these mate-
rials. According to one of them, the polymer is initially solubilized in an organic solvent, 
then the clay is dispersed in the obtained solution and subsequently either the solvent is 
evaporated or the polymer precipitated [87-89]. Nevertheless, this technique needs a large 
amount of solvent and leads to poor clay dispersion, hence it is suitable only for laboratory 
applications. Polyamide, polystyrene and poly(methyl-methacrylate) nanocomposites are 
often prepared by in-situ polymerization [90-92]. In this technique the layered silicate is 
swollen within the liquid monomer (or a monomer solution) and polymerization occurs in 
between the intercalated sheets. Polymerization can be initiated either by heat or radiation, 
by the diffusion of a suitable initiator or by an organic initiator or catalyst fixed through 
cationic exchange inside the interlayer before the swelling step by the monomer. In these 
cases, the growing chains are closely attached (grafted) onto the nano-particles and act as 
coupling agents as well as matrix material at the same time. This scheme cannot be ap-
plied to all material combinations, since the synthesis of, e.g. polyolefines, is by far more 
complex than the synthesis of polyamides [14]. 

                                                 
7 Pozsgay A, Fráter T, Százdi L, Müller P, Sajó I, Pukánszky B., Eur. Polym. J. 40, 27-36 (2004) 
8 Pozsgay, A., Csapó, I., Százdi, L., Pukánszky, B., Mater. Res. Innov. 8, 138-139 (2004) 
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In the melt intercalation method, used also by us, the layered silicate is mixed 
with the polymer matrix in the molten state. Under appropriate conditions and if interac-
tion of the polymer with the silicate surface is sufficiently strong, the polymer can crawl 
into the interlayer space and form either an intercalated or an exfoliated nanocomposite 
(Figure 1.6). Shear flows encountered in traditional polymer melt processing techniques 
facilitate homogenization of the polymer-clay nanocomposites [13,57,93-98]. With 
respect to the cost effectiveness and feasibility of the available processing techniques, 
the melt-blending of nanoparticles with polymers is still the optimum method of com-
pounding for the mass production of nanocomposites. The melt intercalation is more 
flexible and “green” than previous routes mentioned above due to the absence of sol-
vents and chemical reaction. This approach is commercially advantageous especially for 
the modification of commodity plastics. A rather large number of parameters may influ-
ence nancomposite formation during melt compounding9: (1) the molecular architecture 
of the alkyl ammonium cation used for cation exchange, (2) additives being present 
during silicate modification, (3) processing temperature, (4) shear rate, (5) compatibi-
lizer type and content, and (6) polymer viscosity [54]. A relatively novel approach to 
prepare nanocomposites uses an organic “swelling agent”, in order to intercalate the 
clay [42,99]. This agent (ethylene glycol, naphtha, or heptane) serves to increase the 
interlayer spacing and separate the clay layers. Its boiling point must be lower than the 
processing temperature of the polymer in order to evaporate during the extrusion proc-
ess. However the adaptability of this technique into traditional polymer processing 
technologies is very restricted due to environmental protection and corrosion problems. 

 
Figure 1.6 Scheme of polymer melt intercalation and the forming structures: a) phase 

separated microcomposite; b) intercalated and c) exfoliated nanocomposites.  

                                                 
9 Ábrányi, Á., Százdi, L., Pukánszky, B., Műanyag és Gumi 41, 466-471 (2004) 

Layered silicate Polymer 
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Generally, the structure of nanocomposites is usually characterized by wide angle 
X-Ray diffraction (WAXS or XRD) and transmission electron microscopy (TEM) [57-
60,98-104]. Because of its simplicity and availability WAXS is most commonly used to 
probe nanocomposite structure [58-60,103-108] and occasionally to study the kinetics of 
melt intercalation [93,109]. Based on XRD studies, nanocomposites are divided into three 
categories, which describe the dispersion of the clay in the polymer (Figure 1.5). If layer 
distance does not change during homogenization, we talk about microcomposites, in 
which the clay behaves like a regular particulate filler. Intercalated nanocomposites have 
increased gallery distance, indicating that polymer has entered the gallery and expanded 
the layers. A decrease in the degree of coherent layer stacking (i.e. a more disordered 
system) results in peak broadening and intensity loss. In exfoliated nanocomposites the 
characteristic silicate reflection disappears from the XRD trace, suggesting that a large 
amount of polymer has entered the gallery space and expanded the clay layers so far apart 
that diffraction cannot be observed with wide-angle (2Θ < 1°) XRD techniques. However, 
the lack of a peak obtained during XRD analysis does not prove, or disprove, the existence 
of exfoliated clay plates in the nanocomposites [65,110-112]. 

Electron microscopy is a complementary technique available for the analysis of 
the structure of nanocomposites [60,98,101,103,104]. Although both SEM and TEM re-
quire sometimes complex sample preparation methods, the additional information ob-
tained may justify the use of these methods. A considerable advantage of both SEM and 
TEM is a clear visual indication of particle or layer distribution. However, this advantage 
is at the same time the main disadvantage of these techniques. If we want to study indi-
vidual layers we must use large magnifications, which decreases the visible area. The very 
small area might not be entirely representative for the average microstructure of the com-
posite. On the other hand, using lower magnification might not verify the existence of 
exfoliated structure. Moreover, neither of the discussed techniques offers information 
about the possible presence of larger clay particles, which did not break up during the 
homogenization process. Other structural formations might not be detected by these tech-
niques either. Several authors claimed the formation of a silicate network structure in 
layered silicate polymer nanocomposites [54,58,65,112-115]; WAXS cannot detect such 
structures at all, while the interpretation of TEM micrographs is difficult, it cannot supply 
unambiguous proof about their presence or absence at all10. 

It is obvious from the preceding sections and paragraphs that the distribution of 
silicate platelets in the polymer is an essential condition of property improvement. The 
ideal case would be complete exfoliation, however, according to all indication this is 
very difficult to achieve. Considering the importance of dispersion and delamination, it 
might be rather surprising that very few attempts have been made to determine the de-
gree of exfoliation and very limited number of methods is available to even estimate it. 
Fornes et al. [101] analyzed TEM images of polymer nanocomposites by the conversion 
of original photomicrographs into black and white images using a semi-automated ap-
proach. Manias et al. [57,116] captured 20-40 independent TEM images at low magnifi-
cation (an area of approximately 4x5 µm) for their nanocomposites material. Subse-

                                                 
10 Ábrányi, Á., Százdi, L., Pukánszky, B. Jr., Vancso, J. G., Pukánszky, B., Macromol. Rapid Comm. 27, 132-

135 (2006) 
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quently, they used image analysis to count (a) the total number of layers seen edge-on, 
(b) the layers in stacks of more than 10 layers separated by less than 3 nm (intercalated 
tactoids); and (c) bunches of up to 3 layers that are separated by more than 50 nm (exfo-
liated layers) or nonparallel layers separated by less than 20 nm (disordered layers). 
Admittedly, these definitions are ad hoc and 20-40 images cover a very small total area 
to carry high statistical significance.  

Other approaches try to estimate the extent of exfoliation from bulk properties. 
Some author [49,52,72-74] proposed permeability measurements for the characteriza-
tion of the state of exfoliation. The modified tortuosity model developed by Bharardwaj 
[71] describes the effects of sheet length, concentration, orientation and degree of exfo-
liation on the relative permeability. Unfortunately, the tortuosity model assumes perfect 
layer orientation parallel to the surface, which usually does not occur in reality. Several 
groups tried to estimate the extent of exfoliation by the modeling of composite stiffness 
[43,51,101,117]. Micromechanical models or existing theories are compared to measure 
values and conclusions about the structure of the composites are drawn from the results. 
Most of these models assume randomly distributed spherical inclusions and perfect 
adhesion between the two heterogeneous phases. However, probably none of these 
assumptions are true for organophilic silicates. Rheology was also used for the charac-
terization of the structure of nanocomposites [63,64,112,118-120]10,11,12. Wagener and 
Reisinger [112] used rheological data to determine the extent of exfoliation in layered 
silicate PBT nanocomposites and validated their results by a correlation between the 
parameter determined (power law exponent, n, of the correlation of viscosity and fre-
quency) and the modulus of the composite. However, the average number of platelets 
per tactoid cannot be calculated from n for a given nanocomposite. Although most of 
these methods offer some information about the structure of layered silicate polymer 
nanocomposites, they are unable to offer a reliable number for the extent of exfoliation. 

1.4.5. Contradictions, open questions 

Unfortunately, the properties of nanocomposites reported in the literature are 
rarely exceptional. In spite of the claims of the authors, published results indicate very 
small improvement in properties which often does not reach that achieved with fiber 
reinforcements, sometimes even with particulate fillers. As a consequence, very few 
experimental results support the original hypothesis that the exfoliation of clay particles 
leads to the development of large interfaces and extreme reinforcement. In fact our 
previous experience indicated that exfoliation is seldom complete. On the other hand, 
very few methods are available for the estimation of exfoliation as mentioned above. 
Moreover, the structure of nanocomposites is usually characterized by WAXS and 
TEM, attention is mainly focused on the dispersion of individual silicate layers. The 
formation and presence of other structural units is not even considered in most cases, in 
spite of the fact that some authors occasionally claim the formation of a silicate net-
work. The formation of large interfaces emphasizes the significance of interfacial inter-
actions. Nevertheless, very few attempts are made for the proper characterization of the 

                                                 
11 Choi, J. S., Lim, S. T., Choi, H. J., Pozsgay, A., Százdi, L., Pukánszky, B., J. Mater. Sci. Lett. (in press) 
12 Choi, J. S., Lim, S. T., Choi, H. J., Pozsgay, A., Százdi, L., Comp. Interfaces (accepted) 
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surface properties of neat and organophilic clays or for the determination of interfacial 
interactions. These latter are assumed to be perfect in spite of the fact that numerous 
results and papers prove that the coverage of an inorganic surface with a surfactant leads 
to a significant decrease in interfacial adhesion. Indeed, some experimental results indi-
cate that the interaction of the phases in nanocomposites is not always as good as 
claimed. Additionally, several other factors which might influence composite properties 
are neglected and important phenomena remain unexplained. As a consequence, this 
thesis focuses on the issues listed above, i.e. on interfacial interactions, on the structure 
of the composites and on structure-property correlations. 

1.5. Scope 
As described in the previous sections this thesis addresses questions which 

have not been investigated up to now, or have not been answered satisfactorily yet. 
Accordingly, in Chapter 3, we report results obtained during the characterization of 
various montmorillonites used for the reinforcement of polymers. Although some re-
search groups treat their silicates with various surfactants themselves, many others ob-
tain organophilized montmorillonite (OMMT) from one of the two companies produc-
ing such materials (Southern Clay, Süd Chemie) and introduce these into the polymer 
by melt compounding without further characterization or study. The usual assumption is 
that organophilization renders the hydrophobic silicate surface hydrophilic, which leads 
to easier exfoliation and better interaction (compatibility or even miscibility) between 
the phases [9-13,54,58-60,102-105]. Similarly to others we observed that the coating of 
a high energy inorganic material with an organic compound always leads to a decrease 
of its surface tension with a considerable decrease in interfacial interaction as a result 
[25-27]. The two approaches obviously contradict each other, thus the goal of this part 
of the research was to characterize the silicates as thoroughly as possible. This charac-
terization included the determination of particle size and specific surface area, the 
measurement of surface tension and the study of the gallery structure of the silicate. The 
effect of coating on the strength of interfacial adhesion was checked in PP/OMMT 
composites. We hoped that the results will resolve at least some of the contradictions 
mentioned above or at least supply additional information about the effect of various 
factors on composite properties. 

The silicate did not exfoliate in the PP composites prepared in the previous 
subproject in spite of the fact that organophilic montmorillonite was used for composite 
preparation. According to the argument of some publications [94,95,121-123] the 
coated silicate should be much more compatible with the hydrophobic polymer than 
neat sodium montmorillonite (NaMMT). The difficulty of preparing nanocomposites 
from PP and OMMT contradicts this argument, but it has been emphasized in many 
papers. Exfoliation is usually facilitated by the introduction of a functionalized polymer, 
usually maleinated polypropylene (MAPP) and the application of such a polymer results 
in considerable improvement in silicate dispersion and mechanical properties, indeed 
[54,59,60,102,104,124]. The improvement is explained by the formation of hydrogen 
bonds between the polar surface of the silicate and the maleic anhydride groups of the 
functionalized polymer [59,105,125,126]. Unfortunately, this explanation ignores the 
fact that montmorillonite contains –OH groups only at its edges, which constitutes about 
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5 % of the total surface and that maleic anhydride does not contain active hydrogen 
atoms either [47,75,127,128]. The goal of the work reported in Chapter 4 was to find 
an alternative, less contradictory explanation for the positive effect of MAPP in poly-
propylene nanocomposites. We assumed that the very reactive maleic anhydride groups 
may react chemically with the surfactant used for the treatment of the silicate. Surface 
characteristics may change considerably if such reactions take place, new type of inter-
actions may develop in the composite and properties might improve as a result. The 
results reported in the chapter offer an alternative to existing approaches. 

Polypropylene composites are practically always prepared with a functional-
ized polymer and the development of an intercalated/exfoliated structure is reported 
usually. Often complete exfoliation was claimed earlier, but most published results 
indicated that such a structure is difficult to achieve, as described above. The structure 
of nanocomposites is routinely characterized by wide angle X-ray diffraction (XRD) 
and transmission electron microscopy (TEM), conclusions about morphology are based 
on these two techniques. The small amount of silicate used makes detection by XRD 
occasionally difficult, while TEM micrographs cover only a very small area, which 
cannot be generalized across the entire cross-section of the sample. Moreover, these 
techniques do no offer quantitative information about composite structure, about the 
relative amount of intercalated and exfoliated silicate. In order to obtain a better idea 
about the structure of layered silicate nanocomposites, experiments described in Chap-
ter 5 were started to characterize morphology more in detail across a wider length scale 
from micron to nanometer size. Various techniques were used in the study including the 
usual methods of XRD and TEM, but additional information was obtained also by scan-
ning electron microscopy (SEM) and melt rheology. The results and their complex 
analysis offered a fuller picture of morphology than usually reported in most publica-
tions and indicated that structure is much more complicated than expected. The results, 
their analysis and a discussion of the consequences for practice are reported in the chap-
ter. 

Although in the project reported in the previous chapter the structure of the PP 
nanocomposites prepared was characterized much more thoroughly than usually, we did 
not obtain quantitative information about reinforcement or the extent of exfoliation. 
Very few attempts have been reported in the literature, which were dedicated to the 
quantitative characterization of structure or the reinforcing effect of layered silicates. 
Some of these were based on transmission electron microscopy (exfoliation), while 
others on model calculation using the modulus of the composite (reinforcement). Unfor-
tunately, conclusions drawn from microscopy are of limited value because of the small 
area studied. The use of modulus for the estimation of reinforcement is hampered by the 
fact that stiffness always increases when an inorganic material is added to the polymer 
and that this property is not very sensitive to changes in structure and/or interactions. 
Using our previous experience obtained with particulate filled polymers, we tried a 
different approach, the results of which are reported in Chapter 6. Earlier a simple 
model was developed for the prediction of various mechanical properties of particulate 
filled polymers [129,130]. The model assumes the spontaneous formation of an inter-
phase as an effect of interfacial interactions and calculates the load-bearing capacity of 
the filler. It contains a parameter, which is related to the strength of interaction and to 
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the contact surface between the matrix and the filler, usually expressed by the specific 
surface area of the filler. Contact surface should increase with improving dispersion, 
which should translate into increased reinforcement and allow the estimation of the 
extent of exfoliation. The approach is completely different than those used currently and 
it offers a new view of the problem of exfoliation. The rather surprising results obtained 
are presented and discussed in detail in this chapter. 

The model calculations described in Chapter 5 for polypropylene nanocompo-
sites indicated some anomalies and the effect of some factors, which usually are not 
considered or even mentioned in papers discussing layered silicate nanocomposites. In 
order to investigate the validity of our approach and explore the character and effect of 
these factors, the calculations were extended to a large number of nanocomposites pre-
pared by us or published in the literature, irrespectively of their matrix polymer. The 
results of the calculations are reported in Chapter 7. Unfortunately the number of pa-
pers reporting mechanical (tensile) properties as a function of composition is relatively 
limited. Nevertheless, we analyzed the composition dependence of the tensile yield 
stress or tensile strength of about 80 nanocomposites having PE, PP, PA, PVC, or PET 
as matrix. The analysis of the results indicated that the introduction of a functionalized 
polymer yields a blend which serves as matrix and the properties of the blend may differ 
considerably from those of the original matrix polymer. Additional effects to consider 
are nucleation, plasticization or lubrication and even chemical reactions may take place 
during blending. All these influence composite properties in a smaller or larger extent as 
described in the chapter. 

In the final chapter of the thesis, in Chapter 8, we briefly summarize the main 
results obtained during the thesis, but refrain from their detailed discussion, because the 
most important conclusions were drawn and reported at the end of each chapter. This 
chapter is basically restricted to the listing of the major thesis points of the work. The 
large number of experimental results obtained in the research supplied useful informa-
tion and led to several conclusions, which can be used during further research and de-
velopment on layered silicate nanocomposites. Nevertheless, several questions remained 
open in the various parts of the study, their explanation needs further experiments. Re-
search continues in this field at the Department and we hope to proceed successfully 
further along the way indicated by this thesis. 
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Chapter 2 

Experimental part 

In this chapter we summarize all those materials and experimental methods, 
which were used generally throughout the entire study. Selected materials and tech-
niques dedicated to the solution of a particular problem are detailed here also. 

2.1. Materials 
Different grades of silicates were selected for our composites. Sieved Wyo-

ming GWB bentonite (Steetley Bentonite and Adsorbent Ltd.) was subjected to ion 
exchange in order to produce sodium montmorillonite (NaMMT). Wyoming montmoril-
lonite contained 92 wt% montmorillonite (MMT), 3 wt% quartz and 5 wt% feldspar.  
The theoretical ion exchange capacity of this clay was 90 meq/100 g. We have used this 
clay for comparison, to model a silicate without exfoliation. NaMMT was also coated 
with Cetylpyridinium chloride to different extents in order to study the effect of surface 
coverage on composite properties. The treatment of the silicate was carried out in a 
suspension of 50 g/l concentration for two days with occasional stirring. After treatment 
the slurry was centrifuged at 1000 rpm for 30 min, filtered, washed, dried at 60 °C, 
ground and sieved. Samples were prepared with coverages of 10, 30, 50, 70 and 100 % 
of the theoretical ion exchange capacity. The composites contained CPCl-MMT with 
coverage of 100 %, in most cases. The density of this final product was 1.8 g/cm3, its 
volatile content 2 wt%, organic content 25 wt% and average particle size 45 µm. Sev-
eral commercial silicates (Nanofil®) obtained from Süd-Chemie AG (Germany) were 
used, the most important information about the type and amount of the surfactants used 
for organophilization is summarized in Table 2.1. For the model reactions of surfactants 
1-hexadecylamine (HDA, Tm = 45-48 °C) and cetylpyridinium chloride monohydrate 
(CPCl, Tm = 83-86 °C) were used in the Chapter 4. 

We have used four maleic anhydride modified polypropylenes (MAPP) with 
different anhydride (MA) content and different molar mass to assist the exfoliation of 
the organoclay (Table 2.2). The composites contained 0 or 20 vol% MAPP, respec-
tively, in most cases. The MAPP content of the composites prepared covered a very 
wide range from 0 to 60 vol%. The actual MAPP content depended on the problem 
studied and is given in the corresponding chapter. The Tipplen H 605 grade polypropyl-
ene homopolymer (MFI = 3 g/10 min at 21.6 N and 230 °C) produced by TVK, Hun-
gary was chosen as the matrix of our composites. Tipplen H 377 (MFI = 9 g/10 min at 
21.6 N and 230 °C) supplied also by TVK, Hungary was chosen for the preparation of 
the composites in one series of experiments in the Chapter 3. 
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Table 2.1 Silicates investigated in the study. 

Surfactant Name Abbreviation 

Chemical name Composition Nominal 
amount (wt%) 

Particle 
size 
(µm) 

Density 
 

(g/cm3) 

NaMMT NaMMT – – 0 75.0 2.2 

OMMT CPCl-MMT Cetylpyridinium 
chloride C6H5N+ (CH2)15CH3Cl− 22 45.0 1.8 

Nanofil 784 N784 12-Aminododecanoic 
acid NH2(CH2)11COOH 20 3.0 1.8 

Nanofil 804 N804 Stearyldihidroxyethyl-
ammonium chloride CH3(CH2)17NH+(C2H4OH)2Cl− 30 3.0 1.8 

Nanofil 848 N848 Stearylamine CH3(CH2)17NH2 25 3.5 1.8 

Nanofil 919 N919 Stearylbenzyldimethyl-
ammonium chloride CH3(CH2)17N+(CH3)2C6H5Cl− 35 37.5 1.8 

Nanofil 948 N948 Distearyldimethylam-
monium chloride [CH3(CH2)17]2N+(CH3)2Cl− 45 36.0 1.4 
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Table 2.2 Properties of MAPPs investigated in the study. 

Name 
 

Abbrevi-
ation 

Supplier 
 

MA content 
(wt%) 

Mw 
(g/mol) 

Tm 
(°C) 

Licomont AR504 Lico Clariant GmbH 3.5 2.4 x 104 152 

Polybond 3200 PB3200 Uniroyal Chemical 1.0 1.2 x 105 157 

Orevac PP-C Orevac Atofina Co. 0.1 - 151 

Exxelor PO1015 Exx Exxon Mobil Co. 0.25 2.1 x 105 138 

 
2.2. Composite preparation 

Homogenization was carried out in a Brabender W 50 EH internal mixer at 
190 °C, 50 rpm for 10 min. The composites were compression molded into 1 mm thick 
plates using a Fontijne SRA 100 machine at 190 °C for different times. The plates 
themselves, or dog-bone type tensile specimens cut from them were used for the differ-
ent measurements. 

2.3. Methods and techniques 
The surfactant content of the silicates was determined by thermogravimetric 

analysis (TGA). 20 mg of the various clays was heated from 35 to 750 °C with 10 
°C/min rate and the total weight loss minus the loss measured up to 150 °C was identi-
fied as the amount of surfactant used for the organophilization of the silicate. Weight 
loss below 150 °C was assigned to the evaporation of water.  

The specific surface area of the fillers was determined by nitrogen adsorption 
(BET method) using an Autosorb 1 (Quantachrome, USA) apparatus. Samples were 
degassed at 100 °C and 10-5 Hgmm pressure for 24 hours before the measurement. The 
initial section of the adsorption isotherm was measured at liquid nitrogen temperature in 
the relative pressure range of 0.05-0.35 at five points. Specific surface area was calcu-
lated from the BET equation using 0.162 nm2 as the surface occupied by a nitrogen 
molecule. Parameter C of the BET equation, which is related to the surface activity of 
the filler, was also calculated from the measurements. 

IGC measurements were carried out using a Perkin Elmer Autosystem XL ap-
paratus with columns of 50 cm length and 6 mm internal diameter. Vapor samples of 5-
20 µl were injected into the column and retention peaks were recorded by a FID detec-
tor. High purity nitrogen was used as carrier gas and its flow rate changed between 5 
and 20 ml/min depending on measurement temperature and on the type of adsorbent. 
Each reported value is the result of three parallel runs. Measurements were done both on 
samples stored under ambient conditions and after preconditioning in the column at 140 
°C for 16 hours. The measurements were done at 100 °C for all organophilized clays. 
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For the model reactions of surfactants calorimetric studies were done by using 
a Mettler DSC 30 cell controlled by a TA3000 system. Measurements were carried out 
on 5 mg samples with 10 °C/min heating rate between 30 and 200 °C using an open pan 
in order to avoid the effect of volatile compounds possibly forming during reactions. 
The amount of reactants (HDA, CPCl) in the mixture changed between 0 and 40 wt%. 
Reaction products were analyzed by FTIR spectroscopy on films compression molded 
from the components at 190 °C. Spectra were recorded in the 4000 and 400 cm-1 wave-
length range with 4 cm-1 resolution using a Mattson Galaxy 3020 instrument. Each 
spectrum was recorded in 16 scans. 

The gallery structure of the silicate was characterized by XRD using a Phillips 
PW 1830/PW 1050 equipment with CuKα radiation at 40 kV and 35 mA anode excita-
tion. The morphology of the samples was examined by scanning (SEM) and transmis-
sion electron microscopy (TEM), respectively. 50-100 nm thick slices were cut at –80 
ºC with a Leica Ultracut UCT microtome using a glass knife for TEM measurements. 
TEM images were created with a Philips CM30 Twin STEM electron microscope fitted 
with Kevex Delta-Plus EDX and Gatan model 666 PEELS. A small piece of the sample 
was cut by a razor blade for SEM measurements. The specimens were polished and 
etched in a solution of H2SO4/H3PO4/H2O (10/4/1) and 0.01 g/ml KMnO4 for 4 hours. 
SEM images were recorded using a LEO Gemini 1550 FEG-SEM, fitted with a field 
Emission Gun, a Thermo Noran Vantage EDX system, and a Thermo Noran MAXray 
Parallel Beam Spectrometer. Rheological measurements were carried out using a Paar 
Physica UDS 200 apparatus at 220 °C in oscillatory mode in the frequency range of 0.1-
600 1/sec on discs with 25 mm diameter and 1 mm thickness. The amplitude of the 
deformation was 5 %, which was in the linear elastic region checked by an amplitude 
sweep. 

Dog-bone type tensile specimens were cut from the plates and tested with 50 
mm/min cross-head speed using either a Zwick 1445 or an Instron 5566 apparatus. 
Young’s modulus (E), yield stress (σy) and strain (εy), as well as tensile strength (σt) 
and elongation-at-break (εt) were derived from the recorded force vs. elongation traces. 

The reinforcing effect of layered silicates is compared in more than 80 compos-
ites in the Chapter 7 and Chapter 8. Some of them were prepared by us, while the prop-
erties of others were taken from the literature. The composites contain a wide variety of 
components and they were prepared under very different conditions. Basic information 
about the composites evaluated can be found in Table 7.1 and Table 8.1, in which we 
give also the references containing all experimental conditions; accordingly we refrain 
from the further discussion of these details here. In these chapters we focus our attention 
on mechanical properties and on the reinforcing effect of the silicate. As a consequence, 
we evaluate and compare the composition dependence of tensile yield stress whenever 
possible. In some cases only ultimate, tensile strength data were available; we evaluated 
also these when the deformation of the composite was small, less than 100 %. 
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Chapter 3 

Surface characteristics of layered silicates; influence on the 
properties of clay/polymer nanocomposites 

3.1. Introduction 
As we indicated in the Chapter 1, exfoliation is achieved by the exchange of 

solvated inorganic cations to organic surfactants with long aliphatic chains [1-6]. This 
substitution extends the distance of the silicate layers [3,4], but modifies also the surface 
energy of the silicate. The strength of interaction between inorganic fillers and rein-
forcements depends on the surface free energy of the components [7,8]. It can be char-
acterized quantitatively by the reversible work of adhesion. The thickness of the inter-
phase forming spontaneously in composites was shown to be proportional to this quan-
tity [9-12]. Composite yield stress could be also related to the reversible work of adhe-
sion [13,14]. The coverage of the high energy surface of fillers with an organic sub-
stance always leads to the decrease of surface tension; thus the strength of interaction 
also decreases [12,13,15]. In spite of the fact that nanocomposites are prepared from 
organically modified silicates practically always, very few attempts have been made to 
determine their surface characteristics up to now [16-18]. In order to obtain more infor-
mation about the effect of interfacial interactions on exfoliation and composite proper-
ties, we studied the surface characteristics of layered silicates. The surface tension of 
sodium montmorillonite (NaMMT) and organophilized clays (OMMT) was determined 
by inverse gas chromatography (IGC), and surface coverage as well as the structure of 
the galleries were estimated by measurements and/or model calculations. The effect of 
organophilization on the surface characteristics of the investigated clays was related to 
some mechanical properties of polypropylene/layered silicate composites.1 

3.2. Background 

3.2.1. Surface characteristics; reversible work of adhesion 

Interfacial adhesion is created by the interaction of the adsorbed material and 
the substrate. If interaction is created only by secondary forces, its strength can be char-
acterized by a thermodynamic function, the reversible work of adhesion (WA). This 
quantity can be divided into two parts: a dispersion term (WA

d) and the one characteriz-
ing the specific interactions (WA

sp) of the components: 
sp

A
d

AA W  W  W +=     3.1 

Using Fowke’s [7,19] approach the reversible work of adhesion can be defined as 

                                                 
Kádár, F., Százdi, L., Fekete, E., Pukánszky, B.: Surface characteristics of layered silicates; influence on the 
properties of clay/polymer nanocomposites, submitted to Langmuir 
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( ) ab
A

abdd
A HfnW ∆+=       2/1

212 γγ    3.2 

where γ1
d and γ2

d are the dispersion component of the surface tension for components 1 
and 2, respectively, f is a correction factor close to unity, nab the number of interacting 
acid-base sites located on the surface and ∆HA

ab is the enthalpy related to acid-base 
interaction. The two terms of Equation 3.2 correspond to WA

d and WA
sp, respectively. 

Accordingly, in order to calculate WA, i.e. to characterize interfacial interaction quantita-
tively, we must know the dispersion component of the surface tension of both compo-
nents, as well as the enthalpy of acid-base interaction.  

3.2.2. Dispersion component of surface tension 

The IGC technique using infinite dilutions is a fast, accurate and relatively 
simple method for the study of the energetic of solid surfaces. According to the princi-
ple of the method, a column is packed with the solid to be characterized and probe 
molecules with known thermodynamic characteristics are made adsorbed on its surface. 
Surface characteristics can be derived from retention times or volumes. With this tech-
nique the dispersion component of the surface tension of the adsorbent can be deter-
mined in two ways. Both approaches are based on the fact that the free enthalpy of ad-
sorption (∆GA) is related to the net retention volume (V) [20], i.e. 

CVTRGA   ln    +−=∆     3.3 

where C is a constant depending on the reference state, R is the universal gas constant and T 
is the temperature of the column. The relationship between ∆GA and WA is given as: 

d
ALVA WaNG     =∆      3.4 

where N is Avogadro’s number and aLV is the molecular surface area occupied by the 
adsorbate. Normal alkanes interact with other substances only by dispersion forces. If 
we use them as probe molecules WA

sp equals zero and the dispersion component of the 
surface tension of the stationary phase can be deduced from the cross-sectional area of 
n-alkanes and from their surface tension by using Equations 3.1-3.4. Thus the basic 
equation of the first approach to determine γs

d takes the following form 

( ) ( ) CaNVTR d
LVLV

d
s       +=− 2/12/12ln γγ    3.5 

where γs
d is the surface tension of the adsorbent , and γLV

d is that of the probe.  

The second approach to determine γs
d was proposed by Dorris and Gray [21]. If 

the value of RTlnV, which is derived from the retention volumes measured with n-
alkanes of different chain lengths, is plotted against the number of carbon atoms in their 
chain, we obtain a straight line, the slope of which is given by Equation. 3.6 

( ) ( ) 2/1

22

2/1

1

2ln CHCH
d
s

n

n aN
V
VTR γγ    =−

+

   3.6 

where Vn and Vn+1 are the retention volumes of n-alkanes with n and n+1 carbon atoms, 
2CHa is the surface area occupied by a CH2 group and 

2CHγ is the surface tension of PE. 
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3.3. Results and discussion 

3.3.1. Specific surface area 

Particle size, its distribution and specific surface area were shown to influence 
strongly the properties of particulate filled polymers [22-24]. Particle size determines the 
structure and micromechanical deformation processes in such composites. Small particles 
have a strong tendency to aggregate, while large particles debond easily from the matrix 
under the effect of external load. Extensive and easy debonding leads to the premature 
failure of the composite. Particle characteristics are often not considered in layered silicate 
composites probably because complete or extensive exfoliation is assumed in most cases. 
However a detailed study of the structure of PP/clay composites showed that this usually 
does not happen and the presence of particles is highly probable in most cases [25]. 

Table 3.1 Particle characteristics of the investigated layered silicates. 

Silicate AfBET 
(m2/g) 

C value of 
BET eq. 

Particle size 
(µm) 

Density 
(g/cm3) 

Afcalc 
(m2/g) 

NaMMT 26.0 220 75.0 2.2 0.04 

CPClMMT 9.0 64 45.0 1.8 0.07 

N784 33.0 50 3.0 1.8 1.11 

N804 19.0 43 3.0 1.8 1.11 

N848 4.3 35 3.5 1.8 0.95 

N919 1.4 32 37.5 1.8 0.09 

N948 13.0 30 36.0 1.4 0.12 
 

The particle characteristics of the silicates studied are summarized in Table 3.1. 
The specific surface areas determined by nitrogen adsorption cover a relatively wide 
range from 1.4 to 33.0 m2/g. Specific surface area was calculated also from the particle 
size of the clays assuming spherical particle shape for all fillers. Average sizes given by 
the producer were used for the calculation for commercial fillers, while we determined 
the size distribution of the clay organophilized by us (CPClMMT). The corresponding 
values are also listed in Table 3.1. Large discrepancy can be observed between the 
measured surface areas and those calculated from particle size. The larger surface 
measured by the BET method indicates some surface porosity or accessibility of internal 
surface for nitrogen molecules. A wide particle size distribution and the presence of 
small particles may also lead to larger accessible surfaces. However, surfaces deter-
mined by either method are far from the theoretical surface area of completely exfoli-
ated clay, which is around 750 m2/g [26,27]. Although one might assume complete 
exfoliation during composite preparation, the effect of the silicate on composite proper-
ties will definitely depend on the actual contact surface, which is somewhere between 
those listed in Table 3.1 and the theoretical value. In the calculation of surface coverage 
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we used the latter (see 3.3.2.), i.e. 750 m2/g, as specific surface area, since clay layers 
are almost completely exfoliated under the conditions of organophilization [28]. 

Parameter C of the BET equation is related to the heat of adsorption of nitrogen 
molecules on the solid surface, i.e. to the surface activity of the clay. According to Ta-
ble 3.1 interaction between neat NaMMT and nitrogen is much stronger than with any 
of the organophilized silicates, which corresponds to expectation. The C values of these 
latter do not differ significantly from each other indicating similar surface free energies. 

3.3.2. Gallery structure, surfactant orientation 

Solvated inorganic cations located in the galleries of layered silicates are ex-
changed to organic cations of long chain amines in order to separate the layers. In-
creased gallery distance and decreased surface energy should lead to easier exfoliation. 
As a consequence, the amount of surfactant located in the galleries and the orientation 
of the molecules should influence significantly the structure and properties of layered 
silicate/polymer nanocomposites. 
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Figure 3.1 XRD traces of three silicates. a) NaMMT, b) Nanofil 848 (stearylamine), 
c) Nanofil 948 (distearyldimethylammonium chloride). 

The gallery distance of silicates is routinely determined by XRD measure-
ments. Layer distance is inversely proportional to the position of the silicate reflection 
recorded at low 2θ angles. XRD traces are presented in Figure 3.1 for three of the sili-
cates studied. Strong differences can be observed in the number, shape, intensity and 
location of the silicate reflection. NaMMT produces a low intensity reflection at large 
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2θ angle. The position of this peak depends on the water content of the clay, which is 
usually considerable (see later). The high intensity peak detected at low 2θ angle for 
N948 as well as the two smaller interference peaks indicate large gallery distance and a 
high degree of regularity for this silicate. The gallery distance of the clay organophilized 
with stearyl amine is located in between the two others presented in Figure 3.1. 

The location of the characteristic silicate reflection and the gallery distance 
calculated from it are summarized in Table 3.2 for each clay. The layer distance for the 
completely dry silicate and the corresponding XRD reflection is given for NaMMT in 
the table. The third column of the table shows gallery distances between 1 and 3.5 nm. 
Different gallery distances may result from dissimilar amount of surfactant between the 
galleries, different shape or orientation of the organic molecules [29-31]. 

Table 3.2 Gallery structure of the layered silicates used in the study. 

aIn this case, the length of the alkyl chain, which acts as spacer (see Fig 3.2c). 
 

In order to obtain some idea about the effect of these factors on gallery distance 
and on the approximate orientation of the surfactant among the galleries of the clay, 
their shape and size was calculated by the ChemOffice 2004 software. The results are 
also presented in Table 3.2. The surface occupied by the molecules was used for the 
calculation of surface coverage. Comparison of the thickness of the surfactants to the 
gallery distances derived from the XRD traces leads to the conclusion that two surfac-
tant molecules lay parallel to the surface in most cases (see last column of Table 3.2), 
which seems to be obvious if we take into consideration the technology of organophili-
zation. In the process, a dilute slurry of NaMMT is prepared in water, in which practi-
cally all the silicate platelets are separately dispersed. The surfactant exchanges solvated 
inorganic cations and adsorbs to the surface in one layer at both sides. The layers aggre-
gate upon drying forming OMMT with a regular structure and two surfactant layers 
inside each gallery. The orientation of the surfactant depends mainly on the ion density 
of the clay, which is relatively small for MMT [32,33]. Gallery distance depends on the 

Gallery structure Surfactant Silicate 

Peak 
(2θ) 
(°) 

Basal 
spacing 

(nm) 

Length 
 

(nm) 

Occupied 
surface 
(nm2) 

Thickness 
 

(nm) 

No. of 
chains 

NaMMT 9.0 1.0 – –  0 
CPClMMT 5.0 1.8 2.5 1.24 0.43 2 

N784 5.2 1.7 2.0 0.86 0.43 2 
N804 4.9 1.8 2.7 1.16 0.43 2 
N848 4.9 1.8 2.4 1.03 0.43 2 
N919 4.4 2.0 2.7 1.16 0.61 2 
N948 2.5 3.5 2.7 1.16 2.54a 6 
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thickness of the surfactant as shown by Figure 3.2a and 3.2b. Naturally, the picture 
presented here is oversimplified. Detailed measurements and numerical simulation 
showed that the arrangement of the surfactant moleculaes is more complicated inside 
the galleries [29-31]. The actual configuration of the chains depends on several factors 
including chain length, packing density and temperature. However, the simple calcula-
tions carried out by assuming all trans conformation of the chains is sufficient for the 
estimation of surface coverage used in the subsequent parts of the study. Moreover, the 
good agreement between measured gallery distances and the calculated thickness of the 
chains strongly support our approach. 

a)       b) 

   
c)   

 
Figure 3.2 Orientation of surfactants among the galleries of the clay. a) Nanofil 848 

(stearylamine), b) Nanofil 919 (stearylbenzyldimethylammonium chloride, 
c) Nanofil 948 (distearyldimethylammonium chloride). 

The only exception among the surfactants used is N948 in which two aliphatic 
chains are attached to the nitrogen atom. XRD indicates a larger gallery distance corre-
sponding to 6 aliphatic chains (see Table 3.2) for this silicate. However, we do not be-
lieve that 6 layers of the surfactant are located between the galleries; this would be 
rather improbable considering the organophilization process described above. We as-
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sume instead the configuration presented in Figure 3.2c, i.e. one chain is oriented at an 
angle to the surface. The length of the chain is almost exactly 6 times of its thickness 
thus explaining the integer obtained for gallery distance. The tilted orientation of the 
surfactant molecule and the larger gallery distance should lead to easier intercalation 
and exfoliation of this clay in most polymer matrices. 

3.3.3. Surface coverage 

Besides the orientation of surfactant molecules in the galleries, the amount 
used for organophilization is also important in the determination of surface characteris-
tics and behavior. A small amount does not cover the entire surface, leaves high energy 
surface uncovered and results in large surface tension, while excessive amounts may 
dissolve or disperse in the polymer leading to inferior properties. The amount of surfac-
tant used for treatment is given by the producer and is listed in column three of Table 
3.3. This amount covers a relatively wide range again from 20 to 45 wt%. We checked 
the organic content of the silicates by thermogravimetric analysis as well. The results 
are also given in Table 3.3. Organic content measured is plotted against the nominal 
amount of surfactant in Figure 3.3. The agreement is excellent, which gives confidence 
both in the TGA measurement and in the values of the supplier. These latter were used 
in the calculation of surface coverage.  

Table 3.3 Surface coverage of layered silicates. 

Surfactant amount (wt%) 
Silicate Water 

(wt%) Nominal Measured 
Coverage Af 

(%) 
Coverage CEC 

(%) 

NaMMT 6.8 0 0 0 0 

CPClMMT 1.7 22 25.9 89.3 100.0 

N784 4.2 20 19.0 80.0 96.9 

N804 0.9 30 31.9 111.1 99.8 

N848 1.2 25 22.3 102.1 103.3 

N919 1.1 35 36.6 133.6 120.0 

N948 1.6 45 44.7 138.1 124.0 
 

Surface coverage was calculated by two approaches. The first was based on the 
theoretical surface area (750 m2/g) and the surface occupied by the surfactant molecules 
(see Table 3.2) in accordance with the considerations of the previous section, while the 
second used the ion exchange capacity of the silicate, which was taken as 120 meq/100 
g for the commercial products. The results of the calculations are summarized in Table 
3.3. Considering the simplicity of the calculation and the possible error in the basic 
values used in them (surface area, ion exchange capacity, orientation of the surfactant 
molecules), the agreement between the two sets of values is excellent. The data indicate 
that the silicates used in the study are usually coated near to 100 % of their capacity, 
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which leads to a monolayer coverage. N919 and N948 were treated with an excess of 
surfactant, while N784 and CPClMMT contain somewhat less organic compound. Nev-
ertheless, we can conclude that the silicates are covered practically completely with the 
surfactant. 

The comparison of the surface coverage of the silicate to the structure of the 
galleries (see Table 3.2) leads to another important conclusion. From the results of XRD 
measurements and the dimensions of the surfactant molecules we deduced that two 
molecules oriented more or less parallel to the layers are situated between the galleries 
in each case. If this conclusion is correct, the surplus surfactant added to the silicate 
during organophilization, i.e. the amount above 100 % surface coverage, cannot be 
located inside the galleries, but only among the particles. As a consequence excessive 
surfactant must be dissolved or dispersed in the polymer and might change its properties 
considerably. A good indication for such an effect is, for example, the changing Tg and 
poor properties of PVC nanocomposites [34,35]. 
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Figure 3.3 Amount of surfactant used for the treatment of MMT; comparison of 

nominal and measured amounts. 

3.3.4. Surface characteristics, IGC 

Inverse gas chromatography is frequently used for the surface characterization 
of particulate fillers [20,36-38]. Surface free energy and the heterogeneity of clay sur-
face were also determined by this technique [39-41]. Relatively limited information is 
available on the surface characteristics of organophilized clays in spite of the impor-
tance of surface characteristics in the determination of interfacial interactions [16]. 
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Infinite dilution IGC measures only the most active sites of the characterized surface, 
but these enter into interaction with the polymer and also with other components being 
present in the composite during preparation (stabilizers, coupling agent, etc.). 

According to the Doris-Gray [21] method the dispersion component of surface 
tension can be determined by measuring the retention volume of n-alkanes with differ-
ent chain length. The results of one series of measurements are presented in Figure 3.4 
in the proper representation for the Nanofil 848 clay. We obtain a perfectly straight line, 
from the slope of which we can derive the dispersion component of surface tension. 
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Figure 3.4 Determination of the dispersion component of the surface tension of or-
ganophilized clay (Nanofil 848); retention time of n-alkanes. 

Unfortunately we encountered difficulties during the determination of the sur-
face tension of NaMMT under the same conditions. The essence of the problem is dem-
onstrated in Figure 3.5, in which three chromatograms are compared to each other. 
Solvents injected into the column elute relatively fast from organophilic silicates (N848) 
at 100 °C and the elution peak is more or less symmetric (curve a) in Figure 3.5). On the 
other hand, retention times are much longer in the case of sodium montmorillonite even 
at singnificantly higher temperatures (160 and 120 °C for curves b) and c), respectively) 
and the chromatograms are highly asymmetric indicating much higher surface energies 
and a heterogeneous surface. At 100 °C the peak was hardly detectable, thus the values 
determined were very unreliable. In order to be able to compare the surface tension of 
the neat and the organophilic clays and to determine the effect of coating on their sur-
face characteristics, we measured the surface tension of NaMMT at various tempera-
tures and extrapolated to 100 °C. The procedure is presented in Figure 3.6. We obtain a 
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very high value, 260 mJ/m2, for the dispersion component of NaMMT, which is much 
larger than the 60 mJ/m2 determined for CaCO3 under the same conditions [42,43]. The 
high value explains both the difficulties in determination, the surface activity of the clay 
and the need for organophilization before composite preparation. 
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Figure 3.5 IGC chromatograms of n-hexane recorded on NaMMT and OMMT at 
different temperatures. a) N848, 100 °C, b) NaMMT, 160 °C, c) NaMMT, 
120 °C. 

The dispersion component of the surface tension of the silicates studied is pre-
sented in Table 3.4. It was determined both on clays stored under ambient conditions and 
after preconditioning in the chromatograph at 140 °C for 24 hours. Earlier experience 
showed that the surface tension of mineral fillers depends very much on the conditions of 
the measurement because of adsorbed water, and reliable as well as reproducible values 
could be generated only after proper preconditioning of the samples [42]. The surface of 
NaMMT was characterized only after preconditioning, because of its rather large water 
content of about 7 wt% (see Table 3.3). Table 3.4 clearly proves that preconditioning and 
residual water content do not affect the surface tension of organophilic clays, the same 
values were measured under both conditions. The table also shows the large difference 
between the surface tension of NaMMT and all the coated clays. The surface tension of 
these latter does not differ significantly from each other. The measurement of specific 
surface area by the BET method yielded Parameter C, which can be also related to the 
surface energy of the silicate. We present the relationship of the C values and the disper-
sion component of surface tension determined by IGC for all the clays on Figure 3.7. The 
correlation is excellent, which proves the reliability of the measurements and also con-
firms the large effect of organophilization on the surface energy of the clay. 
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Table 3.4 Surface tension of layered silicates at 100 °C; effect of surface treatment 
and preconditioning 

Surface tension, γs
d (mJ/m2) 

Silicate 
No conditioning Conditioned 

NaMMT - 257 

CPClMMT - 32 

N784 49 48 

N804 35 36 

N848 34 35 

N919 33 32 

N948 32 31 
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Figure 3.6 Determination of the dispersion component of the surface tension of 

NaMMT by extrapolation. 

Earlier studies carried out on other fillers showed that coating of inorganic fill-
ers with an organic compound, usually a surfactant, leads to the decrease of surface 
tension, and the surface free energy of the coated filler depends on surface coverage 
[12-15,43]. The correlation of surface tension and coverage is plotted in Figure 3.8 for 
the studied silicates. Similar values obtained on CaCO3 are presented for comparison. 
The character of the correlation is the same in the two cases, but the surface tension  
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Figure 3.7 Correlation of the dispersion component of the surface tension of clays 

and parameter C determined from BET adsorption measurements. 
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Figure 3.8 Effect of surface coverage on the surface tension of layered silicates; 

Coverage Af (∆), Coverage CEC (∇) Comparison to CaCO3 coated with 
stearic- ( ) and lauric acid ( ). 
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of NaMMT is much larger than that of CaCO3. It is interesting to note, that the surface 
free energy of the coated fillers is very similar to each other, irrespectively of filler type 
(clay, CaCO3) or the chemical composition of the surfactant used for treatment. 

The results presented above have serious consequences for composite proper-
ties. In a previous section we showed that surfactants cover individual silicate platelets 
with a monomolecular layer oriented more or less parallel to the surface. The outer 
surface of silicate particles has the same structure and surface characteristics as the 
aggregated platelets. Although IGC probably measures only the external surface of the 
particles, surface characteristics must be the same even after exfoliation, with the con-
sequence that interaction between the silicate and the polymer decreases proportionally 
with surface tension. This might be compensated only by a large contact area, i.e. large 
extent of exfoliation, but this latter is very difficult to achieve. As a consequence, we 
cannot expect large improvement in mechanical properties, i.e. increase in strength, 
which agrees well with current experience and published results [3,44,45]. 

3.3.5. Mechanical properties of composites 

Very limited, practically no information is published on the relationship between 
the surface characteristics of clays and the mechanical properties of composites [46]. The 
considerations presented above would forecast decreasing yield stress and strength as an 
effect of organophilization. It is well known that organophilic clay does not exfoliate in PP 
and a functionalized polymer must be added to promote exfoliation and achieve accept-
able properties [47-49]. Accordingly, particle characteristics determine composite proper-
ties in PP/OMMT composites. The composition dependence of tensile yield stress of two 
sets of PP composites is presented in Figure 3.9, one contains NaMMT, while the other 
was prepared with CPClMMT of 100 % surface coverage. NaMMT has stronger reinforc-
ing effect due to its anisometric particle geometry and nucleating effect [50,51]. On the 
other hand, organophilization led to a significant decrease of yield stress as predicted 
above. In fact the yield stress of these composites runs very close to the theoretical mini-
mum [14,52], because of the large particle size of the filler. The observed decrease is the 
effect of the smaller surface free energy (see Table 3.4 and Figure 3.8), which can be 
offset only by a very large extent of exfoliation, since the effect of interaction on mechani-
cal properties depends on the strength of the interaction, but also on the size of the contact 
surface between the polymer and the reinforcement [22]. 

The effect of surface coverage on composite properties is demonstrated in Figure 
3.10. The tensile yield stress of two series of PP composites is plotted against the relative 
amount of surfactant used for coating. The PP/MMT composite contains 7 vol% silicate, 
while we present PP/CaCO3 composites containing 10 vol% filler coated with stearic acid 
in different extents for comparison. We use relative stress values, because the different 
amount, size and shape of the fillers result in different initial values at zero surface cover-
age. The tendency of the correlations is the same, which further supports our conclusions 
about the effect of surface coating on interfacial interaction and composite properties. The 
larger decrease in the yield stress of the PP/clay composite must be related to the higher 
surface energy of the neat silicate (NaMMT) compared to CaCO3. 
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Figure 3.9. Effect of organophilization on the tensile strength of PP/layered silicate 

composites. ( ) NaMMT, ( ) OMMT treated with cetylpyridinium chlo-
ride to 100 % coverage. 
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Figure 3.10. Effect of surface coverage on the tensile strength of PP/CPClMMT ( ) 

and PP/CaCO3 ( ) (stearic acid) composites containing 7 or 10 vol% 
filler, respectively. 
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3.4. Conclusions 
The surface characterization of neat and organophilized clays showed that the 

surface energy of uncoated layered silicates is large, thus the forces keeping together the 
layers is very strong. The long chain surfactants used for the coating of montmorillonite 
orientate more or less parallel to the surface and usually cover the platelets in a single 
layer in commercial silicates. Surplus surfactant is located among the particles and might 
influence the properties of composites negatively. Organophilization leads to the drastic 
decrease of surface free energy. Surface tension of coated clays is practically the same 
irrespectively of the type of the surfactant used for treatment. Low surface energy leads to 
weaker forces between the layers, which might facilitate exfoliation. This effect can be 
further enhanced by the use of surfactants with two long aliphatic chains, one of which 
orientates vertically to the surface leading to larger gallery distance. Polymer/silicate in-
teraction also decreases as an effect of decreasing surface tension proved by the decrease 
of tensile yield stress of PP/MMT composites. Besides surface tension, the exfoliation of 
layered silicates is influenced by several other factors as well, like gallery distance, mutual 
solubility of the components, competitive adsorption or possible chemical reactions. 
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Chapter 4 

Possible mechanism of interaction among the components 
in MAPP modified layered silicate PP nanocomposites 

4.1. Introduction 
Polypropylene is a commodity polymer, which offers probably the best 

price/performance characteristics among all thermoplastics [1]. As a consequence, con-
siderable effort was dedicated to the preparation of layered silicate nanocomposites also 
with a PP matrix, but practically all attempts to produce a composite with acceptable 
properties from an organophilic silicate and a PP homo- or copolymer failed [2-7], as it 
was shown also in the previous chapter. The lack of exfoliation and poor properties 
were often explained with the incompatibility of the hydrophilic silicate and the hydro-
phobic polymer [2-7], although the silicate was usually covered with long chain ali-
phatic amines, which makes it hydrophobic in an extent that they cannot be dispersed in 
water. However, some time ago it was found that organophilic silicates can be exfoli-
ated and homogeneously dispersed in PP, if polypropylene functionalized with hydroxyl 
or maleic anhydride (MA) groups is added to the composite [1,4-11]. The presence of 
the functionalized polymer resulted in the considerable improvement of mechanical 
properties in several cases, the extent of which depended on the characteristics of the 
maleinated polymer and on processing conditions.1 

In spite of the clear effect of MAPP on the properties of PP nanocomposites 
and the numerous publications in this field, several contradictions exists about the fac-
tors influencing the extent of exfoliation and the character of the interactions leading to 
improved properties. Mulhaupt et al. [1,9-14] found that MAPP with a larger extent of 
functionalization results in a more considerable improvement in properties than a modi-
fied polymer containing less polar groups. On the other hand, Usuki and Hasegawa 
[3,6,15] observed complete exfoliation even at a very low MA content and claimed that 
structure is independent of molecular weight and functional group content. Balazs et al. 
[16,17] predicted miscibility between low molecular weight polymers and organophilic 
silicates, but other sources proved that complete exfoliation can be reached also with 
high molecular weight components [3,6-8,15,18,19]. Further inconsistencies can be 
observed also in the effect of shear, time of homogenization and in the extent of prop-
erty improvement as well [7,15,20,21]. 

Similarly contradictory are the explanations given for the mechanism of inter-
action among the components of PP/layered silicate nanocomposites containing func-
tionalized polymers. The most frequent explanation is related to the hydrophilic or hy-
drophobic character of the components and involves some kind of undefined polar in-

                                                 
Százdi, L., Pukánszky Jr., B., Földes, E., Pukánszky, B., Polymer 46, 8001-8010 (2005); Pukánszky Jr., B., 
Ábrányi, Á., Százdi, L., Pukánszky, B., Műanyag és Gumi 40, 417-422 (2003) 
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teraction between the silicate layers and the functionalized polymer [2-7,22]. Besides 
the undefined character of the interaction, this explanation does not take into considera-
tion the presence of the aliphatic chains, which cover the majority of the silicate surface. 
An often cited explanation presented by group of Toyota [3-6] explains exfoliation and 
improved properties by the formation of hydrogen bonds between the oxygen groups of 
the silicate layers and the functionalized polymer. However, layered silicates contain 
active –OH groups only at their edges, thus interaction with them cannot lead to exfolia-
tion [23-26]. Based on the study of Okada et al. [4-6], Reichert and Mülhaupt [1,9] 
mention the possibility of chemical reactions between MAPP and octadecylamine used 
for the organophilization of the silicate. However, they assume again that strong hydro-
gen bonds are induced between the polypropylene grafted with N-ocatecyl-succinimide 
formed in the reaction and the silanol groups at the silicate surface. They also claim that 
the octadecyl group attached to the modified PP promotes hydrophobic interaction with 
the surfactant remaining on the surface of the silicate. This latter explanation is contra-
dicted by the experience that the strength of interaction between CaCO3 and PP or PE 
decreases when the filler is covered by stearic acid, although both are very hydrophobic 
in nature [27-30]. Nevertheless, the occurrence of chemical reactions cannot be ex-
cluded between the very reactive MAPP and the amine used for treatment, in spite of 
the fact that it has been mentioned only as a possibility up to now [1,9,31]. For example, 
the formation of amide and imide groups was proved to take place in PA6/PP blends 
containing MAPP coupling agent [32-35]. 

Taking into consideration the uncertainty related to the effect of MAPP, the 
goal of our study was to shed more light onto the possible interactions acting among the 
components in layered silicate PP nanocomposites. With the help of model systems we 
also tried to verify the occurrence of possible chemical reactions among them, which 
may take place during the preparation of the composites. Based on the results of the 
experiments we propose a scheme, which might explain the effect of MAPP on the 
structure and properties of layered silicate nanocomposites containing such a functional-
ized polymer. 

4.2. Results and discussion 
The experiments were carried out in different stages and they are reported ac-

cordingly. First, model experiments were done with MAPP and surfactants frequently 
used for the organophilization of the filler. The behavior of hexadecylamine containing 
two active hydrogen atoms was compared to that of CPCl, which was expected to be 
inert because of the lack of hydrogens. The interaction of MAPP and organophilized 
fillers were investigated in the next stage followed by the study of the gallery structure 
of composites containing the usual components of layered silicate PP nanocomposites, 
i.e. PP, OMMT and MAPP. 

4.2.1. Interaction of MAPP and surfactants 

MAPP is a highly reactive compound, which is often used as compatibilizer or 
adhesion promoter in various heterogeneous polymer systems, but mainly in modified 
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polypropylene. MAPP is used to promote stress transfer in glass or natural fiber rein-
forced composites [36-39] and as blending agent in PP/PA blends as well [32-35]. It has 
been proved on several occasions that the reactive MA group chemically reacts with the 
active –OH groups of starch or cellulose or with the amine group of silane coupling 
agents and polyamide [32-35].  

At the beginning of our study we assumed that chemical reactions take place 
also during the preparation of layered silicate PP nanocomposites containing MAPP; the 
possibility of chemical reactions between the components was checked in model reac-
tions. We used various techniques to reveal the occurrence of reactions and to analyze 
the reaction products. For example MALDI-TOF spectra of the components and that of 
the reaction products were recorded [40]. Although the analysis of the resulted spectra 
was practically impossible, we could conclude that considerable changes took place 
during the heating of the two components, numerous compounds of the most various 
molecular weights formed in the reaction. However, other techniques had to be used for 
the identification of the main reaction products. 

We hoped that the highly reactive MAPP groups take part in exothermic reac-
tions with HDA and that the reaction can be detected by thermal analysis. Reactions 
were carried out in a DSC pan at constant weight with increasing amount of hexade-
cylamine. Three DSC traces are presented in Figure 4.1, which clearly show the proc-
esses taking place during the heating of the mixture of HDA and MAPP. Three distinct 
peaks can be distinguished on each trace, all three are endothermic processes, but an 
exothermic reaction between the two components cannot be detected on them. The first 
two peaks belong to the melting of the amine; quantitative analysis proved that the area 
under the two peaks depends linearly on the amount of amine added to the mixture. The 
third endothermic peak is related to the melting of MAPP. We must call attention here 
to several observations. The area under this latter melting peak decreases continuously 
with increasing amine content and also the location of the peak shifts towards lower 
temperatures. These changes exceed the extent justified by changing composition in 
spite of the fact that the relative amount of MAPP decreased in the mixture with in-
creasing HDA content. The only reasonable explanation is that an exothermic chemical 
reaction starts immediately after the melting of MAPP and the heat of reaction contrib-
utes to the melting of PP. As a consequence, the traces represent the sum of the exo-
thermic reaction heat and the endothermic heat of melting. A closer scrutiny even revels 
a small exothermic overshoot behind the melting peak of MAPP (see trace c) in Figure 
4.1). These DSC traces further confirm the occurrence of chemical reactions during the 
simultaneous heating of MAPP and HDA. 

The same experiments were carried also with cetylpyridinium chloride as the 
second component. As mentioned earlier, we did not expect any reaction to occur be-
cause of the lack of active hydrogen atoms in this compound. The DSC traces recorded 
during the heating of MAPP/CPCl mixture are presented in Figure 4.2. Although they 
might resemble those shown in Figure 4.1 at the first glance, distinct differences can be 
also observed between the two sets of traces. Contrary to HDA, CPCl possesses only a 
single well defined melting peak, which appears at around 80 °C. Considerable differen- 
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Figure 4.1 DSC traces recorded during the reaction of MAPP and HDA. Heating 
rate: 10 °C/min a) 0 wt% HDA, b) 15 wt% HDA, c) 35 wt% HDA. 
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Figure 4.2 DSC traces recorded on the mixture of MAPP and CPCl at 10 °C/min 
heating rate. a) 0 wt% CPCl, b) 15 wt% CPCl, c) 35 wt% CPCl. 
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ces can be observed also in the melting range of MAPP as well. The area under themelt-
ing peak remains practically constant, independent of the amount of CPCl added to the 
reaction mixture. Variation in the peak area is caused only by the uncertainty of sample 
preparation, and not by changing composition. The traces obtained during the heating of 
CPCl and MAPP supply a further proof for the reaction of HDA and MAPP, on the one 
hand, and prove that active hydrogen atom or atoms are needed for reactions to occur, 
on the other. 

The qualitative analysis presented above is further corroborated by the quanti-
tative evaluation of the DSC traces. The heat of reaction was calculated as the differ-
ence of the measured and calculated heat of melting of MAPP. According to Figure 4.3 
this area increases continuously up to certain amine content then reaches a constant 
value. It is obvious that after the consumption of all MA groups the heat of reaction 
cannot increase any more. The same procedure was carried out also with the traces 
recorded on the MAPP/CPCl mixture. In accordance with the results of the qualitative 
analysis, the difference in the area does not change with amine content and varies 
around zero in the range of the standard deviation of the determination supplying further 
proof for the reaction of HDA and the lack of it for CPCl. 
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Figure 4.3 Dependence of the overall heat of reaction on the surfactant content of 
the mixture. Symbols: ( ) HDA, ( ) CPCl. 

DSC measurements are not able to identify the reaction products in any way. A 
detailed analysis of these latter was carried out by FTIR spectroscopy. The overall spec-
tra of the two components and that of the reaction product obtained with 20 wt% HDA 
is presented in Figure 4.4. Numerous vibrations appear in the spectra, the majority of 
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which belong to the –CH2– and –CH3 groups of the aliphatic chain of the two compo-
nents. In further analysis we focus our attention to the wavelength range between 2000 
and 1400 cm-1, where the characteristic bands of the anhydride, the amine and those of 
the possible reaction products, the amide and imide groups appear. Already the overall 
spectra indicate considerable differences in the chemical structure of the three materials, 
the disappearance of some vibrations and the appearance of others. Moreover, the char-
acteristic peaks of MAPP and HDA overlap with each other. The three spectra are pre-
sented in the range mentioned above in Figure 4.5. The three characteristic peaks of the 
anhydride group can be clearly distinguished in the spectrum of MAPP at 1856 cm-1 
(assymmetrical streching modes of C=O in a saturated ring anhydride), 1775 cm-1 (sym-
metric C=O stretching) and at 1712 cm-1 (carboxylic acid) (spectrum a). In the spectrum 
of HDA the vibration of the amine group appears at 1550 cm-1 accompanied by a 
smaller peak at 1650 cm-1. New peaks appear in the spectrum of the reaction product, 
which can be identified as the amide I (1680-1630 cm-1) and amide II (1570-1515 cm-1) 
bands of the secondary amide. Further proof for the formation of this group is the ap-
pearance of the amide III band at 1260 cm-1. Because of the vibration of various groups 
overlap with each other and the position of some bands shifts as an effect of changing 
environment, both the assignment of peaks, as well as their quantitative analysis is very 
difficult. Nevertheless the qualitative analysis of the spectra proves again that chemical 
reactions take place in the melt of MAPP and HDA, indeed, leading to the formation of 
amides. We cannot exclude the formation of cyclic imides either, but their existence 
cannot be proved unambiguously since the characteristic vibration of the imide group 
appears also in the same range, around 1770-1700 cm-1. 
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Figure 4.4 Overall FTIR spectra of MAPP (Lico) (a), HDA (c) and their reaction 
product at 20 wt% HDA content (b). 
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Figure 4.5 FTIR spectra of the components and their reaction product in the 
wavenumber range of importance. Notation is the same as in Figure 4.4. 
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Figure 4.6 Quantitative analysis of the changes in the intensity of the vibration of 
selected functional groups. Symbols: ( ) anhydride, ( ) amide, ( ) 
carbonyl. 
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In spite of the difficulties of quantitative evaluation, an attempt was made to 
determine changes in the intensity of characteristic vibrations as a function of the amine 
content of the reaction mixture. We deconvoluted the main peaks mentioned in the 
previous paragraph, altogether 9 vibrations, and determined the area under the peaks. 
Changes in the relative intensity of the anhydride carbonyl (1775 cm-1), carboxylic acid 
(1712 cm-1) and amide I (1655 cm-1) vibrations are plotted against amine content in 
Figure 4.6. The vibration of the –CH3 group of MAPP appearing at 973 cm-1 was used 
as internal standard during the evaluation. The content of the acidic carbonyl does not 
change significantly as a function of amine content, but this is not very surprising, since 
the vibration of the acidic carbonyl group in the two compounds cannot be separated 
and both contribute to the overall intensity of the band detected at around 1712 cm-1. 
With increasing amine content the peak shifts from 1713 cm-1 to 1703 cm-1, which also 
proves that the environment of the carbonyl group is modified considerably with chang-
ing composition. The intensity of the characteristic band of the cyclic anhydride group 
(1775 cm-1) decreases continuously with increasing amine content. This change might 
result from the hydrolysis of the anhydride, but the simultaneous increase in the inten-
sity of the amide II vibration (1550 cm-1) proves the formation of this latter group. The 
slope of the composition dependence of both functions changes at around 10-15 wt% 
amine content just like that of the composition dependence of reaction heat (see Figure 
4.3), which further supports the consistency of the results. However, we must empha-
size again that the analysis of FTIR spectra is very difficult because of the overlapping 
of various vibrations. The location of practically all peaks changes with amine content, 
which also warrants further caution. 
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Figure 4.7 FTIR spectra recorded on MAPP (a), CPCl (b) and their mixture of 20 
wt% surfactant content (c). 
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The reaction products of MAPP and CPCl were analyzed in a similar way. The 
spectra of the two components and that of the reaction product are presented in the same 
range as for HDA in Figure 4.7. Based on our original assumption and on the results of 
DSC measurements, we expected that the spectrum of the product would be a simple 
combination created from the spectra of the components without any new vibrations. 
Rather surprisingly, the spectrum of the product does not correspond to expectations. 
The intensity of the vibration of the anhydride group (1775 cm-1) decreases almost to 
zero and its location shifts to lower wavenumbers (1768 cm-1). The carbonyl band also 
shifts, the intensity of a peak detected at 3385 cm-1 increases with amine content, and 
smaller changes can be observed in the intensity or location of other vibrations as well, 
which are completely unexpected and rather difficult to explain. A more thorough 
analysis of the reaction components and the spectra revealed that CPCl contains water; 
it is partly present as a monohydrate (see vibration at 3385 cm-1), which results in the 
immediate hydrolysis of the anhydride. The presence of the Cl- ion further modifies the 
location of some vibrations. The analysis unambiguously proved that in spite of the fact 
that the spectrum of the compound does not correspond to the combined spectra of the 
components, MAPP and CPCl do not react with each other to form covalent bonds. 

4.2.2. Interaction of MAPP and OMMT 

Although the model experiments presented above unambiguously prove that 
MAPP and HDA react chemically with each other under the conditions of the experi-
ments and probably also under those of composite preparation, we cannot assume a 
priory that similar reactions take place when the surfactant is attached to the surface of a 
silicate. As a consequence, similar experiments as described above were carried out also 
with montmorillonites organophilized with HDA or CPCl, respectively. We refrain 
from the detailed presentation of all results, only the most important conclusions of the 
FTIR analysis are shown here for the filler treated with hexadecylamine. The spectra of 
MAPP, OMMT(HDA) and the reaction product, respectively, are presented in Figure 
4.8. Although the intensity of the vibrations characteristic for the reaction product is 
much smaller than before because the presence of the silicate, the spectra resemble very 
much those presented in Figure 4.4. Fortunately the silicate does not absorb in the 
wavelength range of interest, thus the qualitative analysis of the spectra can be carried 
out in the same way as before. We can observe again a decrease in the intensity of the 
vibration characteristic for the anhydride and the appearance of amide vibrations in the 
product. 

The changes in the intensity of the three characteristic vibrations (anhydride, 
carbonyl, amide) were evaluated quantitatively just as before. The –CH2– vibration of 
the PP chain appearing at 1376 cm-1 had to be used as internal reference since the sili-
cate adsorbs in the range of 973 cm-1, which was used as reference vibration in the 
model experiments (see previous section). Unfortunately, besides the smaller intensity 
of vibrations, this change of reference band further decreased the accuracy of the analy-
sis. The relative intensity of the three groups is plotted against OMMT content in Figure 
4.9. The results strongly corroborate the conclusions drawn from the qualitative analysis 
and agree well with those obtained in the model reaction of HDA and MAPP although 
some differences can be also observed. The amount of cyclic anhydride group decreases 
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drastically, while that of the amide increases slightly with changing composition. The 
increase is continuous and we do not observe any change in the slope of the functions, 
because the number of amine groups is much smaller than that of the available MA 
groups. Filler content could not be increased sufficiently to reach equivalence. Unlike in 
the model reactions, the intensity of the acidic carbonyl vibration also decreases, which 
is very difficult to explain at the moment. 
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Figure 4.8 FTIR spectra recorded on MAPP (a), OMMT organophilized with he-
axdecil amine (Nanofil 848) (b) and their reaction product obtained at 20 
wt% filler content (c). 

These results indicate that the same chemical reactions take place between the 
surfactant attached to the silicate surface than with the free compound. As a result of the 
reaction, the surfactant is removed from the surface and hydrogenated silicate sites are 
left behind. The high energy surface may interact either with the anhydride or the amide 
groups by dipole-dipole interactions, but even unmodified polypropylene chains may be 
attached to the surface by London dispersion forces much stronger than to the silicate 
covered by aliphatic chains. Although the functionalized polymer may interact with the 
silicate surface directly as suggested by some authors, chemical reactions undoubtedly 
occur because of the high reactivity of MAPP and strongly influence the interaction of 
the components, as well as the structure of the composite. Nevertheless, because of the 
complexity of the system, the effect of competitive adsorption (MAPP, HDA) and mu-
tual solubility (PP, MAPP, surfactant, reaction products) cannot be neglected either. 
However, we do not believe that hydrogen bridges considerably contribute to compo-
nent interactions. 
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Figure 4.9 Effect of the filler content of the reaction mixture of MAPP and OMMT on 
the intensity of selected groups. Symbols: ( ) anhydride, ( ) amide, ( ) 
carbonyl. 

4.2.3. Composite structure 

The final proof for the occurrence and effect of chemical reactions on compo-
nent interactions and composite structure would have been the detection of the same 
changes in a PP/OMMT/MAPP composite. However, the small, 1 – 5 vol% filler con-
tent used in these composites and the corresponding amount of surfactant makes the 
detection of chemical changes impossible, because they are below the sensitivity of the 
techniques used. On the other hand, the introduction of MAPP is claimed to extend 
gallery distances considerably and result in an intercalated or exfoliated structure. If the 
reactions discussed above do not take place and the interactions are not acting, we can 
expect the formation of microcomposites with unaltered gallery distances. Obviously 
exfoliated or intercalated structure should form when HDA modified montrmorillonite 
is used for composite preparation and microcomposite formation when a silicate or-
ganophilized with CPCl is applied. 

The XRD pattern of the Nanofil 848 silicate is compared to that of composites 
prepared with and without 20 vol% maleinated polypropylene (Figure 4.10). A well 
defined reflection appears on the XRD pattern of the filler at about 5 ° (2Θ) correspond-
ing to 1.8 nm gallery distance. The peak shifts somewhat towards smaller angles, to 
about 4.0° corresponding to 2.2 nm gallery distance, when a composite is prepared with 
2 vol% of the N848 silicate, but without functionalized polymer. The shift of the silicate 
reflection might be interpreted as the diffusion of the PP chains into the galleries of the 
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filler, but the change is small and XRD patterns are influenced by several factors (gal-
lery distance, orientation, layer stacking), thus far reaching conclusions cannot be drawn 
from the observed change. However, the pattern changes drastically upon the addition 
of MAPP, the silicate reflection completely disappears or shifts outside the detection 
range of XRD. This clearly proves that the components of the composite strongly inter-
act with each other and MAPP molecules diffuse into the galleries of the silicate. Com-
posites containing the silicate which was treated with CPCl behave completely differ-
ently (Figure 4.11.). The silicate reflection shifts partially to larger 2Θ angles (from 4.5° 
to about 5.8°), which indicates the collapse of some galleries. Decreased gallery dis-
tance may result from the rearrangement of the surfactant among the layers [41] or from 
the evaporation of some water [42]. The presence of MAPP basically does not change 
the gallery structure of the silicate, obviously microcomposite was prepared, as ex-
pected. The behavior of the two organophilized silicates in real composites is in com-
plete agreement with our expectations and with the results presented above. CPCl does 
not contain an active hydrogen atom, thus cannot react with MAPP, and the filler or-
ganophilized with it cannot form intercalated or exfoliated composites like the silicate 
modified by HDA. This fact also emphasizes the importance of chemical reactions 
compared to direct dipole like or hydrogen bridge interactions. 
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Figure 4.10 XRD pattern of PP/clay composites and their components; disappearance 
of the silicate reflection upon the introduction of MAPP (Lico). a) PP + 
20 vol % MAPP blend, b) N848 c) PP + 2 vol% N848, d) PP + 2 vol% 
N848 + 20 vol% MAPP. 
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Figure 4.11 Gallery structure of OMMT treated with CPCl (a) and that of its compos-

ites containing 0 vol% (b) and 20 vol% MAPP (c). Silicate content: 2 vol%. 

4.3. Conclusions 
Model reactions carried out with components frequently used for the preparation 

of intercalated or exfoliated PP nanocomposites proved that maleinated polypropylene can 
react chemically with the surfactant applied for the organophilization of the filler if this 
latter contains active hydrogen groups. The reaction of hexadecylamine and MAPP was 
detected by MALDI-TOF spectroscopy, DSC measurements and FTIR spectroscopy. 
Anhydride groups were consumed and mainly amide groups formed in the reaction. The 
formation of cyclic imides could not be proved by the techniques used. MAPP reacted 
also with the surfactant adsorbed on the surface of the silicate in ionic form. On the other 
hand, CPCl not containing active hydrogen atoms did not react with maleinated PP. Inter-
calated or exfoliated composite could be prepared from the silicate organophilized with 
HDA, while microcomposite formed from the filler treated with CPCl. Chemical reactions 
remove the surfactant from the surface of MMT and hydrogenated silicate sites are left 
behind. The high energy surface interacts either with the anhydride or the amide groups by 
dipole-dipole interactions. Even the unmodified polypropylene chains may be attached 
much stronger to the surface by London dispersion forces than to the silicate covered by 
aliphatic chains. Although the effect of competitive adsorption (MAPP, HDA) and mutual 
solubility of the components (PP, MAPP, surfactant, reaction products) cannot be ne-
glected, chemical reactions play a crucial role in structure formation in PP nanocompo-
sites containing a functionalized polymer. Direct interaction of the silicate surface and the 
functonalized polymer as well as the formation of hydrogen bridges seem to play a lesser 
role, but the relative influence of processes may change with the type of surfactant, func-
tionalized polymer, surface coverage and processing conditions. 
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Chapter 5 

Morphology characterization of PP/clay nanocomposites 
across the length scales of the structural architecture 

5.1. Introduction1 
As described in Chapter 1, conclusions about the structure of polymer/layered 

silicate nanocomposites are usually drawn from morphological studies carried out with 
two techniques, i.e. with X-ray diffraction (XRD) and transmission electron microscopy 
(TEM) [1-22]. In his excellent paper, Vaia and Liu [23] analyzed the factors influencing 
XRD traces and pointed out the difficulties of quantitative or even qualitative analysis of 
nanocomposite structure. TEM micrographs cover a very small area, which might not be 
entirely representative for the “average” microstructure of the composite. Indirect infor-
mation about the structure of layered silicate nanocomposites is often obtained from rheo-
logical and mechanical measurements. The extent of exfoliation is occasionally estimated 
from stiffness by using various theoretical models and calculating the average aspect ratio 
of the silicate entities [15,16,24]. Changes in the low frequency region of storage modulus 
(G’), as well as the appearance of a yield stress in flow, were successfully used for the 
detection of a silicate network (skeleton, or house-of-card, structure) [8,25]. Similarly to 
XRD and TEM, authors conclude from the results of rheological and mechanical meas-
urements that intercalated and/or exfoliated structures form in layered silicate nanocompo-
sites, but under appropriate conditions a silicate network may also develop. 

The methods and conclusions mentioned above are general for layered silicate 
nanocomposites including those prepared from a polypropylene (PP) matrix. In the previ-
ous Chapters we showed that PP nanocomposites cannot be produced simply from an 
organophilized montmorillonite, since the clay does not exfoliate and the properties of the 
composite are poor [1-3,26-28]. The introduction of a functionalized polymer is needed to 
facilitate exfoliation and to improve properties in these materials [3-6]. However, in spite 
of improved homogeneity and properties, complete exfoliation is practically never 
reached. Usually an intercalated structure is observed and often different number of indi-
vidual clay layers is also seen dispersed in the matrix. None or few of the publications in 
this area indicate the presence of the original silicate particles, thus they must disappear. 
On the other hand, under certain conditions the formation of a network structure was ob-
served with TEM and also indicated by rheology [3,6,7,29,30]. From published results we 
may conclude that PP nanocomposites contain various morphological formations in un-
known amounts across different length scales from nanometer to several tens of microme-
ters, but neither the relative amount of these nor their effect on properties are known at the 

                                                 
Százdi, L., Ábrányi, Á., Pukánszky Jr., B., Vancso, J. G., Pukánszky, B.: Morphology characterization of 
PP/clay nanocomposites across the length scales of the structural architecture, submitted to Macromol. Mater. 
Eng.;  
Ábrányi, Á., Százdi, L., Pukánszky, B. Jr., Vancso, J. G., Pukánszky, B.: Formation and detection of clay net-
work structure in polypropylene/layered silicate nanocomposites, Macromol. Rapid Comm. 27, 132-135 (2006) 
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moment. The main goal of this chapter has been to characterize PP/clay nanocomposites 
as thoroughly as possible and determine their morphology. According to the various 
length scales of the morphological architecture we present and discuss our results from the 
original clay particles of several tens of micrometer scale through individual layers to the 
eventual formation of a silicate network on the nanoscale. We used various methods for 
this purpose and made an attempt to characterize structure also quantitatively, wherever 
this was possible. Finally we tried to define the application range as well as limitations of 
the standard structural characterization techniques used. 

5.2. Results and discussion 

5.2.1. Particles 

The existence of original clay particles, either uncoated sodium montmorillonite 
(NaMMT), or organophilic silicate (OMMT), is hardly ever mentioned in studies on 
nanocomposites having PP as a matrix or in fact with any other matrices. One may deduce 
from this fact that particles are not present in the composites; i.e. they break down to 
smaller units into intercalated stacks or to individual platelets during mixing. This is not 
very surprising since mostly the techniques mentioned in the introductory part are used for 
the characterization of the composites and those often do not detect the presence of parti-
cles. The problem regarding the use of XRD is illustrated by Figure 4.10, in which we 
presented four XRD traces. Naturally, the trace of PP/MAPP blend does not exhibit any 
silicate reflection (trace a). The presence of the silicate is shown clearly by the XRD trace 
of the PP/OMMT composite of 2 vol% clay content (trace c). The incorporation of 20 
vol% MAPP into the same composite leads to the complete disappearance of the silicate 
reflection (trace d). Although the intensity of scattering seems to be somewhat higher than 
that of the PP/MAPP blend, one could claim that the original particles disappeared and the 
silicate is completely exfoliated. Such conclusions were drawn by some groups from the 
results of XRD studies based on similar traces [2-6]. 

Figure 5.1 completely contradicts the above conclusion regarding trace d). SEM 
micrographs taken from the etched surfaces of PP/OMMT (Figure 5.1a) and 
PP/OMMT/MAPP (Figure 5.1b) composites show a distinct particulate structure in both 
cases. Large particles are dispersed in PP in the PP/OMMT composite not containing any 
functionalized polymer and also the interfaces are rather distinct; the wetting and/or adhe-
sion of the components seem to be rather poor. The presence of MAPP clearly changes the 
morphology. The number of large particles decreases drastically, but a very large amount 
of smaller particles appear together with one or two larger ones in the 5 to 10 µm range. 
The interfaces are much less distinct than in the previous case. Both the changing particle 
size and the modification of the interface indicate that MAPP helps to break down the 
particles and modifies interfacial interactions. Nevertheless, we can safely state that in 
spite of the absence of the silicate reflection in the corresponding XRD pattern (Figure 
4.10c), we do not have a completely exfoliated structure, and clay particles in the length 
scale of microns are also present. Their amount and size must strongly influence all prop-
erties of the composites. 



Morphology characterization of PP/clay nanocomposites 
 

 

61 

a) 

 
b) 

 
Figure 5.1 SEM micrographs taken from the etched surface of PP nanocomposites 

containing 2 vol% organophilic clay. a) 0 vol % MAPP, b) 20 vol% MAPP. 
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Figure 5.2 Size distribution of clay particles in a) PP/OMMT and b) 
PP/OMMT/MAPP composites. The results were obtained by the image 
analysis of the micrographs presented in Figures 5.1a and 5.1b. 
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In order to obtain indications about the differences in composite structure in 
quantitative terms, we carried out image analyses of the micrographs shown in Figure 
5.1. Particle size distributions are presented in Figure 5.2. Only particles larger than 0.5 
µm were counted in order to decrease experimental error and any bias caused by subjec-
tivity. The determination of particle size distribution was very difficult even in this way 
especially in the composite containing MAPP, because of the large number of such 
particles. However, the two distributions clearly reflect changes in the structure of the 
composites. The number of large particles decreased considerably upon the incorpora-
tion of MAPP and the maximum of the distribution shifted to smaller values. Further 
analysis with a more refined technique must be carried out in order to obtain sufficient 
number of data points, which would enable us to relate particle structure to the proper-
ties of the composites. Nevertheless, these results clearly show that the particle structure 
of layered silicate PP composites cannot be neglected even if MAPP is present and 
XRD patterns do not exhibit a silicate reflection. 

5.2.2. Gallery structure, intercalation 

Figure 4.10 indicated the disappearance of the silicate reflection from the XRD 
pattern when MAPP was added, but it did not give any information about the effect of 
MAPP content. The traces of several composites with increasing MAPP content is pre-
sented in Figure 5.3. The characteristic silicate reflection appearing originally at the 2θ 
degree of 3.9° shifts to smaller angles and becomes less intense as the MAPP content of 
the composite increases. The observed phenomenon is usually interpreted by the inter-
calation of the polymer into the galleries of the clay and by an increasing extent of exfo-
liation. As we showed in the preceding paragraph, quite a few relatively large particles 
are present in the composite even at large MAPP content, but this does not exclude the 
possibility of considerable intercalation and/or exfoliation at the same time. 

The diffractograms presented in Figure 5.3 indicate the presence of two peaks 
or shoulders, probably two populations of gallery distances, with characteristic reflec-
tions at around 3.0 and 6.0° (see trace b). The second reflection is very weak but it can 
be clearly distinguished at least at 5 and 10 vol% MAPP contents. In an attempt to de-
termine the location and intensity of these reflections more accurately, we fitted Loren-
zian functions to them. The result is shown in Figure 5.4 for composites with 2 vol% 
OMMT, and 10 and 30 vol% MAPP content. The fitted functions clearly indicate the 
shift of both peaks towards lower 2θ angles and considerably changing intensities. 
There is some doubt however that the formal fitting of Lorenzian functions reflects the 
changes in gallery structure properly. The original XRD trace is very smooth especially 
at 30 vol% MAPP content (see trace e) in Figure 5.3) and the first peak appearing at 
lower angles, if it exists at all, merges with back scattering. On the other hand, the tran-
sition from a distinct peak at 0 vol% MAPP content to the shoulders shifted to smaller 
2θ degrees at higher amount of functionalized polymer is completely continuous. 
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Figure 5.3 Effect of MAPP content on the gallery structure of the silicate at 2 vol% 
clay content. a) 0, b) 5, c) 10, d) 20, e) 30 vol% MAPP. 
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Figure 5.4 Analysis of XRD spectra of PP nanocomposites by curve fitting. Clay 
content: 2 vol%, a) 10, b) 30 vol% MAPP. 
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The goal of curve fitting for the XRD patterns was to analyze peak intensities 
quantitatively. Changes in gallery distances are presented in Figure 5.5 for the two 
populations represented by the reflections discussed above. Empty and full symbols in 
the figure indicate two series of measurements on different sets of samples. The agree-
ment between the two series is remarkably good which indicates that all phenomena 
observed are reproducible. Reflection 2 detected at larger 2θ angles changes only 
slightly, and the average distance of the galleries is around 1.5 nm throughout the inves-
tigated MAPP concentration range. This value is smaller than the original layer distance 
of the organophilized clay, which is around 1.8 nm. The two reflections and decreasing 
layer distance can be explained only by the collapse of some of the galleries, i.e. besides 
intercalation also de-intercalation takes place. Such phenomenon was reported earlier 
and could be explained by the degradation of the surfactant, or by its chemical reaction 
with one of the components of the composite [26,31,32]. The possible reaction of the 
functionalized polymer with the surfactant was proved in PP nanocomposites containing 
MAPP (see Chapter 4). The position of the second peak, detected at lower angles, which 
indicates larger gallery distances, changes more significantly with increasing MAPP 
content. Average layer distance moves from around 2.5 up to nearly 6.0 nm indicating 
considerable intercalation with increasing MAPP content. Moreover, the increase does 
not seem to reach a plateau at 30 vol% MAPP content, which seems to contradict some 
papers which claim that above a certain MAPP amount structure and properties of PP 
nanocomposites do not change any more [8]. Nevertheless, we can conclude that be-
sides breaking down the particles (see Figure 5.1), MAPP also diffuses into the galleries 
of the clay, increases layer distance and creates an intercalated structure. 

Fitting functions to the reflections allows us also to estimate the amount of 
scattering entities quantitatively; we calculated the area under the functions and the 
results are plotted in Figure 5.6. We must emphasize here the risk involved, which 
comes from the fact that XRD intensity depends on the number of the layers in one 
stack and on their parallel arrangement (regularity, order). Although all may change, 
and probably does, with increasing MAPP content, we think that scattering intensity is 
related also to the number of intercalated units, which increases as more and more 
MAPP is added. In spite of the uncertainties of the evaluation we may conclude that 
MAPP decreases the size of the original particles, but at the same time increases layer 
distance and the number of intercalated silicate stacks. 

5.2.3. Exfoliation 

Exfoliation is usually studied by TEM, which is able to detect also individual 
silicate layers. Very few publications present micrographs in which only individual 
silicate layers are dispersed in the polymer for any matrix and especially for PP. Usu-
ally, intercalated stacks or particles with a range of gallery distances form in PP and 
such particles appear in the micrographs. “Very good” composites with a high degree of 
dispersion may contain stacks of silicates with 3 to 10 layers [15,22], but this can be 
achieved only with the proper selection of components and processing conditions. 
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Figure 5.5 Effect of MAPP on the gallery distance of the clay in PP/OMMT/MAPP 
nanocomposites containing 2 vol% silicate. ( , ) peak 1, ( , ) peak 2. 
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Figure 5.6 Quantitative analysis of the XRD spectra of layered silicate PP nanocom-
posites. Effect of MAPP content on the intensity of silicate reflection. Clay 
content: 2 vol%. Symbols are the same as in Figure 5.5. 
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a) b) 

 

Figure 5.7 TEM micrographs taken from PP/OMMT/MAPP nanocomposites. a) 3 
vol% silicate, 20 vol% MAPP, b) 2 vol% silicate, 30 vol% MAPP. 

Similarly to the majority of the research groups working on PP nanocomposites, 
we could detect a variety of structural units in our composites. Two micrographs are pre-
sented in Figure 5.7, which demonstrate the wide scale of structures found in PP/OMMT 
composites. A very large and compact clay particle is shown in Figure 5.7a detected in a 
composite with 3 vol% silicate and 20 vol% MAPP content. Obviously disintegration and 
intercalation are at the preliminary stages for this particle. Nevertheless, it possesses a 
relatively wide range of gallery distances. This also proves that layer distances deduced 
from XRD reflections are average values, which do not reflect the complexity of the struc-
ture at all. A looser structure is presented in Figure 5.7b. Besides larger layer distance, the 
stacks contain smaller number of platelets and more individual layers can be detected in 
the micrograph. The structure observed in the TEM micrographs obviously depends on 
composition, but also on sampling, i.e. on the choice of the location from which the slice 
was taken. Processing conditions were the same in all cases. Although TEM can prove the 
occurrence of exfoliation and the presence of individual silicate layers for particular areas 
sampled, it cannot give an overall view of the morphology. As a consequence, generaliza-
tion based on a few micrographs is difficult, because of the small area covered. Figure 5.8 
offers a further example of the variety of structures found in a composite. Besides individ-
ual platelets, a larger silicate unit is shown in the composite containing 0.5 vol% silicate 
and 60 vol% MAPP. The particle is in the process of intercalation and complete exfolia-
tion. Several layers peeled already off from the particle and the extent of intercalation, i.e. 
gallery distance, changes along its length. The picture indicates that intercalation and 
exfoliation proceeds simultaneously in the investigated nanocomposites. 
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Figure 5.8 TEM micrograph showing the peeling off of layers from a silicate parti-

cle, changing gallery distance and varying extent of intercalation. Com-
position: 0.5 vol% silicate, 60 vol% MAPP. 

In order to demonstrate the risk of drawing conclusions from a limited number 
of samples, we analyzed our TEM micrographs quantitatively. At selected areas we 
measured the distance of subsequent layers forming a stack and calculated average layer 
distance. We present the results in Figure 5.9 for seven PP/OMMT/MAPP composites 
with various compositions and show also the result obtained for NaMMT for compari-
son. The average gallery distance obtained for the neat clay is around 1.0 nm, which 
corresponds to the value determined by XRD and to numbers published extensively in 
the literature. On the other hand, average layer distances obtained for the compatibilized 
composites covers a wide range from 2 to 8 nm. We must call attention here to the fact 
that gallery distance changes rather arbitrarily with composition in spite of the fact that 
both silicate and MAPP content varies in a wide range. The results emphasize again the 
risk of using only TEM for drawing general conclusions about the structure of a nano-
composite, since both the number of individual layers and the gallery distance of inter-
calated stacks depends very much on sampling. 
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Figure 5.9 Average gallery distances determined by the quantitative analysis of TEM 
micrographs. The first number below the bars indicate silicate content, 
while the second shows the amount of MAPP in vol%. 

5.2.4. House-of-card structure 

TEM definitely confirmed the presence of individual silicate layers in PP 
nanocomposites containing also MAPP. In water suspension exfoliated silicate platelets 
were shown to interact with each other and the type as well as the extent of interaction 
depended on the pH of the water and on the amount of clay [33]. Face to face interac-
tion leads to aggregation, while edge to face orientation results in the formation of a 
silicate network structure. Both phenomena have been observed in composites [3,34], 
thus we may assume that they take place also in PP nanocomposites. 

It is very difficult to distinguish aggregation from the collapse of the galleries or 
from the lack of exfoliation, but network formation should have a significant effect on 
properties. Although quite a few papers mention the formation and existence of such a 
network as a possibility [3,6,7,29,30,35,36], relatively few papers focus on the determina-
tion of the conditions, which would yield such structures or on the characterization of the 
network itself [29,36]. The formation of the network is usually detected by TEM [3,29,30] 
or by the analysis of the results of rheological measurements, from the linear viscoelastic 
properties of nanocomposite melts [6,7,35]. We do not find the TEM micrographs pub-
lished very convincing, but changes in the low frequency range of complex viscosity or 
G’, as well as the appearance of a yield stress clearly indicate considerable changes in the 
structure of the melt, and in all probability refer to the formation of a silicate network. 
Lertwimolnun and Vergnes [8] plotted storage modulus as a function of frequency in the 
usual way and they observed a strong plateau on the G’ function at low frequencies as 
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well as high yield stresses above 10 wt% MAPP content in composites containing 5.0 
wt% clay. Their results also showed that above 35 wt% MAPP yield stress did not change 
any more, from which they concluded that the structure remained also the same. 

We present the linear viscoelastic characteristics of two nanocomposites contain-
ing 2 vol% silicate and 0 and 30 vol% MAPP, respectively in Figure 5.10. We cannot 
observe any particular change in the frequency dependence of G’ and loss modulus (G”) 
and only the complex viscosity (η∗) of the nanocomposite with 30 vol% MAPP turns up 
slightly at low frequencies. Viscosity obviously does not approach a plateau value, and the 
change indicates the formation of a structure, which has a distinct yield stress. However, 
the results are not very conclusive. The majority of TEM micrographs showed mostly 
intercalated particles at this composition and very few exfoliated layers. Based on this 
evidence, we cannot claim the formation of a network structure with certainty. 
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Figure 5.10 Linear viscoelastic characteristics of PP/OMMT/MAPP nanocomposite 
melts containing 2 vol% clay. (∆) G’, (∇) G”, ( ) η* at 0 vol% MAPP, 
( ) G’, ( ) G”, ( ) η* at 30 vol% MAPP content. 

Earlier studies of materials in which internal processes are accompanied by the loss 
of energy (dielectric polarization, mechanical deformation) showed that plotting the two 
components of viscoelastic characteristics (dielectric permittivity, viscosity, modulus) 
against each other yields an arc-shaped curve if the process can be described with a single 
relaxation time (Cole-Cole plot) [37,38]. If the material possesses a relaxation time spec-
trum, the arc transforms to a semicircle or a skewed semicircle [38,39]. If more than one 
process with different relaxation times occurs simultaneously, the so called Cole-Cole plot is 
further modified; i.e. a new semicircle or a tail appears [40,41]. The formation of a network 
structure leads to the increase of the elastic component of modulus and viscosity and the 
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network obviously deforms with different relaxation times than the homogeneous melt, thus 
we expect a correlation deviating from a semicircle in the above mentioned representation. 

The Cole-Cole plot of several composites containing 2 vol% silicate and vari-
ous amounts of MAPP are plotted in Figure 5.11. The correlations obtained for compos-
ites containing less than 25 vol% MAPP are somewhat skewed semicircles. The low 
frequency part of the circles (at the right side of the semicircle) cannot be determined 
because the average relaxation time of the materials is relatively long and we should 
measure properties at smaller frequencies to obtain those values. However, more impor-
tant for us is the fact that the Cole-Cole plot of the composite containing at least 25 
vol% MAPP considerably deviates from the semicircle, it exhibits an upward turn. The 
study of other composites proved that a silicate network forms in our composites in-
deed, and Cole-Cole plots detect the appearance of this skeleton structure very sensi-
tively. It is interesting to note, that Lertwimolnun and Vergnes [8] observed network 
formation already above 10 wt% MAPP content at approximately the same silicate 
content. In all probability their different processing conditions resulted in a larger extent 
of exfoliation and easier network formation. Naturally the dissimilar properties of the 
MAPP as well as those of the silicate used in the two cases may also play a role. 
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Figure 5.11 Cole-Cole plot of the components of complex viscosity for PP nanocom-
posites containing 2 vol% silicate and various amounts of MAPP. ( ) 0 
vol%, ( ) 5 vol%, ( ) 15 vol%, ( ) 25 vol%, ( ) 40 vol% MAPP. 

Unlike others, we could not show the existence of the network by TEM at the 
composition discussed above. However, at very small silicate and large MAPP content 
larger extent of exfoliation and overlapping of the silicate layers was observed as shown 
in Figure 5.12. The corresponding Cole-Cole plot is presented in Figure 5.13 together 
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with some others for comparison. Although in our opinion, TEM alone is not sufficient 
to prove the formation of a silicate network; together with the Cole-Cole plot it may 
supply sufficient evidence for it. Moreover, these results offer indirect evidence that 
considerable exfoliation also takes place during the processing of these materials, since 
only highly exfoliated stacks or individual layers may form the network. Exfoliation and 
network formation obviously depend on component properties, composition and proc-
essing conditions. 

 
Figure 5.12 Interaction of silicate layers at small clay (0.5 vol%) and large (60 vol%) 

MAPP content; possible network formation of silicate sheets. 
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Figure 5.13 Cole-Cole plots obtained for PP/OMMT/MAPP nanocomposites at small 
clay and large MAPP content. ( ) 20, ( ) 25, (∆) 40, ( ) 50, ( ) 60 
vol% MAPP (see structure in Figure 5.12). 

5.4. Conclusions 
Extensive experiments on a large number of layered silicate PP nanocompo-

sites with widely varying composition showed that these materials possess a very com-
plex structure across length scales from several tens of micrometers to nanometers. The 
introduction of a functionalized polymer decreases the size of the original particles and 
improves their interaction with the matrix. However, relatively large particles can be 
and are present even in composites producing XRD traces without a silicate reflection. 
XRD is not able to detect silicate stacks if their amount is low, their gallery distance is 
large or the regularity of the stacks is limited. On the other hand, XRD indicates interca-
lation well. XRD traces may be evaluated also quantitatively (gallery distance, intensity 
of silicate reflection), but the results must be treated with the utmost care because of the 
numerous factors influencing the intensity of the signal. Although exfoliated individual 
layers can be detected by TEM, the method cannot be used to draw general conclusions 
about the structure of layered silicate nanocomposites. A large number of individual 
layers, i.e. large extent of exfoliation, lead to the formation of a silicate network struc-
ture, which can be detected very sensitively with the help of Cole-Cole plots of the 
complex viscoelastic characteristics of composite melts. The results prove that the struc-
ture of the investigated PP nanocomposites is much more complex than usually claimed, 
i.e. all four morphological entities (particles, intercalated stacks, individual layers, net-
work) may be present simultaneously in them. Their presence and relative amount must 
influence composite properties, but currently used techniques do not supply sufficient 
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information for the quantitative estimation of this effect. We may conclude however 
that XRD and TEM alone are not sufficient for the complex characterization of nano-
composites. 

5.5. References 
 
1. Kawasumi, M., Hasegawa, N., Kato, M., Usuki, A., Okada, A., Macromolecules 

30, 6333-6338, (1997) 
2. Hasegawa, N., Okamoto, H., Kawasumi, M., Kato, M., Tsukigase, A., Usuki, A., 

Macromol. Mater. Eng. 280, 76-79, (2000) 
3. Reichert, P., Nitz, H., Klinke, S., Brandsch, R., Thomann, R., Mülhaupt, R., Mac-

romol. Mater. Eng. 275, 8-17, (2000) 
4. Hasegawa, N., Usuki, A., J. Appl. Polym. Sci. 93, 464-470, (2004) 
5. Kaempfer, D., Thomann, R., Mülhaupt, R., Polymer 43, 2909-2916, (2002) 
6. Reichert, P., Hoffmann, B., Bock, T., Thomann, R., Mülhaupt, R., Friedrich, C., 

Macromol. Rapid Commun. 22, 519-523, (2001) 
7. Wagener, R., Reisinger, T. J. G., Polymer 44, 7513-7518, (2003) 
8. Lertwilmolnun, W., Vergnes, B., Polymer 46, 3462-3471, (2005) 
9. Ray, S. S., Okamoto, M., Prog. Polym. Sci. 28, 1539-1641, (2003) 
10. Pinnavaia, T. J., Beall, G. W., Polymer-Clay Nanocomposites, Wiley: New York 

(2001) 
11. LeBaron, P. C., Wang, Z., Pinnavaia, T. J., Appl. Clay Sci. 15, 11-29, (1999) 
12. Lan, T., Pinnavaia, T. J., Chem. Mater. 6, 2216-2219, (1994) 
13. Varlot, K., Reynaud, E., Kloppfer, M. H., Vigier, G., Varlet, J., J. Polym. Sci. B39, 

1360-1370, (2001) 
14. Vu, Y. T., Rajan, G. S., Mark, J. E., Myers, C. L., Polym. Int. 53, 1071-1077, 

(2004) 
15. Fornes, T. D., Paul, D. R., Polymer 44, 4993-5013, (2003) 
16. Osman, M. A., Rupp, J. E. P., Suter, U. W., Polymer 46, 1653-1660, (2005) 
17. Wang, Z. M., Nakajima, H., Manias, E., Chung, T. C., Macromolecules 36, 8919-

8922, (2003) 
18. Manias, E., in Nanocomposites 2001, Delivering New Value to Plastics, Golovoy, 

A. (ed.), ECM Inc.: Chicago (2001). 
19. Dennis, H. R., Hunter, D. L., Chang, D., Kim, S., White, J. L., Cho, J. W., Paul, D. 

R., Polymer 42, 9513-9522, (2001) 
20. Ellis, T. S., D'Angelo, J. S., J. Appl. Polym. Sci. 90, 1639-1647, (2003) 
21. Svoboda, P., Zeng, C. C., Wang, H., Lee, L. J., Tomasko, D. L., J. Appl. Polym. 

Sci. 85, 1562-1570, (2002) 
22. Manias, E., Touny, A., Wu, L., Strawhecker, K., Lu, B., Chung, T. C., Chem. Ma-

ter. 13, 3516-3523, (2001) 
23. Vaia, R. A., Liu, W. D., J. Polym. Sci. B40, 1590-1600, (2002) 
24. Luo, J. J., Daniel, I. M., Compos. Sci. Technol. 63, 1607-1616, (2003) 
25. Ayyer, R. K., Leonov, A. I., Rheol. Acta 43, 283-292, (2004) 
26. Kim, K. N., Kim, H., Lee, J. W., Polym. Eng. Sci. 41, 1963-1969, (2001) 
27. Kato, M., Usuki, A., Okada, A., J. Appl. Polym. Sci. 66, 1781-1785, (1997) 



Morphology characterization of PP/clay nanocomposites 
 

 

75 

28. Usuki, A., Kato, M., Okada, A., Kurauchi, T., J. Appl. Polym. Sci. 63, 137-139, 
(1997) 

29. Okamoto, M., Nam, P. H., Maiti, P., Kotaka, T., Hasegawa, N., Usuki, A., Nano. 
Lett. 1, 295-298, (2001) 

30. Nam, P. H., Maiti, P., Okamoto, M., Kotaka, T., Hasegawa, N., Usuki, A., Polymer 
42, 9633-9640, (2001) 

31. Yoon, J. T., Jo, W. H., Lee, M. S., Ko, M. B., Polymer 42, 329-336, (2001) 
32. Pozsgay, A., Fráter, T., Százdi, L., Müller, P., Sajó, I., Pukánszky, B., Eur. Polym. 

J. 40, 27-36, (2004) 
33. Tombacz, E., Szekeres, M., Appl. Clay Sci. 27, 75-94, (2004) 
34. Okamoto, M., Morita, S., Kim, Y. H., Kotaka, T., Tateyama, H., Polymer 42, 1201-

1206, (2001) 
35. Li, J., Zhou, C. X., Wang, G., Zhao, D. L., J. Appl. Polym. Sci. 89, 3609-3617, 

(2003) 
36. Varghese, S., Karger-Kocsis, J., Polymer 44, 4921-4927, (2003) 
37. Debye, P., Polar molecules, Chem. Catalogue Co.: New York (1929) 
38. Cole, K. S., Cole, R. H., J. Chem. Phys. 9, 341-351, (1941) 
39. Havriliak, S., Negami, S., J. Polym. Sci. C14, 99-117, (1966) 
40. Carreau, P. J., Bousmina, M., Ajji, A., in Progress in Pacific Polymer Science, 

Ghiggino, K. P. (ed.), Springer: Berlin (1994). 
41. Zheng, Q., Du, M., Yang, B. B., Wu, G., Polymer 42, 5743-5747, (2001) 
 
 
 



 
 



Quantitative estimation of reinforcement 
 

 

77 

Chapter 6 

Quantitative estimation of the reinforcing effect of layered 
silicates in PP nanocomposites 

6.1. Introduction 
One of the largest potential advantages of layered silicate nanocomposites is 

claimed to be high level of reinforcement at low silicate content leading to strong and 
light parts [1-9]. The basic idea behind this expectation, as it was described in Chapter 
1, is the extremely large interface created by the exfoliation of the layered silicate [10-
16]. Further conditions of reinforcement are the good adhesion of the phases and the 
orientation of the silicate layers parallel with the direction of the load [3,17-20]. Al-
though an extremely large number of papers are published on the structure, properties, 
and advantages of layered silicate nanocomposites, very few of them contain informa-
tion which unambiguously proves the validity of this concept. Among the numerous 
papers published on these materials only a few present information about composite 
properties measured at large deformations. Dynamic mechanical spectra and modulus 
values are published in many of them [21-29], since stiffness is expected to be the best 
indicator of the extent of reinforcement [7,12,18,30-33]. However, stiffness always 
increases when inorganic fillers are added to the polymer [34-36]. Moreover the extent 
of exfoliation estimated in this way may not give information about the strength of the 
composites. Properties measured at larger deformations, like tensile yield stress, tensile 
strength, or fracture resistance, are more sensitive to structure and interaction [37-39], 
but reports containing such results for layered silicate nanocomposites are scarce. 
Among the more than 100 papers collected by us on layered silicate PP nanocompo-
sites, less than 10 contained information about tensile characteristics measured at more 
than one silicate content. In an attempt to estimate the reinforcing effect of layered sili-
cates in PP matrices, a relatively large number of PP composites containing both so-
dium and organophilic montmorillonite were prepared and investigated in this part of 
the study. The silicates were organophilized with different surfactants and MAPP was 
added to some of the composites to promote exfoliation [16,21-23,40-46]. We also tried 
to collect and evaluate data available in the open literature. Using a simple model de-
veloped earlier [37,38], we compared the load-bearing capacity of various silicates in 
different PP matrices and estimated the extent of reinforcement using the theoretical 
surface area of completely exfoliated silicate [47-50].1 
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6.2. Background 
The mechanical properties of composites, including tensile yield stress, depend 

on composition, component properties, structure and interaction [16,39-46,51]. Usually 
homogeneous distribution of the dispersed particles is assumed in particulate filled 
composites. If the particles have anisometric geometry, their orientation and orientation 
distribution must be also taken into account in order to estimate reinforcement. The 
effect of interaction depends on its strength and on the size of the contact surface. 
Strong interaction is assumed to prevail in polymer/layered silicate composites 
[3,17,19,20] in spite of the fact that the surface of the silicate is covered with a surfac-
tant. Such treatment was shown to decrease interaction significantly in all composites 
containing traditional fillers [52-54] or even layered silicates (see Chapter 3). On the 
other hand, the interface between the phases can be extremely large in nanocomposites, 
the specific surface area of the silicate [4,55,56] is about 750 m2/g compared to the 3-5 
m2/g value of usual particulate fillers [47-50], which may compensate the effect of any 
occasional decrease in interaction.  

A simple model was developed earlier to describe the composition dependence 
of the tensile yield stress of particulate filled composites [37,38,57]. The model is based 
on the fact that an interphase forms spontaneously in composites and it assumes that 
yield stress changes proportionally to its actual value as a function of composition. 
Accordingly, the composition dependence of tensile yield stress can be described by the 
following equation [37,38,57]: 

( )ϕ
ϕ

ϕσσ Byy exp
5.21

1
0 +

−=    (6.1) 

where σy and σy0 are the yield stress of the composite and the matrix, respectively, ϕ the 
volume fraction of the filler in the composites and B is related to the load carried by the 
dispersed component, i.e. it depends on interaction [37-39,52,53]. The term (1-
ϕ)/(1+2.5ϕ) expresses the effective load-bearing cross-section of the matrix. At zero 
interaction all the load is carried by the polymer and the load-bearing cross-section 
decreases with increasing filler content. The same correlation can be used to describe 
the composition dependence of tensile strength, if the elongation of the composite is 
small, usually less than 100 % [38]. 

The value of parameter B depends on all factors influencing the load-bearing 
capacity of the filler, i.e. on the strength of interaction and on the size of the contact 
surface. The effect of these factors on B is expressed as 

( )
0
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y

yi
ffAB

σ
σ

ρ l+=     (6.2) 

where Af is the specific surface area of the filler (contact surface), ρf is its density, while 
l and σyi are the thickness and corresponding property of the interphase. The latter two 
parameters were shown to depend on the strength of matrix/filler interaction [58,59]. A 
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detailed study of numerous composites proved that in composites containing stiff fillers 
or reinforcements a hard interphase forms which increases the load-bearing capacity of 
the filler and contributes to reinforcement [60-62]. Only the formation of such a hard 
interphase explains that composite yield stresses exceeding the yield stress of the matrix 
are achieved occasionally [37]. Moreover, we must assume that such an interphase 
forms also in layered silicate nanocomposites leading to the observed reinforcing effect 
of the silicate. The load carried by the second component depends also on the properties 
of the matrix; the extent of reinforcement is larger in a softer than in a stiffer polymer. 
This factor must be also taken into account when composites prepared with different 
matrices are compared with each other. 

The model was developed for composites containing spherical particles. The 
orientation of anisometric particles increases the load-bearing capacity of the filler and 
increases B. This is not taken into account explicitly in the model. However, random 
distribution of the silicate particles was shown in many cases, thus the effect of orienta-
tion is neglected during the evaluation of the results. Nucleation or other effects related 
to the filler may change the properties of the matrix continuously and this effect can 
also bias the prediction of the model. In spite of these limitations, the validity of the 
model has been demonstrated for various heterogeneous systems from particulate filled 
polymers to blends and short fiber reinforced composites, in spite that the latter contain 
anisometric reinforcements [37,38,63-65]. The effect of particle size, strength of inter-
action, matrix properties, i.e. practically all factors listed above, could be analyzed 
quantitatively with the help of the model. 

The tensile yield stress of three PP composites containing fillers with different 
particle size is plotted in Figure 6.1 as a function of filler content. If the model is valid, 
we should obtain linear correlation when the natural logarithm of reduced yield stress is 
plotted against filler content, i.e. 

ϕσ
ϕ

ϕσσ Byyyred +=
−

+= 0ln
1

5.21lnln
 

  (6.3) 

The values plotted in Figure 6.1 are presented in the linear form in Figure 6.2 in order to 
prove the validity of the model for this case. Linearity is a necessary, but not sufficient 
condition to prove the validity of the model. However, the study of a large number of 
various composites proved that in the absence of structural effects, i.e. orientation of 
anisometric particles, aggregation, phase inversion in blends, changing matrix proper-
ties, etc., plotting reduced yield stress against the volume fraction of the dispersed phase 
resulted in linear correlation [37,38,63-66]. Validity of the model was proved also by 
fulfilling its other predictions, i.e. increase of B with decreasing particle size (specific 
surface area of the filler) [37,59] or with increasing strength of interaction (surface 
modification) [59,67], the thickness of the interphase increases with increased adhesion 
[58,59], etc. The model might not be valid in layered silicate PP nanocomposites be-
cause of the extreme large specific interface area and the orientation of the anisometric 
platelets. However, the validity of the theory can be verified or disputed only by a de-
tailed analysis of a large number of experimental data. 
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Figure 6.1  Effect of particle size and filler content on the tensile yield stress of 
PP/CaCO3 composites. Specific surface area (Af): ( ) 5.0, ( ) 3.3, ( ) 
0.5 m2/g [59]. 
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Figure 6.2 Linear representation of reduced yield stress for the composites shown in 
Figure 6.1 supporting the validity of the model. Symbols are unchanged. 
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6.3. Results 

6.3.1. Application of the model 

The validity of the model is demonstrated by plotting yield stress values of vari-
ous PP composites against composition using the corresponding expression derived from 
our model (Equation 6.3). We assume that neat montmorillonite (NaMMT) does not exfo-
liate at all and behaves like a regular particulate filler, while organophilized montmorillo-
nite (OMMT) added to PP with a functionalized polymer (MAPP) results in intercalated 
or exfoliated nanocomposite. Several XRD patterns are compared to each other in Figure 
4.11. The shift in the silicate reflection indicates intercalation in the PP/OMMT composite 
(c), while the almost complete disappearance, at least in the detected 2θ range, of the 
reflection (d) indicates a considerable change in the structure of the composite prepared 
with the incorporation of a functionalized polymer (MAPP). 

The tensile yield stress values of composites c) and d) investigated by XRD (see 
Figure 4.11) are plotted against composition in Figure 6.3. Corresponding values of 
PP/NaMMT composites are also shown in the figure for comparison. Numbers in brackets 
in the caption of Figure 6.3, and also in all subsequent figures, identify the composites and 
the source of the data evaluated. Information about all composites evaluated can be found 
in Table 6.1. The yield stress of all composites prepared by us decreases with increasing 
filler content. The average particle size of NaMMT is claimed to be approximately 2-3 
µm, but its distribution covers a very wide range. The specific surface area of this silicate 
is 26.0 m2/g measured by the BET method, which is somewhat larger than the usual value 
of particulate fillers. However, we must take into account also the large internal surface of 
the filler [4,55,56] here, which is not accessible for PP, but a part of it is measured by 
nitrogen. On the other hand, the anismetric particle shape of the silicate may also lead to 
some additional reinforcement like in talc filled PP. The composition dependence of the 
yield stress of the composites containing the organophilized MMT is very similar to that 
obtained for composites prepared with NaMMT. We can explain this behavior by assum-
ing that only negligible exfoliation could be achieved in the absence of MAPP, thus both 
silicates have approximately the same reinforcing effect. However, the performance of the 
composite containing both OMMT and MAPP is rather surprising. The yield stress values 
of these composites are significantly smaller than those of the other two materials, i.e. 
PP/NaMMT and PP/OMMT composites, in spite of the fact that the silicate reflection 
almost completely disappeared from the XRD pattern of this material, or it moved out of 
the detection range of WAXS indicating significant intercalation and/or exfoliation. In 
Figure 6.3 we include also results taken from the literature [68] for comparison. The yield 
stress of the composites reported by the authors exceeds considerably our values indicat-
ing better reinforcement. Obviously, the disappearance of the silicate reflection is not a 
sufficient proof for exfoliation and does not give any indication about the performance of 
the composites. The combination of component properties and processing conditions [69] 
must have led to the difference in reinforcement obtained in our composites and in those 
prepared by Svoboda et al., respectively [68].  
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Figure 6.3 Effect of silicate content on the tensile yield stress of various PP/clay compos-
ites. See the details in Table 6.1. Symbols: ( ) PP/NaMMT (34), ( ) 
PP/OMMT(37), ( ) PP/OMMT/MAPP(41), ( ) PP/OMMT/MAPP(22)[68]. 
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Figure 6.4 Reduced tensile yield stress of the composites shown in Figure 6.4 plotted 
against filler content in linear form. Symbols are the same as in Figure 6. 3. 
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The natural logarithm of reduced yield stress (see Equation 6.3) is plotted 
against composition in Figure 6.4. Linear correlation exists between the quantities plot-
ted for our composites, which indicates that the model might be valid also for nanocom-
posites. Although, as mentioned above, linearity is not and unassailable proof for the 
validity of the model, structural effects (aggregation, orientation, phase inversion, 
changing matrix properties, etc.) always yielded a non-linear correlation in earlier stud-
ies, thus we may assume that these are absent in this case. The slope of the straight line 
derived from published results [68] is larger than the values obtained for our own com-
posites indicating increased reinforcement in the former case, which might be the result 
of better intercalation or exfoliation. The relatively poorer performance of our 
PP/OMMT/MAPP composite needs further study and explanation. 

Several issues need to be emphasized at this juncture. Although we obtained a 
straight line for all composites, the intercept with the ordinate occasionally differs from 
the value of the matrix polymer (see  in Figure 6.4). We must take into account the 
fact here that the properties of the functionalized polymer often differ considerably from 
that of the matrix. Because of modification, the crystallinity, stiffness and strength of 
MAPP is usually smaller than that of the matrix polymer, especially if a homopolymer 
is used.As a consequence the properties of the PP/MAPP blend differ considerably from 
that of PP, but the blend serves as a matrix for the silicate. Accordingly, the value of σy0 
also changes in Equations 6.1 and 6.2 leading to the different intercepts with the ordi-
nate (σy0calc) as observed in Figure 6.4. In order to eliminate the effect of variation in 
matrix properties, we plot relative yield stress, i.e. 

ϕ
ϕ

ϕ
σ
σ

σ B
y

y
yrel =

−
+=
1

5.21lnln
0

   (6.4) 

in most subsequent figures. In relation of the data taken from the paper of Svoboda et al. 
[68] we must mention that the authors kept constant the silicate/MAPP ratio during their 
experiments. This led to a continuous change in the composition and properties of the 
matrix, which resulted in the slight deviation from linearity of the lnσyrel vs. ϕ  plot and 
to the strong deviation of the last point from the calculated line. 

Our analysis was extended to include also data taken from the literature in or-
der to check the validity of the approach even further. Experimental yield stress values 
taken from several sources are plotted against composition in Figure 6.5. Different fill-
ers and matrices were used in these composites leading to dissimilar changes in proper-
ties as a function of silicate content. Because of the variation in components and proc-
essing conditions, comparison is difficult. If we plot the results according to Equation 
6.4, we obtain straight lines again with different slopes, i.e. the extent of reinforcement 
changes from one composite to the other (Figure 6.6). The difference in the reinforcing 
effect of the various silicates may arise from variations in interfacial adhesion, but we 
are convinced that they are caused mainly by the changing extent of exfoliation. What-
ever is the explanation, we can establish that the model can be applied also to nanocom-
posites. We obtained straight lines practically in all cases similarly to other systems 
studied earlier [37,38,63-65] indicating that layered silicate PP nanocomposites are 
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heterogeneous polymer systems and can be treated accordingly. As a consequence, all 
results available were analyzed in the way presented above and the reinforcing effect of 
the silicate was estimated from the slope of the straight lines, i.e. using the value of 
parameter B. 

Table 6.1 Mechanical properties of PP/clay composites published in the literature 
and reinforcing effect (parameter B) calculated from them. 

MAPP Silicate 
No. Polymer 

Type (wt%) Type Treatmenta 

σy0 
(MPa) 

σy0c 
(MPa) B Ref. 

1 PP – 0 Somasif H3C6 33.3 32.1 3.6 [16] 

2 PP – 0 Somasif H3C8 33.3 32.8 3.3 [16] 

3 PP – 0 Somasif H3C12 33.3 32.7 3.1 [16] 

4 PP – 0 Somasif H3C16 33.3 34.1 2.4 [16] 

5 PP – 0 Somasif H3C18 33.3 36.3 0.2 [16] 

6 PP Epolene 20 Somasif H3C6 33.1 33.4 3.5 [16] 

7 PP Epolene 20 Somasif H3C8 33.1 33.8 3.3 [16] 

8 PP Epolene 20 Somasif H3C12 33.1 33.7 5.6 [16] 

9 PP Epolene 20 Somasif H3C16 33.1 33.7 5.3 [16] 

10 PP Epolene 20 Somasif H3C18 33.1 33.1 5.4 [16] 

11 PP Hostapr 20 Somasif H3C6 33.2 35.1 4.2 [16] 

12 PP Hostapr 20 Somasif H3C8 33.2 34.1 4.9 [16] 

13 PP Hostapr 20 Somasif H3C12 33.2 36.2 7.2 [16] 

14 PP Hostapr 20 Somasif H3C16 33.2 34.5 8.3 [16] 

15 PP Hostapr 20 Somasif H3C18 33.2 33.9 8.8 [16] 

16 PP Hostapr 20 Somasif H3C18 33.0 34.9 7.8 [43] 

17 sPP – 0 Somasif H3C18 16.1 16.1 2.6 [45] 

18 sPP Hostapr 20 Somasif H3C18 18.7 26.1 4.2 [45] 

19 sPP Lico 20 Somasif H3C18 15.3 17.5 6.3 [45] 

20 PP – – MMT M3C16+EM 26.0 26.6 15.6 [70] 
 

aSymbols M: methyl, Cx: alkyl chain and H: hydrogen designate the substituents on the nitrogen. 
EM means epoxy-propyl methacrylate. 

bMAPP content changed proportionally to silicate content 
cresults obtained in this study 
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Table 6.1 Mechanical properties of PP/clay composites published in the literature 
and reinforcing effect  calculated from them (resumption). 

MAPP Silicate 
No. Polymer 

Type (wt%) Type Treatmenta 

σy0 
(MPa) 

σy0c 
(MPa) B Ref. 

21 PP Epolene diff. Cloi20A M2(C18)2 33.5 34.9 4.6 [68]b 

22 PP Epolene diff. Cloi20A M2(C18)2 33.5 37.6 4.3 [68]b 

23 PP PB3150 diff. Cloi20A M2(C18)2 33.5 37.5 3.6 [68]b 

24 PP – – Cloi20A M2(C18)2 33.5 36.0 2.7 [68] 

25 MAPP PB3150 100 Cloi20A M2(C18)2 32.3 34.7 4.9 [68] 

26 PP – – F-MMT H3C18 28.5 32.6 0.3 [71] 

27 PP – – MMT M2(C18)2 28.5 26.5 5.7 [71] 

28 MAPP Bynel 100 NmerI31 M2H1C18 4.7 4.9 5.4 [72] 

29 MAPP Orevac 100 MMT CPCl 17.4 18.1 2.5 c 

30 MAPP Orevac 100 N848 H3C18 17.4 17.8 3.4 c 

31 PP Lico 20 MMT CPCl 25.5 24.5 3.7 c 

32 PP – – MMT CPCl 33.9 30.7 2.2 c 

33 PP – – N848 H3C18 33.9 33.5 1.8 c 

34 PP – – NaMMT – 33.9 30.8 2.8 c 

35 MAPP Exx 100 MMT CPCl 27.8 27.2 2.6 c 

36 MAPP Exx 100 N848 H3C18 27.8 28.9 2.4 c 

37 PP – – N848 H3C18 30.5 32.0 1.8 c 

38 PP Exx 20 N848 H3C18 32.0 31.7 1.5 c 

39 PP PB3200 20 N848 H3C18 33.4 32.3 2.1 c 

40 PP Lico 20 NaMMT – 25.5 25.5 2.7 c 

41 PP Lico 20 N848 H3C18 31.2 31.9 0.6 c 
 

aSymbols M: methyl, Cx: alkyl chain and H: hydrogen designate the substituents on the nitrogen. 
bMAPP content changed proportionally to silicate content 
cresults obtained in this study 
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Figure 6.5 Tensile yield stress of several PP/OMMT/MAPP composites plotted as a 
function of silicate content. See the details in Table 1. Symbols: ( ) Rei-
chert [16](15), ( ) Chen [72](28), ( ) this paper (31), ( ) Svoboda 
[68](24), ( ) Manias[71](26). 
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Figure 6.6. Relative tensile yield stress of the composites shown in Figure 6.5 plotted 

as function of silicate content in the linear form of Equation 6.4. 
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6.3.2. Reinforcement 

Yield stress values were analyzed in the way presented above for all PP nano-
composites prepared by us and for those which we could find in the open literature. A 
few data taken from the literature are presented in Figure 6.7 as an example. Relative 
yield stresses are plotted in the figure to eliminate the effect of different or changing 
matrix properties. B values characterizing reinforcement cover a very wide range from 2 
to 15, in spite of the fact that all composites are claimed to have intercalated or exfoli-
ated morphology. 
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Figure 6.7 Evaluation of yield stresses according to Eqation 6.4. Results taken from 

the literature in the entire range of reinforcing effects. Symbols: ( ) Liu 
[70] (20), ( ) Reichert [16] (13), ( ) Svoboda [68] (22), ( ) Svobo-
da[68] (24), ( ) Kaempfer [45] (17), ( ) Reichert [16]  (5). See the de-
tails in Table 6. 1. 

The results of the calculations are compiled in Table 6.1. The table contains the 
most important information about the composites (type of PP, functionalized polymer, 
silicate), parameter B and calculated matrix yield stress values (σy0c). This latter is very 
important, since the extent of reinforcement, i.e. B, depends on its value as mentioned 
before. If the same filler is used in different matrices, Af and ρf are constant. We may also 
assume that σyi and l do not vary much either because the strength of interaction character-
ized by the reversible work of adhesion (WA) differs only slightly for the composites in-
volved (see surface tensions in Chapter 3). The effect of WA on B is smaller than that of Af 
or σy0 anyway [52-54]. Accordingly we simplify Equation 6.2 to obtain: 
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0ln ybaB σ+=      (6.5) 

The role and importance of matrix yield stress is demonstrated in Figure 6.8, in 
which parameter B is plotted against lnσy0 according to Eqation. 6.5. The relationship 
between the value of B and lnσy0 is linear in Figure 6.8, which is a strong indication that 
the assumptions listed above are reasonable. LDPE, plasticized (pPVC) and unplasti-
cized PVC (uPVC), as well as PP composites containing a CaCO3 filler were prepared 
in order to obtain the correlation. Additional reinforcement can be estimated by the 
deviation from the linear correlation in the vertical direction.  
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Figure 6.8 Effect of matrix yield stress on the relative load-bearing capacity of the 
filler (parameter B) [37]. 

In further treatment we assume that only microcomposites form if the composites 
do not contain a functionalized polymer. The value of parameter B is relatively small for 
these composites. Occasionally, the introduction of the functionalized polymer changed 
the properties of the matrix considerably as shown by the difference between the meas-
ured (reported, σy0) and calculated (σy0c) matrix yield stress values (see Table 6.1). How-
ever, σy0 is usually given for the PP matrix polymer and not for the PP/MAPP blend, as it 
should be. In some other cases the difference between the measured and calculated σy0 
values is surprisingly small. Since B values do not give a direct estimate of the extent of 
reinforcement, we plotted B against the calculated matrix yield stress (σy0c) of the compos-
ites in Figure 6.9. The dashed line obtained for different polymer/CaCO3 microcomposites 
is also shown in the figure as reference. The plot indicates that the relatively large B val-
ues obtained for syndiotactic PP (see symbol  at around 2.7 lnσy0c, composite No. 19 in 
Table 6.1) are rather misleading, since the difference from the straight line is relatively 
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small compared to some of the iPP samples. It is interesting to note that the value pub-
lished by Chen et al. [72] falls on the reference line (  at 1.6 lnσy0 value), i.e. the extent 
of reinforcement is negligible in that case, in spite of the fact that they used MAPP as 
matrix. We must reflect also on the largest reinforcement achieved by Liu et al. [70]. They 
swelled OMMT with an acrylate containing also peroxide. The reaction must have modi-
fied the structure and properties of the matrix considerably leading to the large value. If 
we exclude this composite from our evaluation we must establish that the best PP/silicate 
composites were prepared and the largest reinforcement was achieved by the group of 
Mülhaupt [16,45].  We may conclude from the data presented in Table 6.1 and Figure 6.9, 
that the extent of exfoliation, thus also reinforcement differs significantly for the various 
combinations of materials studied. This statement contradicts somewhat conclusions 
drawn from the experimental results by the authors, who claimed a considerable extent of 
exfoliation, i.e. very similar structure, in most cases when MAPP was used. Some of the 
possible factors influencing the results presented in Table 6.1 and leading to this apparent 
contradiction are discussed in the next section. 
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Figure 6.9 Estimation of the reinforcing effect of layered silicates in PP composites 

(see Equation 6.6). Symbols: ( ) Reichert [16] (1-5), ( ) Reichert [16]  
(6-10), ( ) Reichert [16] (11-15), ( ) Svoboda [68] (21-25), ( ) this 
paper (29-41), ( ) Liu [70] (20), ( ) Walter, Kaempfer [43,45] (16-19), 
( ) Manias [71] (26-27), ( ) Chen [72] (28), ( ) CaCO3 reference line 
(dashed) shows the effect of changing matrix properties. 
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6.3. Discussion 
Several assumptions were made during the analysis presented above and some 

factors which may or do influence composite properties were completely neglected. The 
orientation of anisometric particles considerably influences the extent of reinforcement, 
but parameter B does not take into account this factor explicitly (see Eqation 6.2). How-
ever, TEM micrographs taken from nanocomposites often show completely random 
distribution of the exfoliated layers. Moreover, even if the various technologies used for 
the preparation of the composites lead to some orientation of the layers, this effect is 
included in the value of B implicitly and thus also in the reinforcing effect of the sili-
cates. Accordingly, our statements on reinforcement are valid, but conclusions related to 
the extent of exfoliation might not be completely right, because B may vary due to 
changing orientation. 

Changes in the properties of the matrix were taken into account by Equation 
6.5 and by the plot shown in Figure 6.8. However, we assumed that the strength of in-
teraction is the same in all composites leading to similar l and σyi values. Equation 6.2 
can be expressed in the simplified form of Equation 6.5 only in this case. The surface 
free energy, or surface tension, of inorganic fillers is large, while these surface charac-
teristics are relatively small for polymers [67]. If we cover the high energy surface of a 
filler with an organic substance, like a surfactant, interaction decreases considerably 
[52-54,67]. If only secondary forces act between the polymer and the filler, the differ-
ences caused by the type and amount of the surfactant used for treatment must be negli-
gible [54]. The validity of these considerations was proved by the measurement of sur-
face tensions presented in Chapter 3. Stronger interactions may develop between the 
components of micro- or nanocomposites when functionalized polymers are used. How-
ever, in the case of complete exfoliation, the more than two orders of magnitude in-
crease in the specific surface area of the filler from about 3 to 750 m2/g affects rein-
forcement much more than any changes in the strength of interaction, naturally apart 
from the possible formation of covalent bonds. 

We can use the results collected in Table 6.1 also for the estimation of the ex-
tent of exfoliation. Naturally, we must assume that the effect of orientation and interac-
tion is small compared to that of the changing contact surface. If we accept this assump-
tion we can rearrange Equation 6.2 into the following form 

fAbaB 22 +=
 

   (6.6) 

i.e. the extent of reinforcement depends linearly on the specific surface area of the filler. 
The validity, and also the limitation, of Eqation 6.6 is shown by Figure 6.10, in which B 
is plotted against Af for PP/CaCO3 composites. At large particle size the correlation is 
linear indeed, while it deviates from linearity at large specific surface areas, due to the 
aggregation of the filler. In nanocomposites a small contact surface (Af) may develop 
between the phases either because of low extent of exfoliation, or because of the aggre-
gation of already exfoliated layers, but the result on composite properties is exactly the 
same.  
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Figure 6.10 Correlation between parameter B and the specific surface area of the 

filler (Af) for PP/CaCO3 composites. 

Mechanical properties, e.g. σy, will change accordingly, i.e. small specific sur-
faces result in small B values. Table 6.2 gives an estimate for the extent of exfoliation. 
A PP/CaCO3 composite is used again as reference. The theoretical value of parameter B 
of around 195 was calculated for complete exfoliation from data published for the spe-
cific surface area of montmorillonite [4,55,56]. Although the value of 15,6 reached with 
PP composites [70] represents a considerable improvement compared to traditional 
microcomposites, it is far from the theoretical prediction obtained for silicates. A B 
value of 15.6 indicates an extent of exfoliation of about 8 %. 

Table 6.2 Estimation of the extent of exfoliation from parameter B determined in PP 
composites 

Filler Parameter B Specific surface area 
(m2/g) 

Extent of exfoliation 
(%) 

Ref. 

CaCO3 1.5 3.3 0 [52] 

MMT 1.8 26.0 0 a 

MMT 195b 750 100 [4,55,56] 

OMMT 15.6 57.5c 8 [70] 
aResults obtained in this study 

bCalculated from published specific surface area assuming complete exfoliation 

cCalculated from the largest B value published for PP/clay nanocomposite 
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One may argue that the disappearance of silicate reflection from the XRD traces 

and TEM micrographs clearly prove complete exfoliation. Our experience shows that 
complete exfoliation is rearely reached and the structure of PP nanocomposites is rather 
complicated. We presented the XRD pattern of a nanocomposite in Figure 4.11 in which 
the silicate reflection was absent. A SEM micrograph taken from the etched surface of the 
same composite is shown in Figure 5.1b. Particles are clearly visible on the surface; exfo-
liation is obviously far from complete. On the other hand, a TEM micrograph taken from 
the same composite is presented in Figure 6.11. Individual silicate layers and intercalated 
clay particles dominate the structure in this part of the sample. The B value obtained for 
the composite was 0.6. The combined evidence of all results clearly proves that exfolia-
tion is not complete and the structure of the composites is complex. 

 
Figure 6.11 Structure of a PP/OMMT/MAPP composite containing 20 vol% MAPP 

and 2 vol% silicate (TEM). 
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6.4. Conclusions 
The comparison of the tensile yield stress of a large number PP/layered silicate 

composites showed widely differing mechanical properties. The usual techniques used 
for the characterization of structure, i.e. XRD and TEM, do not reflect the differences in 
properties and they do not give any reliable information about the extent of exfoliation 
either. PP/clay composites containing also maleinated PP and not exhibiting a silicate 
reflection in XRD may have very poor mechanical properties reflecting small extent of 
exfoliation. The composition dependence of tensile yield stress of these composites may 
be described and evaluated quantitatively by a simple model developed earlier for par-
ticulate filled polymers. Using a few simple assumptions, most of which are supported 
by previous experience, it is possible to estimate quantitatively the extent of exfoliation. 
We analyzed the tensile yield stress of about 40 composites, some of which were pre-
pared by us, while results for others were published in the literature. The analysis indi-
cated that the extent of exfoliation is very low in most composites; it reaches maximum 
8 % in the best case. This result is in complete agreement with our observation that 
complete exfoliation usually cannot be reached in thermoplastic/clay composites, their 
structure is complex and further efforts must be done to increase the extent of exfolia-
tion in order to achieve reinforcement levels forecasted earlier. 
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Chapter 7 

Neglected factors influencing the reinforcing effect of lay-
ered silicates in polymer nanocomposites 

7.1. Introduction 
In Chapter 6 we estimated the extent of exfoliation in PP nanocomposites with 

the help of a very simple model developed earlier. We extended the approach to nano-
composites prepared also from other matrix polymers in the subsequent part of the 
work. We assumed that reinforcement and composite properties are determined by the 
same factors as in traditional composites, i.e. matrix properties, contact surface, and the 
strength of interaction and applied the model to a large number of composites either 
prepared by us or published in the literature. The mechanical properties of various 
nanocomposites (PE, PA, PET, PVC, etc.) were modeled and the extent of reinforce-
ment was determined quantitatively. We analyzed factors which are usually neglected, 
but strongly influence reinforcement and the performance of layered silicate nanocom-
posites. Accordingly, we discuss the effect of matrix properties, nucleation, plasticiza-
tion and lubrication, as well as possible chemical reactions on the properties of nano-
composites. We compare about 80 composites in a final section and discuss the practical 
consequences of the results.1 

7.2. Results 

7.2.1. Matrix properties, blending (PE, PP) 

Neither NaMMT nor OMMT can be efficiently dispersed in polyethylene and 
polypropylene, because of the lack of thermodynamic driving force [1-4]. The attractive 
forces among the layers are much larger in both cases than the interaction between the 
polymer matrix and the silicate. Exfoliation and homogenization is assisted by the addi-
tion of a functionalized polymer, the most frequently maleinated PE or PP [1-3,5-8]. 
The functional groups of MAPE or MAPP may react with the surfactant, usually a pri-
mary amine, remove it from the surface making possible the adsorption of either the 
functionalized polymer or the matrix polymer itself [9]. Hydrolyzed functional groups 
may interact also with the non-ionic silica surface as well.  

Functionalized polymers are used in various quantities, but their amount can be 
considerable, exceeding 20 % in some cases [8,10,11]. As a consequence not a homo- or 
copolymer, but a blend serves as matrix for the reinforcing silicate. The structure of this 
blend can be homogeneous, but phase separation and the formation of a heterogeneous 
structure have been also mentioned occasionally [1,10,12]. The properties of functional-
ized polymers usually differ from those of the matrix, thus the blend will have different 
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properties as well. Nevertheless, the change in properties and reinforcement is usually 
related to the matrix polymer and the presence of MAPE or MAPP is completely ne-
glected. 

The tensile yield stress of several PE/silicate composites is presented in Figure 
7.1 as a function of silicate content. Composition and other information about the mate-
rials can be found in Table 7.1. The caption of Figure 7.1 and all other figures indicates 
in brackets the identification number of each composite and also the source of the data 
used in the evaluation. Yield stress increases in each case when functionalized polymer 
was used indicating considerable reinforcement. However, the extrapolation of the 
composition dependence of yield stress results in a value, which is different from the 
yield stress of the matrix polymer. The discrepancy may be explained by the orientation 
of the silicate platelets [13,14] or by the different properties of the blend and the matrix 
polymer. The silicate might also nucleate PE [2,6], but this effect is moderate in PE [1]. 

Yield stresses of the same composites are plotted in the form of Equation 6.3 in 
Figure 7.2. We obtain straight lines for all four sets of composites in this representation 
indicating that the model can be applied for the evaluation of the reinforcing effect of 
silicates in these composites. The deviation of the intersection of the lines from the value 
of the matrix polymer is obvious again. Similar correlations and deviation of intersection 
from the matrix value were observed in the case of PP composites as well. The slopes of 
the lines differ considerably from each other in Figure 7.2, but comparison is difficult 
because both the slopes and the intersections are different in each case. 
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Figure 7.1 Effect of silicate content on the tensile yield stress of PE/clay composites. 
Symbols: ( ) Kato [5](1),( ) Hotta [6](3), ( )Hotta [6](4), ( )Hotta 
[6](2). 
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Figure 7.2 Linear representation of reduced yield stress for the composites shown in 
Figure 7.1. Symbols are the same as in Figure 7.1. 
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Figure 7.3. Relative tensile yield stress of various PE/MMT composites. Widely differ-

ing reinforcing effect depending on composition and processing conditions. 
Symbols: ( ) Kato [5](1),( ) Hotta [6](3), ( )Hotta [6](4), ( )Hotta 
[6](2), ( ) Osman [1](5). 
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Table 7.1 Mechanical properties of polymer/clay composites published in the 
literature and reinforcing effect (parameter B) calculated from them. 

 Matrix Filler σyo σyo_C B Ref 
 Type Feature Type Treatmenta MPa MPa -  

1 LLDPE 30 % MMt M2H1C18 7.5 7.9 19.3 [5]b,c 

2 LDPE 0 % Cloi20A M2(C18)2 11.8 15.1 4.3 [6]c 

3 LDPE Var Cloi20A M2(C18)2 11.8 14,8 13.7 [6]c 

4 LDPE Var CloiExp M3C18 11.8 13.8 11.7 [6]c 

5 HDPE 0 % MMt M2(C18)2 27.0 26.9 1.8 [1]c 

6 PA wet N948 M2(C18)2 46.9 48.3 1.8 [15] 

7 PA wet N748 ω-amino-acid 46.9 50.0 1.7 [15] 

8 PA wet NaMMT - 46.9 46.8 2.9 [15] 

9 PA dry N948 M2(C18)2 75.7 76.2 4.2 [16] 

10 PA dry N748 ω-amino-acid 75.7 66.6 2.8 [16]b 

11 PA dry NaMMT - 75.7 81.3 4.2 [16] 

12 PA extrus. NmerI30 M2H1C18 72.0 81.4 3.3 [17]b 

13 PA HMW CloiExp (HE)2M1C22 69.7 72.2 12.6 [18] 

14 PA HMW CloiExp (HE)2M1C12 69.7 73.7 13.0 [18] 

15 PA HMW Cloi30B (HE)2M1C18 69.7 78.3 9.5 [18] 

16 PA HMW CloiExp M3C18 69.7 81.8 7.7 [18] 

17 PA HMW CloiExp M3C18 69.7 76.3 10.5 [18] 

18 PA HMW CloiExp M2H1C18 69.7 79.0 8.9 [18] 

19 PA HMW CloiExp M1H1(C18)2 69.7 82.6 5.2 [18] 

20 PA HMW Cloi20A M2(C18)2 69.7 77.9 8.4 [18] 

21 PA HMW Cloi15A M2(C18)2 69.7 77.7 5.5 [18] 

22 PA HMW CloiExp (HE)2M1C22 69.7 75.2 13.0 [19] 

23 PA MMW CloiExp (HE)2M1C22 70.2 76.7 11.5 [19] 
aSymbols M: methyl, HE: 2-hydroxy-ethyl, Cx: alkyl chain and H: hydrogen designate the sub-
stituents on the nitrogen. 

bTensile strength 

cFeature represents MAPE content in wt %, „Var” means varying MAPE content. 
dDetails of materials were missing in the paper. Density of caly was set to 2.4 g/cm3. 
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Table 7.1 Mechanical properties of polymer/clay composites published in the litera-
ture and reinforcing effect calculated from them.(resumption) 

 Matrix Filler σyo σyo_C B Ref 
 Type Feature Type Treatmenta MPa MPa -  

24 PA LMW CloiExp (HE)2M1C22 69.2 73.6 9.2 [19] 

25 PA extrus. NmerI30 M2H1C18 49.5 54.4 3.8 [20] 

26 PA ? ? ? 43.9 49.9 22.9 [21]d 

27 PA LMW MMT M2H1C18 71.1 85.3 4.4 [22]c 

28 PA MMW MMT M2H1C18 71.6 87.2 5.0 [22]c 

29 PVC 190 °C NaMMT - 53.2 52.5 0.8 [23] 

30 PVC 170 °C N948 M2(C18)2 55.6 68.6 -19.3 [23] 

31 PVC 180 °C N948 M2(C18)2 53.9 58.9 -6.8 [23] 

32 PVC 190 °C N948 M2(C18)2 53.2 55.6 -0.4 [23] 

33 PVC DOP NaMMT - 51.3 61.9 2.5 [24]b 

34 PVC DOP MMT M3C18 51.3 62.1 0.8 [24]b 

35 PVC DOP MMT M2(C18)2 51.3 65.5 -3.2 [24]b 

36 PVC in situ MMT M2(C12)2 63.7 73.1 6.9 [25]b 

37 PVC 35%DOP NaMMT - 13.0 10.3 4.5 [26] 

38 PVC 35%DOPann NaMMT - 13.5 14.1 2.7 [26] 

39 PVC 5%DOP MMT (HE)2M1C18 26.0 45.2 2.5 [27]b 

40 PVC 35%DOP MMT (HE)2M1C18 12.0 10.1 3.9 [27]b 

41 PVC 5%DOPann MMT (HE)2M1C18 44.0 44.3 2.7 [27]b 

42 PVC 35%DOPann MMT (HE)2M1C18 13.0 15.3 2.4 [27]b 

43 PET recyc Cloi25 M2C18C6 60.0 60.0 3.4 [28] 

44 PET recyc Cloi25 M2C18C6 60.0 60.1 3.3 [28] 

45 PET  MMT M2H1C16 40.3 40.7 -10.2 [29] 

46 PET PEG MMT M2H1C16 40.3 41.7 -6.0 [29] 
aSymbols M: methyl, HE: 2-hydroxy-ethyl, Cx: alkyl chain and H: hydrogen designate the sub-
stituents on the nitrogen. 

bTensile strength 

cFeature represents MAPE content in wt %, „Var” means varying MAPE content. 
dDetails of materials were missing in the paper. Density of caly was set to 2.4 g/cm3. 

 



Chapter 7 
 

 

102 

Comparison of the composites and the estimation of the reinforcing effect of 
the silicates are much easier if relative yield stresses are plotted as a function of filler 
content in the form of Equation 6.4. The results obtained for all PE composites found in 
the literature by us are presented in Figure 7.3 in this form. Very large, one order of 
magnitude differences can be observed in reinforcement among the composites as indi-
cated by parameter B, which is proportional with the load carried by the dispersed sili-
cate particles. The two smallest values belong to composites containing only PE and 
OMMT without a functionalized polymer. The results clearly prove that the introduc-
tion of MAPE changes structure and improve the load-bearing capacity of the silicate 
i.e. increases the extent of reinforcement. The B values obtained exceed those measured 
in short fiber reinforced composites [30-33]. The interaction between the polymer and 
the silicate must be also excellent otherwise such large B values and significant rein-
forcement could not have been achieved at all. 
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Figure 7.4 Comparison of the reinforcing effect of layered silicates in the PE nano-
composites presented in Figure 7.3. The plot accounts for changing ma-
trix yield stress. Reinforcement is given by the distance of the broken ref-
erence line. 

Because of the different components used in these composites, the estimation 
of reinforcement is still difficult. Changing matrix properties influence also the value of 
B, as indicated by Equation 6.2. According to the equation, a linear correlation should 
exist between B and the natural logarithm of matrix yield stress. The existence of the 
correlation and thus the validity of the approach were proved with the help of PP/CaCO3 
composites as shown by the broken line plotted in Figure 7.4. The extent of reinforce-
ment is indicated by the deviation from this line in the vertical direction. The figure 
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shows that B values for composites not containing a functionalized polymer lie on the 
line, i.e. these silicates behave like regular fillers like CaCO3. On the other hand, rein-
forcement is considerable in the other three cases; the deviation from the line is large. 
The dispersion of silicates seems to be much better and the reinforcement larger in PE 
than in PP composites since the largest B values did not exceed 8 or 9 in the latter case 
[34]. From the analysis of the mechanical properties of PE composites we may conclude 
that blending changes matrix properties, indeed, and this must be taken into account 
when the effect of the silicate on composite properties is discussed. Silicates reinforce 
PE considerably when a functionalized polymer is also added to the system. 

7.2.2. Crystalline structure, nucleation (PP, PA) 

Mineral fillers generally, and also layered silicates were shown to nucleate 
polymers. A considerable number of papers have been published already on the crystal-
lization of PP in the presence of layered silicates [35-37]. Similarly, polyamide was 
shown to crystallize in the γ form, instead of the usual α modification in the presence of 
silicates [20,38-41]. On the other hand, various crystal modifications have different 
properties, e.g. β polypropylene has larger impact and fracture resistance than the usual 
α form [42]. Similarly to blending, changes in crystal modification must also influence 
the reinforcing effect of silicates in layered silicate nanocomposites. 

The preparation and use of PA nanocomposites by the Toyota group initiated 
large interest in these materials [43-46]. Considerable reinforcement was achieved in in-
situ polymerized composites at very low filler contents. A large number of composites 
were prepared and studied afterwards, but limited attention is paid to the effect of 
changing crystal modification on mechanical properties [36,41]. We refrain from the 
presentation of primary results here, they can be found in the corresponding publica-
tions (see Table 7.1). Reduced yield stress of three composites prepared by three differ-
ent groups is presented in Figure 7.5. Good linear correlations are obtained in all three 
cases confirming the validity of our approach. The slope of the lines is different indicat-
ing dissimilar reinforcing effect of the silicate in the three composites. It is interesting to 
note, however, that the intersection of the lines and the yield stress of the matrix differ 
from each other in each case. A probable reason for the deviation is the change in the 
crystal modification of the matrix polymer. The modification of crystalline structure by 
the presence of the silicate is confirmed by Figure 7.6, in which we present the WAXS 
traces of a neat PA used as matrix for layered silicate composites and that of three com-
posites prepared in the presence of 2 vol% of silicate with different organophilization. 
Irrespectively of the treatment, the γ modification dominates in the composites, while 
almost only the α form is present in the neat polymer. Since an adhesion promoter is not 
added in this case, the deviation between the measured and calculated matrix yield 
stress cannot be caused by a blending effect and when an ω-amino acid is used for or-
ganophilization even the surfactant cannot influence properties. 
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Figure 7.5 Reduced tensile yield stress of selected PA nanocomposites with different 
measured and calculated matrix properties. Symbols: ( ) Liu [20](25), 
( ) Shelly [21](26), ( ) Fornes [19](23). 
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Figure 7.6 Formation of the γ modification in PA/clay nanocomposites. a) PA, b) 
PA/NaMMT, c) PA/N948, d) PA/N784 (ω-amino acid). Silicate content 2 vol%. 
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Figure 7.7 Relative tensile yield stress of several PA/OMMT composites plotted as a 
function of silicate content. Symbols: ( ) Liu [20](25), ( ) Rácz  [16] 
(11), ( )  Fornes [18](21), ( ) Fornes [19](24), ( ) Fornes [19](23), 
( ) Shelly [21](26). 

The relative yield stress of selected composites is plotted in Figure 7.7 as a 
function of silicate content. Straight lines obtained in all cases again, the deviation from 
the lines is negligible. The slopes of the lines differ considerably indicating widely 
differing reinforcing effects. Rather surprisingly very small B values of about 4 or 5 are 
obtained in some cases even when organophilic MMT’s were used, in spite of the gen-
eral belief that silicates easily exfoliate in PA and properties improve tremendously 
[7,47]. We must call attention here to the fact that most of the silicates were treated with 
aliphatic amines and not with an ω-amino acid [48]. While the latter creates covalent 
bond and strong adhesion to the matrix, the former decreases interfacial interaction, 
results in poorer stress transfer as well as in weaker reinforcement [16]. Without excep-
tion all composites containing a silicate with aliphatic amine treatment have small B 
values, i.e. limited reinforcement. We must also mention here that the authors of the 
composite with the largest B value of 22.9 do not supply any information about the 
composition of their material. We may conclude from these results that changing matrix 
properties due to nucleation may modify properties considerably and interfacial interac-
tions play also a crucial role in the determination of composite properties. 

7.2.3. Plasticization, lubrication (PVC) 

Layered silicate nanocomposites usually contain several components. The pos-
sible effect of some of these components on composite properties is completely ignored 
or only one aspect is taken into consideration. We mentioned the role of the functional-
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ized polymer in PE and PP composites. In PVC the surfactant used for the organophili-
zation of the silicate may play an important role. The basic amine initiates the degrada-
tion of the polymer [23], but it may act also a plasticizer or lubricant. 

The composition dependence of the tensile yield stress of three PVC/layered 
silicate composites is presented in Figure 7.8. Yield stress changes completely differ-
ently in the three cases. Very often plasticized PVC is used as matrix or some plasticizer 
is also added, since degradation is more severe in unplasticized PVC. Amide waxes are 
added as lubricants to PVC thus we may assume that the surfactants used for the modi-
fication of the silicate are at least partially soluble in it. The surfactant may interact also 
with the other components of the PVC formulation (plasticizer, stabilizer, lubricant, 
processing aid, etc.). The different composition dependence of tensile yield stresses 
presented in Figure 7.8 is possibly the results of dissimilar interactions, which depend 
on the composition of the formulation. 
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Figure 7.8 Composition dependence of the tensile yield stress of PVC/OMMT com-
posites. Widely differing effect of the clay on properties. Symbols: ( ) 
Pozsgay [23] (31), ( ) Wan [24](35), ( ) Gong [25](36). 

These differences are further amplified by Figure 7.9, where the relative yield 
stress of some composites is plotted in the linear form. Negative slopes are also obtained, 
which do not have any physical meaning according to the model. In the case of zero inter-
action and no stress transfer, the straight line should run horizontally. Negative slopes can 
be obtained only if the matrix polymer changes proportionally to the amount of the silicate 
added. We must also call attention here to the fact that even in the case of a positive slope 
the extent of reinforcement is moderate, B values do not exceed 7 compared to much 
larger values obtained in PE and PA composites (see Table 7.1). 
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Figure 7.9 Relative tensile yield stress of PVC/OMMT composites plotted according 

to Equation 6.4. Symbols: ( )Pozsgay [23] (30), ( ) Wan [24] (35), 
( )Pozsgay [23] (29), ( ) Wang [26](37), ( ) Gong [25](36). 
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Figure 7.10 Light transmittance of PVC/MMT composites. Effect of organophilization 
on clay dispersion. Symbols: ( ) PVC/NaMMT (29), ( ) PVC/OMMT 
(30), ( )PVC/OMMT (31),( )PVC/OMMT (32) [23]. 
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One may object that in the case of a negative slope dispersion is poor and this 
results in the poor properties. However, the introduction of inorganic fillers into poly-
mers always results in a positive slope, even if aggregation occurs. Moreover, the PVC 
composites containing OMMT are transparent compared to those prepared with neat 
sodium montmorillonite (Figure 7.10) indicating exfoliation and good dispersion. The 
transparency of the composite containing NaMMT decreases drastically with increasing 
silicate content, while it changes much moderately in the presence of OMMT. Decreas-
ing transparency indicates only partial exfoliation in the latter case, but exfoliation does 
take place in this composite. The strong decrease of yield stress is definitely the result of 
changing matrix properties. The lubricating effect of the exfoliated silicate is also 
shown by decreasing torque recorded during the homogenization of the composite in the 
internal mixer (Figure 7.11). Torque is proportional to viscosity, which decreases dras-
tically already at very low silicate contents. These results clearly prove that competitive 
interactions take place in PVC nanocomposites containing an organophilic silicate, 
which may change the properties of the matrix polymer and the reinforcing effect of the 
silicate considerably. 
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Figure 7.11 Effect of organophilization on the viscosity of PVC/clay composites. Lu-
brication effect of exfoliated silicate. Symbols: ( ) PVC/NaMMT (29), 
( ) PVC/OMMT (30) [23]. 

7.2.4. Chemical reactions (PET, PP) 

The possibility of chemical reactions was mentioned already in previous sec-
tions. Amines used as surfactants may initiate the degradation of PVC [23] and we 
proved that maleinated polymers react chemically with the surfactant in PP nanocompo-
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sites [9]. Naturally chemical reactions modify the structure and characteristics of the 
matrix drastically leading to considerable changes in interaction and composite proper-
ties. We present two examples to demonstrate the possible effect of chemical reactions. 

Liu and Wu [49] prepared PP nanocomposites by swelling OMMT with an 
acrylate, which contained also a peroxide. Their composites were characterized by a B 
value of 15.6, while the next largest value was below 9 in a set of 40 PP composites 
[34]. Composition or processing conditions did not justify this large B. The only reason-
able explanation is that the decomposition of the peroxide created radicals in the PP 
matrix, which reacted with the acrylate leading to significantly modified matrix proper-
ties and interaction. We do not have any proof for this assumption since the authors did 
not investigate or even mention the possibility of chemical reactions. However, our 
tentative explanation is supported by experience related to the effect of peroxides on PP 
and acrylates. 
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Figure 7.12 Composition dependence of the tensile yield stress of PET/OMMT com-
posites. Symbols: ( ) Pegoretti [28](43), ( ) Pegoretti [28](44), ( ) 
Yuan [29](45), ( ) Yuan [29](46). 

The possibility of reactions cannot be excluded in PET nanocomposites either. 
The tensile yield stress of several PET composites is plotted in Figure 7.12. Pegoretti et 
al. [28] used recycled PET and OMMT to prepare their composites. Yield stress does 
not change with composition in this case. On the other hand, Yuan et al. [29] swelled 
their silicate also with PEG before adding it to the polymer. When relative yield stress is 
plotted in the linear form negative slopes are obtained indicating changing properties of 
the matrix (Figure 7.13). We may safely assume that glycolysis or transesterification 
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takes place during the processing of the composites resulting in a matrix with smaller 
molecular weight and modified properties. The possibility and effect of chemical reac-
tions were not investigated in this case either. Further examples can be mentioned where 
chemical reactions change the structure and properties of nanocomposites, like the dein-
tercalation of silicates in rubber composites vulcanized with sulphur [50,51]. 
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Figure 7.13 Natural logarithm of the relative tensile yield stress of PET/OMMT compo-
sites plotted as a function of silicate content. See symbols on Figure 7.12. 

7.3. Discussion 
Although we do not have unassailable proof for the occurrence of chemical reac-

tions in the above mentioned cases, we may safely state that the preparation and formation 
of layered silicate nanocomposites is much more complex than often claimed in the litera-
ture. A considerable number of processes may take place as shown above, which can all 
influence the properties of the composites and result in considerable reinforcement or on 
the opposite, in a decrease of stiffness and strength. The effect of the components and the 
results achieved depend on composition and also on processing conditions. Only the thor-
ough characterization of composite structure and the consideration of all possible proc-
esses and factors can supply a plausible explanation for unexpected phenomena, behavior 
or properties. 

In order to obtain a full picture about the reinforcing effect of silicates in various 
matrices, the B value of all composites, including those having PP as matrix, is plotted 
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against the natural logarithm of calculated matrix yield stress (Figure 7.14). As mentioned 
before, this representation compensates for different matrix properties and makes possible 
the comparison of various composites. The figure shows that reinforcement covers a very 
wide range from practically zero to a relatively high value. In composites falling on or 
situated near the broken line the silicate does not reinforce the polymer. Moreover, nega-
tive values were also measured in some cases explained by changes in matrix properties. 
The B values of these composites are not plotted in the figure. 

Although B values cover a very wide range, we must emphasize that even the 
largest values indicate moderate reinforcement. Apart from a few values, B hardly exceeds 
10 for most of the composites. This value is in the range of short fiber reinforced compos-
ites [30-33] and much below the expected improvement in strength. The largest values 
represent considerable reinforcement, but they are very difficult to explain. The highest 
value was obtained in PA composites by Shelley [21], but we do not know anything about 
the characteristics of the components in this case. In PP the largest B value was achieved 
by Liu et al. [49] by swelling OMMT with an acrylate and a peroxide. The large rein-
forcement achieved in PE by Kato et al. [5] cannot be explained very easily either, the 
components, composition and preparation of the composite do not differ considerably 
from those of the other composites with much smaller B values. 
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Figure 7.14 Estimation of the reinforcing effect of layered silicates in polymer com-
posites. Reinforcement is given by the distance of a given point from the 
broken line. Symbols: ( ) PA, ( ) PP, ( ) PE, ( ) PVC, ( ) others, 
( ) CaCO3 reference line (dashed) for the effect of changing matrix 
properties. 
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The determination of B values offers the possibility to estimate also the extent 
of exfoliation in these composites. We assume that NaMMT does not exfoliate at all and 
the specific surface area of completely exfoliated silicate is known to be about 750 m2/g 
[18,52-54]. These two cases represent the boundaries for zero and maximum reinforce-
ment. B depends linearly on specific surface area if all other factors including interac-
tion are the same (see Equation 6.2). Using PP/CaCO3 composites as reference we ob-
tain the results listed in Table 7.2. This shows that B values of about 200 should be 
obtained if exfoliation were complete down to individual silicate layers. The largest B 
value calculated for the PA composite of Shelley [21] corresponds to a specific surface 
area of about 90 m2/g. This indicates the formation of stacks containing approximately 
10 silicate layers in the average. This number is very close to the predictions determined 
by other techniques including the analysis of TEM micrographs [55,56] or model calcu-
lations [1,55,57,58]. This result agrees well also with the experience that complete exfo-
liation is very difficult to achieve and nanocomposites always contain different struc-
tural formations including individual silicate platelets, intercalated stacks, but some-
times even large particles [59]. The complex structure of a PA nanocomposite is dem-
onstrated by Figure 7.15 showing most of the features mentioned above. 

Table 7.2 Estimation of the extent of exfoliation from parameter B determined in PP 
composites 

Filler Parameter B Specific surface area 
(m2/g) 

Extent of exfoliation 
(%) 

Ref. 

CaCO3 1.5 3.3 0 [60] 

MMT 1.8 26.0 0 a 

MMT 195a 750 100 [52-54] 

OMMT 22.9 91.0b 11.7 [21] 
aCalculated from published specific surface area assuming complete exfoliation 

bCalculated from the largest B value published 

We must call attention here to the limitations of the model and the calculations. 
Although B measures reinforcement properly, its value is influenced by several factors. 
B can be used for the estimation of the extent of exfoliation only in the case of good 
adhesion and in the absence of platelet orientation in a particular direction. Although 
this latter condition might be fulfilled in many cases, since published TEM micrographs 
usually show random orientation of the platelets, the adhesion between the matrix and 
the polymer may be very different from one composite to the other. We may assume 
good adhesion in PE, PP and in most of the PA composites. In these cases B is related 
to the degree of exfoliation. Interaction is weak in PA composites containing silicates 
treated with aliphatic amines as shown by the small B values obtained in such cases and 
also by previous results [16]. Interaction and other factors determine properties in PVC 
and PET composites. 
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Finally, we must consider the use of tensile yield stress and strength data for 
the estimation of reinforcement versus modulus preferred generally. The basic condition 
of efficient reinforcement is strong adhesion between the matrix and the reinforcing 
component. Good adhesion and reinforcement are usually indicated by large stiffness 
and strength at the same time. If strength or yield stress is small, reinforcement cannot 
be achieved, usually because of weak interaction or poor interphase properties. On the 
other hand, modulus always increases in the presence of hard inclusions and specific 
surface area has only a moderate effect on it. Modulus is not very sensitive to interac-
tions or structure either. As a consequence we are convinced that the evaluation of 
strength or yield stress gives more accurate information about the reinforcing effect of 
silicates in nanocomposites than modulus. 

 
Figure 7.15 TEM micrograph showing the structure of a PA nanocomposite contain-

ing 2 vol% OMMT organophilized with ω-amino acide. 

7.4. Conclusions 
The analysis of the tensile yield stress of a large number polymer/layered sili-

cate composites showed widely differing mechanical properties. The composition de-
pendence of yield stress can be described and evaluated quantitatively by a simple 
model developed earlier for particulate filled polymers. Comparison of data produced in 
our laboratory or taken from the literature indicated that several processes may take 
place during the preparation of the composites and a considerable number of factors 
influence composite properties. A significant part of these are often neglected and per-
centage increase in modulus, strength or other properties is reported in published papers 
instead. The most important of such effects are changing matrix properties when a func-



Chapter 7 
 

 

114 

tionalized polymer is used to promote adhesion (PE, PP), modification of crystalline 
structure due to nucleation (PA, PP), plasticization or lubrication (PVC), decreased 
interaction (PA, PVC, PET, rubbers) or chemical reactions (PVC, PP, PET). Using a 
few simple assumptions, most of which are supported by previous experience, the ex-
tent of exfoliation can be estimated quantitatively in nanocomposites. The analysis of 
the tensile yield stress of more than 80 composites with various matrices indicated that 
the extent of exfoliation is very low in most composites; it reaches maximum 10 % in 
the best case, which corresponds to about 10 silicate layers per stack. Although the 
approach has limitations and several factors were neglected during analysis, this result 
is in agreement with observations indicating that complete exfoliation rarely can be 
reached in thermoplastic/clay composites. In order to achieve larger reinforcement, 
silicates must be exfoliated more perfectly in the future. 
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Chapter 8 

Summary 

After analyzing existing information published in the literature and recognizing 
the need for extending our knowledge about these materials, the Department of Plastics 
and Rubber Technology started research on nanocomposites in the hope that its previ-
ous experience obtained on particulate filled polymers will help to define goals, gener-
ate projects and interpret the results. This thesis was dedicated to the investigation of 
specific questions related to layered silicate nanocomposites. We focused attention on 
interfacial interactions, structure characterization and structure-property correlations, 
i.e. on questions which traditionally constitute the strengths of our Department. Al-
though we summarized the most important results of the research at the end of each 
chapter, we briefly repeat them here to give a concise overview of our achievements. At 
the end of this chapter we summarize the most important new findings of this work in a 
few thesis points.  

A sodium montmorillonite and six organophilic montmorillonites coated with 
different surfactants were characterized in various ways in the study. Particle and sur-
face characteristics were determined by nitrogen adsorption and inverse gas chromatog-
raphy, respectively. The gallery structure of organophilic montmorillonite, the orienta-
tion of surfactants in the galleries and surface coverage was estimated by X-ray diffrac-
tion measurements and model calculations. The effect of organophilization on the prop-
erties of polypropylene/clay composites was determined by the measurement of tensile 
properties. Such a detailed characterization of organophilic montmorillonites used for 
the preparation of polymer/layered silicate nanocomposites has not been published in 
the literature yet. The results showed that the surface energy of uncoated layered sili-
cates is large, thus the forces keeping together the layers is very strong. In commercial 
silicates the long chain surfactants used for the coating of montmorillonite orientate 
more or less parallel to the surface and usually cover the platelets in a single layer. Sur-
plus surfactant is not located in the galleries, but among the particles and might influ-
ence the properties of composites negatively. Organophilization leads to the drastic 
decrease of surface free energy. The surface tension of all coated clays is practically the 
same, irrespectively of the type of the surfactant used for treatment. Low surface energy 
leads to weaker forces between the layers, which might facilitate exfoliation. This effect 
can be further enhanced by the use of surfactants with two long aliphatic chains, one of 
which orientates vertically to the surface leading to larger gallery distance. Poly-
mer/silicate interaction also decreases as an effect of decreasing surface tension proved 
by the decrease of tensile yield stress of polypropylene/montmorillonite composites. 
Besides surface tension, the exfoliation of layered silicates is influenced by several 
other factors as well, like gallery distance, mutual solubility of the components, com-
petitive adsorption or possible chemical reactions.  

The dispersion of organophilic silicates in PP composites is facilitated by the 
introduction of a functionalized polymer, usually MAPP. Although this polymer helps 
exfoliation and improves properties, the mechanism of its action has not been studied 
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and explained sufficiently. The goal of this subproject was to shed more light onto the 
interactions taking place during the preparation of nanocomposites from PP, OMMT 
and MAPP. Model reactions were carried out with components frequently used for the 
preparation of intercalated or exfoliated polypropylene (PP) nanocomposites. The re-
sults proved that maleinated polypropylene (MAPP) can react chemically with the sur-
factant applied for the organophilization of the filler, if this latter contains active hydro-
gen groups. The reaction of hexadecylamine (HDA) and MAPP was studied by 
MALDI-TOF spectroscopy, DSC measurements and FTIR spectroscopy. Anhydride 
groups were consumed and mainly amide groups formed in the reaction. The formation 
of cyclic imides could not be proved unambiguously by the techniques used. MAPP 
reacted also with the surfactant adsorbed on the surface of the silicate in ionic form. On 
the other hand, cetylpyridinium chloride (CPCl) not containing active hydrogen atoms 
did not react with maleinated PP. Intercalated or exfoliated composites could be pre-
pared from the silicate organophilized with HDA, while microcomposites formed from 
the filler treated with CPCl. Chemical reactions remove the surfactant from the surface 
of MMT and hydrogenated silicate sites are left behind. The high energy surface inter-
acts either with the anhydride or the amide groups by dipole-dipole interactions. Even 
the unmodified polypropylene chains may be attached much stronger to the surface by 
London dispersion forces than to the silicate covered with aliphatic chains. We found 
that although the effect of competitive adsorption (MAPP, HDA) and mutual solubility 
of the components (PP, MAPP, surfactant, reaction products) cannot be neglected, 
chemical reactions play a crucial role in structure formation in PP nanocomposites con-
taining a functionalized polymer. Direct interaction of the silicate surface and the func-
tionalized polymer as well as the formation of hydrogen bridges seem to play a lesser 
role, but the relative influence of processes may change with the type of surfactant, 
functionalized polymer, surface coverage and processing conditions. 

Papers published in the literature claim that a mixed intercalated/exfoliated 
structure forms in most nanocomposites prepared. Most of the research groups did not 
characterize the structure in wide length scale or offer quantitative information about the 
morphology of the composites. The goal of our subsequent subproject was a more de-
tailed characterization of the structure of PP/OMMT nanocomposites. In order to 
achieve this goal, the structure and rheological properties of a large number of layered 
silicate polypropylene nanocomposites were studied with widely varying compositions. 
The silicate content of the composites was changed between 0 and 3 vol% and malein-
ated PP was added in 0-60 vol% to assist intercalation and/or exfoliation. Morphology 
characterization at different length scales was achieved by scanning and transmission 
electron microscopy, as well as by X-ray diffraction. Rheological measurements sup-
plied additional information about structure. The results showed that these materials 
possess a very complex structural architecture. The introduction of functionalized 
polymer decreased the size of the original clay particles and improved their interaction 
with the polymer matrix. However, relatively large silicate particles were also found in 
composite samples yielding XRD traces without silicate reflection. XRD supplies in-
formation of limited value if the amount of silicate is low, the gallery distance of the 
stacks is large or their regularity is limited. On the other hand, XRD indicates intercala-
tion well. Although exfoliated individual layers can be detected by TEM, the method 
cannot be used to draw general conclusions about the structure of layered silicate nano-
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composites because of statistical sampling and bias. A large number of individual lay-
ers, i.e. large extent of exfoliation, led to the formation of a silicate network structure, 
which can be detected very sensitively by Cole-Cole plots of dynamic viscosity. We 
found that all four morphological entities (particles, intercalated stacks, individual lay-
ers, network) may be present simultaneously, i.e. the structure of the investigated PP 
nanocomposites is much more complex than usually claimed. The presence and relative 
amount of the different structural features definitely influence composite properties. 
However, currently used experimental protocols do not supply sufficient information 
even to estimate the relative influence and interplay among different structural features 
quantitatively. We may conclude, however, that XRD and TEM alone are not sufficient 
for the characterization of nanocomposites with complex structure. 

One of the claimed advantages of layered silicate nanocomposites is the large 
reinforcing effect of the silicate due to its complete exfoliation and to the large interface 
formed as a consequence. However, very few papers could really prove this hypothesis. 
Our goal was to check its validity and estimate the extent of exfoliation by using a sim-
ple model. In order to arrive to this goal, various polypropylene/layered silicate compos-
ites were prepared with different silicate contents. Monmorillonites with and without 
organophilization as well as three maleinated polypropylenes were used to change the 
extent of exfoliation and hence the properties of the composites. Structure was charac-
terized by X-ray diffraction (XRD), scanning (SEM) as well as transmission electron 
microscopy (TEM) as usual, and tensile properties were also measured. The analysis of 
the tensile yield stress values of a large number of composites showed a broad range of 
variation in mechanical properties. PP/clay composites containing maleinated PP, which 
do not exhibit a silicate reflection in XRD, may have very poor mechanical properties 
indicating small extent of exfoliation. The composition dependence of tensile yield 
stress of these composites could be described and evaluated quantitatively by the simple 
model developed earlier for particulate filled polymers. The use of a few simple as-
sumptions most of which are supported by previous results allowed us to estimate the 
extent of exfoliation quantitatively. The tensile yield stress of about 40 composites was 
analyzed with the model. Some of the composites were prepared by us, while results on 
others were taken from papers published in the literature. The analysis indicated that the 
extent of exfoliation is very low in most composites; it reaches maximum 8 % of the 
theoretically possible value in the best case. This result is in agreement with our obser-
vation made in the previous subproject that complete exfoliation can be seldom reached 
in thermoplastic/clay composites; the structure is complex and hierarchical including 
large particles and individual silicate layers. The results prove that further efforts must 
be done to increase the extent of exfoliation in order to achieve reinforcement levels 
forecasted earlier. 

Although the study of PP nanocomposites indicated the validity of the simple 
model used in the previous subproject, deviations were observed from its predictions 
and anomalous behavior was also detected occasionally. As a consequence, we decided 
to extend our analysis to composites prepared with matrices other than PP. Comparison 
of data produced in our laboratory or taken from the literature indicated that several 
processes may take place during the preparation of nanocomposites with different ma-
trices and a considerable number of factors influence composite properties. Quite a few 
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of these are often neglected and percentage increase in modulus, strength or other prop-
erties is reported in published papers instead of a proper analysis of the results. The 
most important of such effects are changing matrix properties when a functionalized 
polymer is used to promote adhesion (PE, PP), modification of crystalline structure due 
to nucleation (PA, PP), plasticization or lubrication (PVC), decreased interaction (PA, 
PVC, PET, rubbers) or chemical reactions (PVC, PP, PET). Using the simple assump-
tions as before, the extent of exfoliation was estimated quantitatively also in these nano-
composites. The analysis of the tensile yield stress of more than 80 composites with 
various matrices indicated that the extent of exfoliation is very low in most composites; 
it reaches maximum 10 % in the best case, which corresponds to about 10 silicate layers 
per stack.  

The most important conclusions of this thesis can be briefly summarized in the 
following points: 

1. Similarly to others we found that in commercial silicates the long chain surfactants 
used for the coating of montmorillonite orientate more or less parallel to the surface 
and usually cover the platelets in a single layer. However, we pointed out addition-
ally also that surplus surfactant is not located in the galleries, but among the parti-
cles and might influence the properties of composites negatively. 

2. We showed that the surface tension of clay decreases as an effect of surface coating 
and it is practically the same for all organophilic silicates irrespectively of the type 
of the surfactant used for treatment. Decreased surface tension may facilitate exfo-
liation and the effect can be further enhanced by the use of surfactants with two long 
aliphatic chains, one of which orientates vertically to the surface and results in larger 
gallery distance. 

3. With the help of model reactions which were carried out with components fre-
quently used for the preparation of intercalated or exfoliated polypropylene nano-
composites we proved that maleinated polypropylene can react chemically with the 
surfactant applied for the organophilization of the filler, if this latter contains active 
hydrogen groups. Chemical reactions remove the surfactant from the surface of 
MMT and hydrogenated silicate sites are left behind. The high energy surface inter-
acts either with the anhydride or the amide groups by dipole-dipole interactions. 
Even the unmodified polypropylene chains may be attached much stronger to the 
surface by London dispersion forces than to the silicate covered with aliphatic 
chains. 

4. Unlike others we characterized the structure of PP/OMMT/MAPP composites over 
several length scales in detail and proved that these materials possess a very com-
plex structural architecture. Original clay particles, intercalated stacks and individual 
silicate layers can be found simultaneously in the composites in relative amounts 
depending on composition and experimental conditions. We also showed that in the 
case of efficient exfoliation, i.e. in the presence of a large number of individual lay-
ers, a silicate network structure may form, which can be detected very sensitively by 
Cole-Cole plots of dynamic viscosity.  
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5. We analyzed the composition dependence of the tensile yield stress of a large num-
ber of composites with the help of a simple model and estimated the extent of rein-
forcement, as well as exfoliation quantitatively. The analysis of about 40 polypro-
pylene composites indicated that the extent of exfoliation is very low in most of 
them; it reaches maximum 8 % of the theoretically possible value in the best case. 
This result strongly supports our previous thesis point claiming that complete exfo-
liation can be seldom reached in thermoplastic/clay composites; the structure is 
complex and hierarchical including large particles and individual silicate layers. 

6. We extended the analysis also for nanocomposites with matrices other than PP and 
found that several processes may take place during the preparation of these materials 
and a considerable number of factors influence composite properties, quite a few of 
which are often neglected. The most important of such effects are changing matrix 
properties when a functionalized polymer is used to promote adhesion (PE, PP), 
modification of crystalline structure due to nucleation (PA, PP), plasticization or lu-
brication (PVC) or chemical reactions (PVC, PP, PET, rubbers). Some of these 
processes lead to composites with very poor properties compared either to the matrix 
polymer or to traditional microcomposites. 
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List of symbols 

ε  Elongation at break 
ϕ  Volume fraction of the filler in the composite 
γd Dispersion component of the surface tension 
γs

d Surface tension of the adsorbent 
ρ  Density 
ρf  Density of the filler 
σy  Yield stress 
σy0  Yield stress of the matrix 
σy0C  Calculated matrix yield stress 
σyi Yield stress of the interphase 
σyrel  Relative yield stress 
σt  Tensile strength of the composite 
σt0  Tensile strength of the matrix 
NMR Solid-state nuclear magnetic resonance 
Af   Specific surface area of the filler 
B Load bearing capacity of the filler 
C Constant for the determination of the free enthalpy of adsorption 
C4 Butane 
C5 Pentane 
C6 Hexane 
C7 Heptane 
CaCO3 Calcium carbonate 
CEC Cation exchange capacity 
Cloi Cloisite 
CPCl Cetylpyridinium chloride 
CPCl-MMT montmorillonite organophilized with CPCl 
d  Diameter of the spherical particles 
DMTA Dynamical mechanical thermal analysis 
DSC Differential scanning calorimetry 
E  Young's modulus 
Exx Exxelor PO 1015 
FTIR Fourier transform infrared spectroscopy 
HDA Hexadecylamine 
HDT Heat deflection temperature 
Hostapr Hostaprime HC5 
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IGC Inverse gas chromatography 
ℓ  Thickness of the interface 
Lico Licomont AR 504 
LDPE Low density polyethylene 
LLDPE Linear low density polyethylene 
MA Maleic anhydride 
MAPP Maleic anhydride modified polypropylene 
MFI Melt flow index 
MMT montmorillonite 
N Avogadro’s number 
N848 Nanofil 848 
NaMMT Sodium montmorillonite 
Nmer Nanomer 
OMMT Organophillic montmorillonite 
PA Polyamide 
PC Polycarbonate 
PB3200 Polybond 3200 
PBT Poly(butylene terephthalate) 
PE Polyethylene 
PEG Poly(ethylene glycol) 
PET Poly(ethylene terephthalate) 
PP Polypropylene 
PPO Poly(phenylene oxide) 
PS Polystyrene 
pPVC Plasticized polyvinylchloride 
PVC Polyvinylchloride 
R Universal gas constant 
SEM Scanning electron microscope 
T Temperature 
TEM Transmission electron microscope 
TGA Thermal gravimetric analysis 
vol% Volume percent 
WA Reversible work of adhesion 
wt% Weight percent 
XRD X-ray diffraction 
WAXS Wide angle X-ray scattering 
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