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Summary 

This dissertation focuses on the optimization of nanofillers based on synthetic 

layered silicates for preparation of nanocomposites with improved mechanical 

reinforcement. The mechanical characterization was done in collaboration with 

the Polymer Engineering Department at Bayreuth University in the frame work of 

SFB 840 (Project B3). 

The synthetic Na-fluorohectorite clay applied in this thesis differs from 

conventionally used natural montmorillonites (MMT) in respect to three main 

features: the charge density of the clay and thus the interface chemistry is much 

more homogeneous and may be adjusted to any desired value. The nanoplatelet 

diameter is more than an order of magnitude larger, and it is of high phase purity 

with limited, if any accessory minerals present. In respect to reinforcement, these 

features allow to eliminate internal shear planes to realize stiffer platelets with 

higher surface area. Moreover, the larger diameter of the nanoplatelets is beyond 

the size of typical microcracks and the number of platelets acting as stress 

concentrators is two orders of magnitude lower at any given filler content. 

The synthetic Na-fluorohectorite was prepared by melt synthesis in a well 

optimized process at the Department of Inorganic Chemistry I. This material has 

huge lateral extension (>20 µm) and superb layer charge homogeneity.  

In order to maximize the aspect ratio (α) the nanoplatelets were exfoliated into 

thinner tactoids by mechanical shearing. A cation exchange of the interlayer Na+ 

cations with Mg2+ allowed a higher hydration state and produced a ‘shear-labile’ 

material with reduced Coulomb forces between the layers. Applying shear forces 

generated in a stirred media mill led to exfoliation of the tactoids with minimal 

breakage and consequently larger aspect ratio. This process was optimized by 

investigating the main parameters controlling the exfoliation efficiency such as: 

solid content, grinding media size, and number of passages in the milling chamber. 

A subsequent cation exchange with K+ cations yielded collapsed and shear-stiff, 

mica-like nanofiller with no interlamellar reactivity. 

The collapsed state, moreover, allowed a selective organophilization of external 

basal surfaces of the tactoids using a polycationic macro-initiator (MIn+) with no 
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signs of intercalation. The multiple electrostatic anchoring groups not only 

provided reliable adhesion but at the same time allowed adjusting the degree of 

protonation to match the surface charge. Dispersing the large aspect ratio 

MIn+/nano-mica by melt compounding in poly(methyl methacrylate) (PMMA) 

showed significantly enhanced mechanical properties. These nanoplatelets 

promoted additional energy dissipating mechanisms in the nanocomposites such 

as crack deflection, crack pinning as well as debonding effects leading to improved 

fracture toughness, such improvements have never been reported for MMT-

nanocomposites. 

Optimization of the interfacial interaction towards complete miscibility with the 

PMMA-matrix was attempted by attaching a PMMA brushes on the external basal 

surfaces. This was done in a grafting-from process via surface initiated atom 

transfer radical polymerization (SI-ATRP). Highly stable suspensions of the coated 

nanofiller in organic solvent showing birefringence of a nematic phase were 

observed. Although a significantly improved stiffness as compared to MIn+/nano-

mica-filled composites was achieved, still the full potential, as predicted by Halpin-

Tsai equations, could not be utilized. This was attributed to a non-wetting 

character of the densely packed PMMA on the surface preventing chain 

interdigitation needed for good wetting.  

Finally, two compounding techniques were compared to probe the influence of the 

dispersion quality. PMMA-nanocomposites filled with MMT and MIn+/nano-mica 

were made by melt compounding and solution blending, respectively. Gas barrier 

measurements proved to be an additional independent and very sensitive probe 

for the dispersion quality. The solution blended samples and melt compounded 

samples showed permeation reductions by 60% and 30%, respectively. 

Maximizing the interface area by optimum dispersion not only reduced the oxygen 

permeation but also improved the reinforcement and fracture toughness especially 

at low clay content. These results highlighted the prime importance of the 

dispersion quality to exploit the full potential of nanofillers. Mediocre 

compounding may easily counterpoise advantages of superior fillers.  
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Zusammenfassung 

Diese Arbeit konzentriert sich auf die Optimierung von Nanofüllstoffen auf Basis 

synthetischer Schichtsilikate zur Herstellung von Nanokompositen mit 

mechanischer Verstärkung. Die mechanische Charakterisierung der Nano-

komposite wurde in Zusammenarbeit mit dem Lehrstuhl Polymere Werkstoffe der 

Universität Bayreuth im Rahmen des SFB 840 (Teilprojekt B3) durchgeführt. 

Die synthetischen Schichtsilikate (Na-Fluorohectorit) in dieser Arbeit unter-

scheiden sich von konventionell verwendetem, natürlichem Montmorillonit (MMT) 

in Bezug auf die drei wichtigsten Eigenschaften: Die Ladungsdichte der 

synthetischen Schichtsilikate und damit die Grenzflächenchemie ist viel 

homogener und kann auf jeden gewünschten Wert eingestellt werden. Ihr 

Plättchendurchmesser ist mehr als eine Größenordnung höher und sie besitzen 

eine hohe Phasenreinheit mit wenig oder kaum Nebenphase. In Bezug auf die 

Verstärkung ermöglichen diese Eigenschaften interne Scherflächen zu beseitigen 

und steifere Plättchen mit höherer Oberfläche zu realisieren. Darüber hinaus liegt 

der vergrößerte Durchmesser der Plättchen über der Größe von typischen 

Mikrorissen und die Anzahl der Plättchen, die als Spannungskonzentratoren 

wirken, ist bei jedem gegebenen Füllstoffgehalt um zwei Größenordnungen 

niedriger. 

Der synthetische Na-Fluorohectorit wurde durch Schmelzsynthese in einem 

optimierten Prozess am Lehrstuhl Anorganische Chemie I hergestellt. Dieses 

Material hat eine sehr große laterale Ausdehnung (>20 µm) und eine hervor-

ragende Homogenität der Schichtladung.  

Um das Aspektverhältnis (α) zu maximieren, wurden die Plättchen durch 

mechanisches Scheren in dünnere Taktoide exfoliert. Ein Kationenaustausch der 

Zwischenschicht Na+-Kationen durch Mg2+ ermöglichte einen höheren 

Hydratationszustand und erzeugte ein „scherlabiles“ Material mit verringerten 

Coulomb-Kräften zwischen den Schichten. Das Einbringen von Scherkräften in 

einer Rührwerkskugelmühle führte zu einer Exfolierung der Taktoide mit 

minimalem Bruch und infolgedessen hohem Aspektverhältnis. Die 

Exfolierungseffizienz dieses Prozess wurde durch die Untersuchung der 

http://www.dict.cc/deutsch-englisch/Lehrstuhl.html
http://www.dict.cc/deutsch-englisch/Lehrstuhl.html
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wichtigsten Parameter optimiert: Feststoffgehalt, Kugelmediengröße und Anzahl 

der Zyklen. Ein nachfolgender Kationenaustausch mit K+-Kationen resultierte in 

kollabierten, „schersteifen“ Glimmer-ähnlichen Nanofüllstoffen.  

Der kollabierte Zustand ermöglichte eine selektive Organophilierung der externen 

Basaloberflächen der Taktoide mit einem polykationischen Makroinitiator (MIn+) 

ohne Anzeichen einer Interkalation. Die multiplen elektrostatischen Ankergruppen 

bieten nicht nur eine zuverlässige Anbindung, sondern erlauben gleichzeitig die 

Einstellung des Protonierungsgrades auf die entsprechende Oberflächenladung. 

Die Dispergierung des MIn+/nano-Glimmers mit großem Aspektverhältnis durch 

Schmelz-compoundierung in Polymethylmethacrylat (PMMA) zeigte deutlich 

verbesserte mechanische Eigenschaften. Diese Nanoplättchen förderten 

zusätzliche Energiedissipationsmechanismen wie Rissablenkung, Risspinning, 

sowie Ablösungseffekte in den Nanokompositen, die zu einer verbesserten 

Bruchzähigkeit führten, wie sie nie zuvor für MMT-Nanokomposite berichtet 

wurde. 

Die Optimierung der Grenzflächen-Wechselwirkungen hin zu einer vollständigen 

Mischbarkeit mit der PMMA-Matrix wurde durch Anbringen von PMMA-Bürsten 

auf die externen Basalflächen erreicht. Dies wurde durch einen ‚grafting-from‘ 

Prozess via oberflächeninitiierter Atom Transfer Radikal Polymerisation (ATRP) 

erreicht. Es wurden sehr stabile Suspensionen des beschichteten Nanofüllstoffes in 

einem organischen Lösungsmittel beobachtet, die Doppelbrechung einer 

nematischen Phase zeigten. Obwohl eine deutlich verbesserte Steifigkeit im 

Vergleich zu MIn+/nano-Glimmer gefüllten Verbundwerkstoffen erzielt wurde, 

konnte das volle Potenzial, das von den Halpin-Tsai Gleichungen prognostizierte 

wird, nicht erreicht werden. Dies wird dem nicht-benetzebarkeit Charakter des 

dicht gepackten PMMA auf der Oberfläche zugeschrieben, das eine für eine gute 

Benetzung notwendige Kettenverzahnung verhindert. 

Schließlich wurden zwei Mischtechniken verglichen, um den Einfluß der 

Dispersionsqualität zu untersuchen. PMMA/Nanokomposite, die mit MMT und 

MIn+/nano-Glimmer gefüllt wurden, wurden durch Schmelz-compoundierung und 

solution blending hergestellt. Gasbarrieremessungen erwiesen sich als zusätzliche, 

unabhängige und sehr empfindliche Methode zur Überprüfung der 
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Dispersionsqualität. Die in Lösung vermischten und schmelz-compoundierten 

Proben zeigten eine Senkung der Permeation von 60% und 30%. Die Maximierung 

der Grenzfläche durch optimale Dispergierung verringerte nicht nur die 

Sauerstoffdurchlässigkeit, sondern verbesserte auch die Verstärkung und 

Bruchzähigkeit bei niedrigem Füllstoffgehalt. Diese Ergebnisse heben die 

vorrangige Bedeutung der Dispersionsqualität hervor, die notwendig ist um das 

volle Potenzial der Nanofüllstoffe nutzen zu können. Eine mittelmäßige 

Compoundierung kann den Vorteilen überlegener Füllstoffe leicht 

entgegenwirken. 
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         1 

1. Introduction 

Man has combined two or more materials with different physical and/or chemical 

properties to make composite with desired properties for several thousand years. 

From early bricks made of straw and mud to modern days nanocomposites, these 

composite materials have become essential products for modern daily life [1]. In 

the last two decades a huge demand on high performance materials started to rise 

in various industrial fields. Such materials even paved the way for new 

technological applications. In particular, advanced polymeric materials emerge as 

an appealing candidate to replace expensive and rather heavy metals and ceramics 

for more sustainable and affordable products, especially in automotive and 

aviation industry where weight is a major factor [2,3].  

More recently the field gained significant momentum by introducing robust 

nanoscale fillers with high modulus to enhance the performance of composites. 

Nanofillers are a class of materials having at least one dimension in the nanometre 

scale. Switching from the micrometer to nanometre scale fillers increases the 

surface area/volume ratio by three orders of magnitude [4]. Appropriate 

compounding transforms the surface into specific interface areas that extend their 

influence into the bulk of the matrix generating a large interphase volume with 

modified properties. Even for moderate filler contents, this interphase volume 

might actually comprise the complete nanocomposite volume. 

Significant progress not only led to the developing of new type of fillers but also in 

controlling the structure and the dimension of fillers on the nanometre scale. The 

incorporation of various nanoparticles ranging from isotropic to highly 

anisometric shapes has been already reported intensively in literature [5,6]. It is 

noteworthy to mention that, although many nanoparticles have been investigated 
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to produce polymer nanocomposites, unfortunately most are relatively difficult to 

produce or handle and thus nanocomposites might become quite expensive 

compared to conventional composites. The industrial costs might in fact be one of 

the main reasons limiting a real large scale application of polymer nano-

composites. For a break through, cheap and abundant nanofillers are needed.  

The morphological characteristic of the filler is of a fundamental importance for 

the structure-property relationship of composites. An essential aspect is the 

surface area/volume ratio of the nanofiller. The small scale of the nanofillers leads 

to an exceptionally large interfacial area in the composites. The interface controls 

the degree of interaction between the filler and the polymeric matrix which in 

relation controls the final properties of the composite [7]. 

 The specific interface area is, however, not only determined by the size but is also 

significantly influenced by the shape of the filler particles. Common nanofiller 

geometries and their respective surface area/volume ratios are shown in Figure 1. 

 

Figure 1. Surface area/volume relations of various nanofillers geometries. 

In the case of spherical nanoparticles the surface area per unit volume depends on 

the radius (r) of the sphere, whereas in layered materials and fibres, the surface 

area per unit volume is inversely proportional to the material’s lateral extension 

(L). Low dimensional morphologies with high aspect ratio like platelets are 

therefore advantageous over spherical nanoparticles due to their higher specific 

interface area. For that reason, layered materials have emerged as the most 

promising candidates for the preparation of polymeric based nanocomposites. 

Among the plethora of anisotropic layered materials known such as layered double 

hydroxides (LDH) [8,9], graphene-based materials [10,11], and layered silicates 

[12], swelling 2:1 layered silicates (LS) stand out due to their rich interlamellar 
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reactivity. This characteristic, allows for facile tuning of the strength of the 

interactions between layers in the tactoid. Consequently, the mechanical 

properties of LS can be varied depending on the nature of the interlayer cation 

[13]. The combination the unique physical and chemical properties (i.e. thermal 

stability, mechanical strength and high aspect ratio) of these LS with neat polymers 

created a special class of high performance polymer layered silicate nano-

composites (PLSN). The incorporation of nanoscale LS have recently been used in 

various new fields of nanotechnology; for instance, for superb diffusion barriers 

[14,15], flame retardancy [16,17], and for mechanical reinforcement [12,18]. In 

particular the latter application is the main focus of this research.  

The fabrication of PLSN affords four major consecutive steps (Figure 2): i. The 

synthesis or in the case of natural sources, the purification of the clay. ii. The 

tailoring of the morphology and mechanical properties, if possible. iii. Modification 

of the external basal planes to adjust the surface tensions of filler and matrix 

(organophilization). Ideally the modification should also optimize the interaction 

with the matrix to allow for an efficient stress transfer. iv. Homogenous dispersion 

of the filler in to the matrix. Ideally the complete surface area provided by the 

nanofiller should be converted into interface area. 

 

Figure 2. A schematic representation towards a successful combination of the 2:1 

silicate layer into the polymer matrix for the preparation of nanocomposites. 
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1.1. Structure of layered silicates  

As the name layered silicates (LS) suggests, it is made up by two-dimensional 

sheets. These sheets create a layer (lamella) and the parallel arrangements of a 

number of layers create a tactoid (lamellae) with a certain distance depending on 

the nature of the interlayer ions. The interlayer ions play an important role 

through determining the interlamellar interaction and cohesion, and thus the 

macroscopic properties [19]. There are two types of sheets, a tetrahedral sheet (T) 

and an octahedral sheet (O) which are connected by a common anion plane. The 

periodic stacking of the layers forms a one-dimensional lattice, with layers of 

approximately 0.96 nm thickness [24]. 

1.1.1. Tetrahedral sheet  

The tetrahedral sheet of layer silicates are composed of SiO4
4– or AlO4

5–, which are 

linked together by sharing three corners of the basal oxygen atoms Ob, the fourth 

being the apical oxygen atom Oa. Each of the basal O2– connects two tetrahedral. 

The basal oxygen atoms form a two-dimensional lattice exhibiting hexagonal 

cavities as shown in (Figure 3).  

 

 

Figure 3. Tetrahedron and a tetrahedral sheet (T) arrangement showing the 

interlayer cations in the cavities. 

1.1.2. Octahedral sheet  

The octahedral sheet holds various cations such as: Al3+, Fe3+, Mg2+, Fe2+, Li+, Mn2+, 

Co2+, Ni2+, Cu2+, Zn2+, V3+, and Ti4+. Where these cations are coordinated by four 

oxygen atoms shared with the tetrahedral sheet and two additional hydroxyl or 

fluoride groups (Figure 4) [21].  
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Figure 4. Octahedron and an octahedral sheet (O) arrangement. 

1.2. Classification of layered silicates 

Layered silicates can be categorized depending on the packing arrangement of the 

tetrahedral and octahedral sheets. The first type is the 1:1 layer structure which is 

formed by one T sheet and one O sheet (T-O). The alternative one is the2:1 layer 

structure, in which there are two T sheets having the O sheet sandwiched between 

(T-O-T) [21,22]. Each layer is separated from its neighbours by a gap called 

interlayer or gallery, so that these layers organize themselves to form tactoids hold 

together by relatively weak forces. Isomorphic substitution within the layers (for 

example, Al3+ replaced by Mg2+ or by Fe2+) generates negative charges that are 

counterbalanced by alkali or alkaline earth cations placed in the galleries. 

Structures where all of the six octahedral sites are occupied are referred to as 

trioctahedral and where only four of the six sites are occupied then they are known 

as dioctahedral. 

A simple approach to classify the various types of layered silicate is depending on 

the structure and composition of the octahedral sheet (OS) and the layer charge 

(X). The layer charge in the 1:1 layer structure is close to zero and varies in the 2:1 

layer structure from 0.2 (smectites) to 2.0 in brittle mica. The layer charge is 

calculated on the basis of layered silicates structural formulae (half unit-cell 

content) (Table 1) [23]. 
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Table 1. Classification of layered silicates and their corresponding layer charge  

Group 
Layer charge 

(X per Si4O10) 

Octahedral 

character* 
Name  

1:1 layer structure 

Serpentine-

Kaolinite  
X~0 

Di Kaolinite 

Tri Serpentine 

2:1 layer structure 

Talc-pyrophyllite X~0 
Di Pyrophyllite 

Tri Talc 

Smectitea X~0.2-0.6 
Tri Hectorite, Saponite 

Di Montmorillonite,  

Vermiculiteb X~0.6-0.9 
Tri Trioct. Vermiculite 

Di Dioct. Vermiculite 

True micab X~0.6-1.0 
Tri Muskovite, Illite 

Di Phlogopite 

Brittle micac X~1.8-2.0 
Tri Margarite 

Di Bityite, Anandite 

ahydrated and exchangeable cation, bnon-hydrated monovalent cations 
cnon-hydrateddicalent cations 
*Di = dioctahedral and Tri= trioctahedral 

1.3. The 2:1 silicate layer−smectite 

One of the most important groups of the 2:1 family is smectite family, which due to 

its intermediate X has rich interacrystalline reactivity (Figure 5). This pronounced 

interlamellar reactivity results from hydration and exchange of the interlayer 

cations. Moreover, hydration of interlayer cations or cation exchange 

concomitantly increases the basal spacing and thus reduces the cohesion between 

layers [22]. The degree of swelling of 2:1 LS is determined by the nature of the 

interlayer cations through their hydration of enthalpy (HHydra. KJ mol-1). This is 

associated with the Coulomb attraction between silicate lamellae and interlayers 

and scales with the charge density.  

Larger basal spacing inversely reduce the attractive Coulomb forces between the 

positively charged interlamellar space and the negatively charged silicate lamellae 

proportionally to the square of the distance between the charges (F ~ 1/d2).  
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Figure 5. Structure of the 2:1 silicate layer type of Na-fluorohectorite of the 

smectite family. The Octahedral sheet (O) is sandwiched between two tetrahedral 

sheets (T) and the negative charge from the isomorphous substitution in the 

octahedral sheet (Mg2+ with Li+) is compensated with the exchangeable interlayer 

cations (Na+).  

1.4. Modification of layered silicates  

The reactivity of layered silicates can be related with the capacity of the interlayer 

cations to be replaced with other cations by exchange reaction at both external and 

internal surfaces. This is referred to as the CEC (Cation Exchange Capacity) and has 

the unit of meq./ 100 gr. With increasing diameter, the contribution of the edge 

surface to the total surface quickly becomes irrelevant for the surface properties of 

the clay. Surface chemistry of synthetic Na-fluorohectorite to a very good 

approximation is solely determined by external basal surfaces.  

Due to inorganic cations at the external surfaces, LS are highly hydrophilic. 

Therefore, incorporation into hydrophobic organic polymers requires adjustment 

of surface tension which can be achieved by a highly favourable cation exchange 

with organic cations. Most commonly, alkyl-ammonium cations are used [24,25]. 

For natural MMT this exchange cannot be restricted to external surfaces but also 

cations in the interlayer are replaced. These completely organophilized layered 

silicates are referred to as ‘Organoclay’ (Figure 6).                           . 
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More elaborate organic modifiers may, however, contain a variety of functional 

groups, which improve the interaction with the polymer matrix needed for 

effective stress transfer into the filler. Such functionalities can include 

polymerizable groups (e.g., vinyl) or initiating groups which can initiate a 

subsequent polymerization of various monomers.  

 

Figure 6. Organophilization of layered silicates by complete exchange of the 

interlayer cations with organic molecules. 

Moreover, the complete intercalation usually weaken the cohesion between the 

lamellae by increasing the interlayer spacing d(001). Although in many papers it is 

claimed that the weakening is sufficient to trigger delamination during the 

subsequent melt compounding into polymeric matrices. In our own experience the 

shearing is at best sufficient to disaggregate the clays but not even exfoliation can 

be achieved. Consequently, the high organic volume in the interlayers will act like a 

lubricant which will be detrimental on the shearing stiffness of the filler and hence 

the mechanical properties of the nanocomposite. These interlayer spaces will act 

as inner shear planes inducing failure when introducing shear stress or load [26]. 

1.5. Polymer layered silicates nanocomposites  

Despite the fact that PLSN had been studied for several decades, the genesis of the 

modern PLSNs can be traced to the seminal work done at Toyota Central Research 

and Development Laboratories (CRDL) in the late 1980s [27,28]. In these studies, 

organoclays have been employed to reinforce Nylon 6. The preparation of the 

Nylon 6−MMT nanocomposite was done by in-situ polymerizing of intercalated ɛ-

caprolactam in MMT which had been ion exchanged with 12-aminolauric acid 

serving as catalyst for the ring opening polymerization [27]. The appropriate 

combination resulted in LS being fully delaminated and uniformly dispersed in the 

matrix. The nanocomposites showed enhanced mechanical properties compared to 

neat polymer stretching from higher tensile strength and moduli, decreased 

thermal expansion coefficient, and enhanced electrical conductivity. 
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1.5.1. Mechanical properties  

The enhancement in mechanical properties is a significant driving force behind the 

development of PLSNs. The impact of LS on the reinforcement of PLSN has been 

evaluated by measurement of various mechanical properties of the produced 

nanocomposites. The fundamental mechanical properties of plastics include four 

aspects [29]:  

I. Stiffness: the extent of a material which it resists deformation in response to 

an applied force 

II. Strength: ability of a material to withstand an applied stress without failure 

III. Formability: the capacity of a material to become deformed under external 

stress 

IV. Toughness: ability of a material to absorb energy and plastically deform 

without fracturing 

The first three aspects can be measured from a typical tensile test from the 

relationship between the stress applied on a sample being pulled apart and the 

strain (stretching). The modulus of elasticity (stiffness) or Young’s modules (E) is 

defined by the ratio of tensile stress over tensile strain (Figure 7) in the lower 

range of the stress-strain diagram using the following equation: 

  
 

 
  

   

    
                                   

Where F is the force exerted on sample under tension, A is the cross-sectional area; 

ΔL is the change in length of the sample and L is the original length. 

 
Figure 7. Full engineering stress-strain curves; theses curves are typical of brittle, 

tough, and soft elastic polymers, respectively [29].
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Beside Young´s modulus, stress-strain curves give information on strength and 

deformation of the material (Figure 7):  

 Tensile strength (σM) is the tensile stress at maximum force 

 Tensile stress at break (σB) is the tensile stress at the moment of break 

 Tensile strength at yield (σY) is the tensile stress at which the slope of the 

change of force versus length curve equals zero for the first time 

 The elongation at maximum force is described as (εM), elongation at break 

as (εB), and tensile strength at yield as (εY) 

1.5.2. Reinforcement in nanocomposites 

By the term, reinforcement relates to the improvement of stiffness and strength in 

a composite material. Accumulating and understanding the relation between the 

type of dispersed nanofiller and the reinforcement observed in the 

nanocomposites requires the systematic investigation of several factors. These 

include the shape and dimension (i.e. aspect ratio) [12], mechanical properties of 

the filler [15], the interaction between nanofiller and polymer at the interface, and 

the dispersion quality [30].  

All theoretical models predicting the increase in Young´s modulus assume a 

complete stress transfer. For spherical filler, Fornes and Paul [31] proposed the 

following equation: 

                                 

where Ec, Em and Ef are the Young's modulus of the nanocomposites, polymer 

matrix and nanofiller, respectively. Φm and Φf are the volume fraction of the 

polymer matrix and nanofiller in the nanocomposite. The aspect ratio is taken into 

account by the Halpin-Tsai equation [32] by the inclusion of a shape factor (Eq. 3).  

  

  
 

      

     
                              

                  
 

 
     

  

  
   

  

  
  

 

In this case, is the shape factor depending on the filler orientation and loading 

direction. The value 0.66 is introduced as a modulus reduction factor taking into 
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account the lower contribution of platelet-like nanofiller to Young´s Modulus in 

comparison to fibre-like fillers [33].  

 

 
Figure 8. Left). Representation of various aspect ratio nanoplatelets having lateral 

extension in micrometer and thickness in the nanometre scale, Right). 

Reinforcement effect calculated using Halpin-Tsai equation in nanocomposites 

using nanofillers with different aspect ratios in various polymeric matrices; (■) 

PMMA Em1 = 3.5 GPa, (●) HDPE Em2 = 1.7 GPa, (▲) PTFE Em3 = 0.6 GPa and (▼) 

TPU Em4 = 0.2 GPa. The calculation is based on Ef = 150 GPa at a volume fracture of 

Φ = 0.2%. 

The improvement of Young´s modulus that may be achieved at a certain filler 

content and aspect ratio strongly depends on the modulus of the matrix (Figure 

8). As a function of aspect ratio, the relative improvement of the young´s modulus 

for all matrices approaches a plateau. The softer the matrix, however, the larger 

the aspect ratio must be to achieve the maximum stiffness and vice versa. For 

instance, for a stiff PMMA matrix incorporation of filler with aspect ratios of 300 is 

fully sufficient to achieve maximum reinforcement. 

In reality, complete stress transfer may not be achieved due to suboptimal 

interfacial adhesion between the dispersed phase and the polymer matrix [34,35]. 

As the interfacial region increases in nanocomposites, this issue might become 

crucial factor for the material properties (see Chapter 2.2).  
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1.5.3. Dispersing methods and efficiency 

The uniform dispersion of nanofillers in the polymer matrices is a general 

prerequisite for achieving desired mechanical and physical characteristics [30]. 

Dispersing of fillers within the polymeric matrices has been attempted using 

different techniques. In the following a short description of the three main 

methods is given for preparation of PLSNs material: 

 

Figure 9. A schematic representation of dispersing methods for preparation of 

polymer layered silicates nanocomposites by a) melt compounding, b) in-situ 

polymerization, and c) solution blending. 

I. Melt compounding  

Melt processing is, as the name suggests, simply based on the thorough mechanical 

mixing of LS with the molten state of the polymer matrix in either static or flow 

conditions and subsequent cooling (Figure 9a). Melt compounding is the most 

convenient, economical and therefore appealing technique for industry. The 

dispersibility of LS in the matrix is dependent on certain factors including the 

polymer type, filler characteristics and the processing parameters. However, 

processing of commercial organoclay via melt compounding fails to delaminate 

tactoids, which reduces the maximal possible aspect ratio and therefore the 

desired final properties of PLSN [36] (Chapter 2.3).  
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II. In situ polymerization 

The in-situ polymerization approach was first developed by Toyota´s CRDL for 

preparation of Nylon 6−MMT nanocomposites from ɛ-Caprolactam monomer. This 

technique was found to be effective to disperse LS on a nanometer level in the 

matrix (Figure 9b). Polymerization of a monomer occurs in the swollen interlayer 

space of LS within the liquid monomer resulting in an expanded interlayer distance 

which additionally lead to complete delamination [37,38].  

III. Solution blending 

This approach is similar to the in-situ polymerization method except that the role 

of the monomer solution is replaced by polar solvent. The modified clay and the 

polymer are both suspended in a common solvent which allows efficient mixing 

(Figure 9c). Upon evaporation well dispersed nanocomposites are obtained 

(Chapter 2.4). Although, this strategy can provide an excellent dispersion of LS in 

the matrix, the large amount of solvent required is a major disadvantage from 

environmental and economical aspects.  

Closely related to solution blending are cases where organoclays are dispersed in 

liquid, low viscous pre-polymers. For instance, epoxy resin clay nanocomposites 

may be obtained by mixing the filler into epoxy resin which is then cured by 

amine-catalyzed cross-linking [39]. 
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1.6. Aims and addressed problems  

Cutting-edge PLSN will only be available if various remaining fundamental 

challenges can be met. To start with, nanofiller of natural origin i.e. MMT, suffer 

from major drawbacks and limitations. These include small particle sizes inherent 

to the genesis of these materials which limit their aspect ratios ≤300 even after 

complete delamination. Genesis, moreover, takes place at low temperatures and 

consequently isomorphous substitution occurs in segregated patterns. 

Consequently, the charge density is heterogeneous which in turn leads to 

nonuniform interlamellar reactivity and surface chemistry.  

Synthetic LS, such as synthetic Na-fluorohectorite prepared via a melt synthesis by 

a melt synthesis at temperatures >1000 °C overcome these limitations and open 

new opportunities for PLSN of a new generation. These material have 

extraordinary lateral extension (>20 µm, Figure 10) and can be produced in a 1 Kg 

scale [21,40]. Furthermore, it is characterized by a uniform interlamellar reactivity 

and superb charge homogeneity. 

 

Figure 10. Scanning electron micrograph of a pristine synthetic Na-fluorohectorite 

showing huge lateral extension (L > 20 µm). 

As already pointed out, with fixed filler content, the performance of 

nanocomposites may be optimized by tuning four crucial factors regarding the clay 

nanofiller: maximized aspect ratio (α), excellent mechanical properties (i.e., 

stiffness state), smart interface management, and finally an optimum dispersion in 

the matrix. In the course of this study, optimization of the aforementioned four 

critical factors of the nanofiller was carried out and the impact on the mechanical 

properties of the prepared PMMA/clay nanocomposites was investigated.  
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         2 

2. Synopsis 

The presented dissertation consists of four publications that put the main focus on 

the different aspects that influence the mechanical properties of nanocomposites 

as discussed in the aims and addressed problems.  

A graphical abstract of the workflow and the particular focus of the papers 

including main investigations and aspects are given in Figure 11: 
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Figure 11. A schematic overview of the workflow and the particular focus of the 

publications. 



2 Synopsis 

 

22 
 

2.1. Maximizing the aspect ratio  

As previously pointed out, the synthetic Na-fluorohectorite was prepared via melt 

synthesis in an open system and has the following chemical formula: 

Na0.5[Mg2.5Li0.5]Si4O10F2 (layer charge 0.5) This synthetic LS is characterized by 

huge lateral extension (L) (>20 µm) and a superb homogenous layer charge 

density and thus a uniform interlamellar reactivity. However, due to the nature of 

the crystal growth, the large thickness of the tactoids, the aspect ratio (α=L/h) of 

the pristine material is limited to < 100. For this reason a suitable and facile 

method able of shearing these tactoids and thus reducing their thickness without 

any significant breakage is of a great importance.  

As already shown by Möller, M., et al. the interlamellar reactivity can be mainly 

attributed to the reactivity of the interlayer cations [13]. Therefore, by hydration of 

the interlayer cation (swelling), the basal spacing can be increased and 

concomitantly the cohesion between the lamella in the tactoids is decreased 

(Coulomb forces F~1/d2). In order to obtain a highly hydrated state, the interlayer 

Na+ cations were exchanged with Mg2+ cations which have a higher enthalpy of 

hydration. This exchange increased the interlayer distance d(001) from ~15 to 

~18 Å, respectively yielding a highly ‘shear-labile’ material.  

Exfoliation was done in this state using a wet milling technique in a stirred media 

mill LabStar LS1 from Netzsch GmbH (Germany). The exfoliation process was 

achieved through the induced shear forces generated inside the milling chamber. 

The tactoids were subjected to the shear forces between the grinding media 

and/or between the slurry and the inner walls of the chamber. The specific energy 

was mainly affected by the solid content of the aqueous suspensions and was 

correlated with the degree of exfoliation. Furthermore, the stress energy generated 

by the grinding media was an important factor influencing the exfoliation process. 

Therefore, two different grinding media were employed to generate low and high 

stress energies. 

Subsequent to the exfoliation in the stirred media mill the Mg2+ interlayer cations 

were exchanged with K+ cations yielding a collapsed material with d(001) = 9.9 Å 

(Figure 12). This material represents shear-stiff, mica-like nanofiller with no 

interlayer reactivity. 
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In this case the specific surface area (SSA) and the cation exchange capacity (CEC) 

were only attributed to the external basal surfaces.  

 

Figure 12. Tailoring of the hydration state in fluorohectorite where M, MH, and ML 

indicate interlayer cations with |Ehyd|: ML < M < MH. 

The exfoliation efficiency was evaluated using various measurements including 

light scattering for of particle size distribution, specific surface area by the 

adsorption/desorption isotherms of N2, and powder X-ray diffraction. The aspect 

ratio was roughly estimated using a calculation model which correlates the tactoid 

thickness as determined by the Scherrer equation with the value of the total 

specific surface area. The milling parameters were systematically varied depending 

on the solid content of the suspension, grinding media diameter and time of milling 

(number of passages in the milling chamber). 
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Summary  

a) Highly hydrated shear-labile, Mg-fluorohectorite was obtained by 

exchanging the Na+ in the interlayer by Mg2+ cations. 

b) The shear-labile tactoids were exfoliated by shear forces generated in the 

milling chamber of a stirred media mill.  

c) Evaluation of the exfoliation efficiency was done by various means such as 

PXRD, BET, SLS and SEM micrographs.  

d) The wet milling approach was able to tune the average thickness of the 

tactoids by controlling the milling parameters.  

e) The reduction of the tactoid thickness by exfoliation produced 

nanoplatelets with a significantly high aspect ratio (α~600). 

f) Shear-stiff, mica-like nanoplatelets were obtained by exchanging he 

interlayer cations with K+ cations. 

 



2 Optimizing the specific interface 

 

25 
 

2.2. Optimizing the specific interface  

Improving the adhesion between the nanofiller and the polymeric matrix is a key 

factor to achieve an effective stress transfer. In the course of the study a coating of 

the external basal surfaces of tailored high aspect ratio nano-mica (Chapter 2.1) 

with polymer brushes by a ‘grating-from’ technique was done. A polycationic 

macro-initiator (MIn+) was designed and employed for modification of the nano-

mica (Figure 13).  

 

Figure 13. A statistical polycationic macro-initiator (MIn+) used for modification of 

LS after protonation of the dimethylamine group in DMAEMA. 

MIn+ consists of a statistical copolymer of DMAEMA and BIEM in a 3:1 ratio with an 

average degree of polymerization (DP) of 40 units. This polymeric modifier is 

unable to intercalate between the silicate layers and the cation exchange is 

restricted to outer basal surfaces. Moreover, the multiple electrostatic anchoring 

by ammonium groups incorporated in the backbone of MIn+ allow for a more 

reliable adhesion as compared to isolated mono-cations and at the same time the 

degree of protonation can be varied (charge density of MIn+) to match the charge 

density of the clay surface. Furthermore, each MIn+ chain bears an average of ten 

potential initiator groups for a surface-initiated (SI)-ATRP, subsequently enabling 

a controlled grafting of polymeric brushes of poly(methyl methacrylate) (PMMA) 

from the surface of the modified nano-mica. (Figure 14).  
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Figure 14. Selective surface modification of nano-mica by the MIn+ followed by a 

subsequent SI-ATRP to produce planar PMMA brushes.  

Monitoring of the polymerization kinetics of PMMA was facilitated by analysis of 

free chains formed in solution using a sacrificial-initiator which has structural 

similarity to the incorporated BIEM in the MIn+. This technique allowed the 

preparation of PMMA coated nano-mica with different chain lengths and narrow 

PDI. The obtained coated nanoplatelets were suspended in organic solvents and a 

vivid birefringence of a nematic phase was observed with the naked eye alongside 

a remarkable stability. This phenomenon cannot be observed for organoclays 

simply modified using only the macro-initiator. 

Finally, PMMA nanocomposites with 5 wt% clay content were made by solution 

blending of two different nano-micas modified by MIn+ and PMMA brushes of 

length below and above the critical entanglement length of PMMA, respectively. 

Dispersion quality in the translucent nanocomposites was determined by 

transmission electron microscopy (TEM). The reinforcement effect on the 

produced PLSN was evaluated using stress-strain curves to obtain the tensile 

strength and Young’s modulus. Although significantly improved mechanical 

properties could be achieved as compared to nanocomposites made with 

conventional clay fillers, the full potential, as expressed by Halpin-Tsai equations, 

of the PMMA coated nano-mica still cannot be realized. This is attributed to the 

non-wetting character of the densely packed PMMA brushes attached to planar 

nanoplatelets. In this line, no significant differences could be observed in respect to 

the length of the PMMA brush because the grafting density was too high to allow 

for entanglement and therefore no efficient stress transfer into the matrix. 
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Summary  

a) Altering the interlamellar reactivity enables tailoring of shear-stiff, nano-

mica. 

b) Selective modification of the external basal surfaces of nano-mica was done 

using a polycationic macro-initiator (MIn+). 

c) The protonation degree of MIn+ was tuned to match the charge densities of 

the LS surface. 

d) SI-ATRP of MMA from the modified surfaces produced chains with a narrow 

PDI and controlled molecular weight. 

e) The PMMA coated nano-micas yielded long-term stable suspensions in THF 

that showed a vivid birefringence of a nematic phase. 

f) Significantly improved mechanical properties could be achieved as 

compared to PLSN made with conventional clay fillers. 

g) The non-wetting character of the densely packed PMMA brushes to planar 

surfaces restricted the stress transfer into the matrix.  
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2.3. Reinforcement and fracture toughness  

The performance of high aspect ratio shear-stiff, mica-like nanoplatelets and 

conventional nanofiller in respect to mechanical reinforcement of PLSN was 

compared. The controlled exfoliation process of thick tactoids by the wet milling 

allowed tuning of high aspect ratio nanoplatelets with an estimated α~600 

(Chapter 2.1). Moreover, altering the interlamellar reactivity led to a unique 

shear-stiff, mica-like material. To emphasize on the importance of the aspect ratio, 

a pristine material with low aspect ratio (α~50) was used for comparison. A 

surface modification of the hydrophilic nanoplatelets with a polycationic macro-

initiator renders it hydrophobic to improve compatibility with the PMMA matrix. 

As previously discussed in Chapter 2.2, the employed micro-initiator allows for a 

selective surface modification of external basal surfaces of the mica-like material 

without any intercalation.  

 

Figure 15. Preparation of PMMA/clay nanocomposites, the different nanofillers 

(freeze-dried) were dispersed in a PMMA matrix by a melt compounding technique 

using a twin-screw microcompounder and mould injected into required testing 

specimen.  

The modified nanoplatelets were freeze-dried and dispersed into a PMMA matrix 

with conventional melt compounding technique using a twin-screw micro-

compounder (Figure 15). A series of PMMA/clay nanocomposites (1,2 and 4 wt.-

%) were prepared and mechanically characterized by tensile testing and fracture 

toughness (KIc). The results were compared to conventional nanocomposites 
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prepared using commercial organoclay (Bentone 38®) with low aspect ratio 

(α~50)1.  

Using high aspect ratio mica-like material, most notable the fracture toughness 

could be increased by 66% at 4 wt.-% loading. For the first time for a 

nanocomposite such an improvement of fracture toughness could be achieved 

without sacrificing tensile strength (Figure 16). The filler promoted a number of 

toughening mechanism in the nanocomposite as probed by scanning electron 

microscopy (SEM) of the corresponding fracture surfaces.  

 
Figure 16. Effect of clay amount on fracture toughness (KIc) of PMMA/clay 

nanocomposites (▲) Bentone (α~50), (■) O-hect (α~50) and (●) O-hect (α~600). 

The large nanoplatelets varied the local stress state in the matrix and promoted 

additional energy dissipating mechanisms such as crack deflection, crack pinning 

and debonding effects with platelets pull-out. 

It is noteworthy to mention, that the conventional MMT led to an increase in 

modulus on the expenses of reduced strength and fracture toughness as expected. 

 

 

1. Bentone 38® is a trade mark for a commercial organic derivate of hectorite clay supplied by 

Elementis Specialties. The cation exchange is complete of the external and internal surface with 

various alkyl-ammonium chains (C14-C18). The organic content was determined by TGA to be 

~38 wt.-% 
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Summary  

a) High aspect ratio nanofiller (α~600) was prepared by exfoliation of thick 

tactoids (α~50) in a stirred media mill (Chapter 2.1). 

b) Shear-stiff, mica-like nanoplatelets with no interlayer reactivity allowed a 

selective modification restricted to the external basal surfaces. 

c) The influence of different clay content (1−4 wt.-%) on mechanical 

properties of PMMA/clay nanocomposites was studied for two aspect ratios 

(α~50 and α~600) and was compared to natural MMT (Bentone 38).  

d) The high aspect ratio mica-like-filled nanocomposites offered improved 

toughness and stiffness without promoting any embrittlement. 

e) The first report showing different occurring toughening mechanisms in 

nanocomposites leading to an increase in fracture toughness by 66% at 

4wt.-%. 

 



2 Dispersion quality and the specific interface 

 

31 
 

2.4. Dispersion quality and the specific interface 

An appropriate dispersion of the nanofiller in the polymeric matrix is a key factor 

for maximizing the specific interface area. While melt compounding was found to 

provide a decent dispersion on a macroscopic level (Chapter 2.3), on a 

microscopic level some smaller aggregates were detected. This suggested that the 

specific interface area could not be maximized. Achieving a perfect dispersion for 

such huge nanoplatelets by conventional melt compounding proved to be 

impossible. 

Selective modification of shear-stiff, mica-like material with a macro initiator 

altered their inherited hydrophilic nature to hydrophobic allowing a good 

dispersion in organic solvents (Chapter 2.2). Upon complete removal of solvent, 

the high aspect ratio nanoplatelets are arranged in band-like structured 

aggregates. Therefore, solution blending was chosen as a processing method which 

strictly avoids powdered samples in order to fully exploit the potentials of such 

high aspect ratio nanofiller (Figure 17). 

 

Figure 17. A schematic representation towards preparation of PMMA/clay 

nanocomposites ‘masterbatch’ via solution blending technique. 

A much improved dispersion quality was achieved with almost perfectly dispersed 

clay tactoids as indicated by both computer micro-tomography (µ-CT) and 

transmission electron microscopy (TEM). Moreover, gas barrier measurements 

served as an additional independent indication to probe the dispersion quality. 

Improved dispersion in nanocomposites reduced the oxygen permeation as much 

as 60% compared to only 30% for nanocomposites having a mediocre dispersion 

as achieved by melt compounding. 
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Furthermore, mechanical properties were characterized by tensile testing and 

fracture toughness (KIc) measurements and were correlated with the improved 

morphology to establish structure-property relationships. 

Significantly higher stiffness was obtained without any embrittlement of the 

nanocomposites for the nano-mica-filled composites. A maximum increase in 

fracture toughness of 63% was achieved at only 0.8 vol.-% while achieving a 

similar value with inferior melt compounding needed 1.85 vol.-%. No further 

increase in fracture toughness with increasing clay content was observed due to an 

increased restriction in plastic deformation as indicated by a reduced elongation at 

break. The property improvements observed with solution blending highlight the 

importance of the dispersion quality. To exploit the full potential of superior 

nanofillers, dispersion must be optimized since improvements in filler properties 

can easily be counterpoised by a mediocre dispersion quality.  

Summary  

a) Solution blending was carried out in order to overcome the limitations of 

melt compounding to disperse large nanoplatelets. 

b) Optimally dispersed clay tactoids in the PMMA matrix was achieved as 

indicated by µ-CT and TEM micrographs. 

c) Gas barrier measurements served as indirect sensitive probe the dispersion 

quality. A much improved dispersion reduced the oxygen permeation by 

60% at 1.6 vol.-% content. 

d) Fracture toughness was increased by 63% at only 0.8 vol.-% content. 

e) The results underline the importance of dispersion quality to exploit the full 

potential of the nanofiller. 
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         4 

4. Publications 

This chapter contains the four publications as follow: 

4.1. A simple approach for producing high aspect ratio fluorohectorite 

 nanoplatelets by utilizing a stirred media mill (ball mill). 

4.2. Towards completely miscible PMMA nanocomposites reinforced by shear-

 stiff, nano-mica. 

4.3. Impact of large aspect ratio, shear-stiff, mica-like clay on mechanical 

 behaviour of PMMA/clay nanocomposites. 

4.4. On the importance of specific interface area in clay nanocomposites of 

 PMMA filled with synthetic nano-mica. 
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fluorohectorite nanoplatelets by utilizing a stirred media 

mill (ball mill) 
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*Corresponding Author: josef.breu@uni-bayreuth.de (J. Breu) 

Author's individual contributions: 

My contribution to this publication was the investigation of a facile approach for 

exfoliation of thick layered silicates tactoids. Exfoliation was achieved by wet 

milling using aqueous Mg-fluorohectorite suspensions in a stirred media mill. I 

have done all the milling trails including the operation of the mill and variation of 

the milling parameters. This included the preparation of a series of solid content: 5, 

15 and 30 wt.-% and employing two different grinding media to tune the stress 

intensity.  

Evaluation of the degree of exfoliation was done using a number of 

characterization methods. I have done all the characterization techniques such as: 

PXRD, SLS and BET.  



4 Publications 

 

38 
 

The synthetic Na-fluorohectorite for the experiments was prepared by Hussien 

Kalo. Both Bettina Chwalka and Michael Schütz contributed to the discussion of the 

results.  

The academic writing was done mainly by me with the help of Prof. Dr. Josef Breu 

and the manuscript was published in a special issue of Clay minerals dedicated to 

EUROCLAY 2011 conference. 

My contribution to this publication is 80%. 
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(Received 31 December 2011; revised 29 March 2012; Editor: Enver Murad) 

ABSTRACT 

The potential of platy nanofillers like clays in polymer nanocomposites is mostly 

determined by their aspect ratio. The degree of improvements that may be 

achieved in respect to reinforcement, gas-barrier, and flame retardancy critically 

depends on aspect ratio. Thus, increasing the aspect ratio is highly desirable in 

order to explore the full potential of the clay filler. Mechanical shear stress as 

generated in the grinding chamber of a stirred media mill (ball mill) proved to 

induce an efficient exfoliation of highly hydrated and therefore ‘shear-labile’ 

synthetic Mg-fluorohectorite in aqueous dispersion. The attainable degree of 

exfoliation can be tuned and controlled through the shear forces applied by 

changing process parameters such as solid content and grinding media diameter. 

Characterization and evaluation of the exfoliation efficiency during milling was 

achieved by combining and cross-validating data obtained by powder X-ray 

diffraction (PXRD), static light scattering (SLS), specific surface measurements 

applying the Brunauer-Emmett-Teller (BET) equation, and scanning electron 

microscopy (SEM) images. This led to the identification of optimal processing 

parameters allowing for controlling the degree of exfoliation and consequently the 

aspect ratio of the nanoplatelets. Not surprisingly, besides exfoliation, increasing 

the magnitude of the shear stress also resulted in some reduction in platelet size.  

The clay platelets obtained showed a high average aspect ratio (>600) being 

several times greater than that of pristine synthetic fluorohectorite. The increase 

of aspect ratio was reflected in a significant enhancement of both, specific surface 

area and cation exchange capacity (CEC) of the external basal surfaces. This 
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method has substantial advantages as compared to microfluidizer processing in 

respect to feasibility, batch size, and particle diameter size preservation. The 

exfoliated nanoplatelets obtained by milling have great potential to improve 

mechanical properties of polymer layered silicate nanocomposites (PLSN). 

Keywords: stirred media mill, aspect ratio, fluorohectorite, exfoliation. 

1. INTRODUCTION 

In comparison with neat polymer matrices, polymer layered silicate 

nanocomposites (PLSN’s) exhibit and provide significant improvements at much 

lower filler volume fraction as compared to microfillers [Kumar et al., 2009; 

Schmidt et al., 2002]. These enhanced properties include thermal stability, flame 

retardency, advanced mechanical response and reduced gas diffusion rates 

[Chevigny et al., 2011: Mittal, 2008; Möller et al., 2010b, Schütz et al., 2011; Zanetti 

at al., 2001]. The rapid development of these composite materials requires and 

demands a constant progress and enhancement of the properties of the employed 

layer silicates as nanofiller [Zartman et al., 2010]. The key factor to achieve 

significant improvement of the properties is the aspect ratio α of the filler material 

[Möller et al., 2010a; Tamura et al., 2008]. For nanocomposite materials, this ratio 

α is often expressed as the ratio of lateral extension L divided by height h: 

                                                             α =  L/                                       (1) 

Decreasing the height of the tactoid while at the same time preserving the lateral 

platelet size (exfoliation as defined by Lagaly et al. [Gardolinski & Lagaly, 2005]) 

will increase the aspect ratio. The maximum aspect ratio will be achieved when the 

material is delaminated (as defined by Lagaly et al.[ Gardolinski & Lagaly, 2005]) 

into singular 2:1 lamellae. We have previously reported [Kalo et al., 2010] a large-

scale melt synthesis of swelling 2:1 synthetic Na-fluorohectorite clay with superb 

charge homogeneity and large lateral extension (median 20 µm). 

Moreover, control of charge density interplaying with the charge homogeneity 

allowed for fine-tuning the intracrystalline reactivity of the synthetic 

fluorohectorite in a way that permitted switching between a highly swollen and 

‘shear-labile’ state and a collapsed ‘shear-stiff’ state. Cations with high enthalpy of 

hydration such as Mg2+ (-1922 kJ mol-1) give a highly hydrated state, while upon 
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exchanging the interlayer cations with K+ (-322 kJ mol-1) collapse into a non-

swollen ‘shear-stiff’, mica-like material was induced with no intracrystalline 

reactivity. Please note that the intracrystalline reactivity differs significantly from 

natural K-clays because of both homogeneity of layer charge and a comparatively 

higher charge density. The PXRD patterns in Fig. 1 illustrate three different stages 

of hydration for the same clay depending on the interlayer cation (Na, Mg, and K, 

respectively). The highly hydrated state led to an increase in the basal spacing thus 

reducing the Coulomb forces between the positively charged interlamellar space 

and the negatively charged silicate lamellae. We have previously shown that 

‘shear-labile’ state is favoured to achieve efficient exfoliation of the clay tactoids 

using a microfluidizer [Möller et al., 2010a]. 

However, the microfluidizer method has some drawbacks affecting the final 

product quality including; (i) the lateral extension of the processed clay 

nanoplatelets is limited by the diameter of the interaction channels, (ii) the 

maximum solid content of the dispersion that can be handled is low (1.5 wt%), 

which severely hampers up-scaling of the process and finally (iii) process 

parameters (e.g. pressure, diameter of interaction channel) are invariable and do 

not allow much of optimization. Ball milling (stirred media milling) has been 

recognized as an alternative method to produce very high shear stress and efficient 

particle size reduction is feasible [Kwade, 2003; Vodovic et al., 2010]. In the 

following, we investigate the efficiency of stirred media milling for improving the 

aspect ratio of synthetic fluorohectorites. 

2. MATERIALS AND METHODS 

2.1. Materials and chemicals 

Na-fluorohectorite Na0.5[Mg2.5Li0.5]Si4O10F2 was prepared via melt synthesis as 

reported previously [Kalo et al., 2010]. The synthetic Na-fluorohectorite had a CEC 

of 110 meq./100g, as determined by the copper complex ([Cu(trien)]2+) method. 

The inorganic salts (MgCl2, KCl) used for cation exchange were purchased from 

Grüssing GmbH Analytika, Germany. 

Cation exchange was achieved by repeatedly treating the pristine Na-

fluorohectorite with the corresponding salt followed by washing several times 

with deionized water until it was free from chloride ions and the AgNO3-test for Cl- 
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was negative. Three different Mg-fluorohectorite dispersions with solid contents of 

5, 15, and 30 wt% were prepared for the milling experiments. Following the 

exfoliation process in the stirred media mill, the Mg2+ ions were exchanged with K+ 

ions which yielded a collapsed and non-swollen ‘shear-stiff’ mica-like material. 

 

Fig 1. PXRD patterns of different stages of hydration of synthetic fluorohectorite 

(moist samples). 

2.2. Grinding media 

A high wear resistant commercial grinding media (GM) ZY premium type of 

yttrium stabilized Zirconia (ZrO2), (SiLi beads, Germany) with two different 

diameters [dGM1 =0.6-0.8 mm, and dGM2 =1.4-1.6 mm] were used in the milling 

experiments. The grinding media had different bulk densities due to the 

production method [ρGM1 =3.65 kg/l, and ρGM2 =3.77 kg/l]. The exact roundness as 

well as the smooth and polished surface of beads contributed to the low wear rate, 

which meant nearly no contamination of the grinding product and therefore, the 

highest product qualities could be obtained. The filling ratio in the grinding 

chamber with grinding beads was fixed φGM =80%. 

2.3. Milling set-up 

A laboratory stirred media mill LabStar LS 1 (Netzsch, Germany) equipped with a 

geometric grinding system ZETA was used for the study. All milling experiments in 

aqueous dispersions were carried out in a three disc stirred media mill. The 

agitator with the perforated discs was installed on a horizontal driven shaft. The 
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grinding chamber was lined for wear protection reasons with silicon 

carbide/polyurethane. The grinding chamber was equipped with a double wall 

water jacket which is connected to an internal water cooling system to allow 

proper cooling during the milling. The dispersion was pumped using a hose pump 

from the stirring vessel into the grinding chamber, after passing through the 

chamber the dispersion was discharged through a sieve with a screen size of 0.2 

mm which prevented grinding media from leaving the chamber. The dispersion 

then flowed back to the stirring vessel where samples were collected. The 

experimental set-up provided a circuit milling mode of the dispersion, a schematic 

diagram of the experimental set-up of the stirring media mill and the stirred vessel 

is shown in Fig. 2. 

 

Fig 2. Schematic diagram of the stirred media mill LabStar LS1 connected with a 

stirring vessel for circuit milling operation. 

The energy input was recorded during milling using an energy meter and the 

experimental grinding conditions and set-up are given in Table 1.  
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TABLE 1. Set of fixed and variable operating parameters in the stirred media mill 

Diameter of grinding media dGM1: 1.4-1.6 mm / dGM2: 0.6-0.8 mm 

Density of grinding media  ρGM1: 3.773 kg/l. / ρGM2: 3.652 kg/l 

Filling ratio of media in chamber  φ=80 % 

Volume of grinding chamber  approx. 0.12 l 

Volume of dispersion  approx. 0.3 l 

Solid content of dispersions  5, 15 and 30 wt% 

Flow rate of dispersion  12.4 cm3/s 

Agitator velocity  2050 rpm ~ 6.43 m/s 

Separating sieve screen size 200 µm 

Temperature 20 °C 

2.4. Methods and instruments 

The degree of exfoliation of Mg-fluorohectorite during the milling process was 

determined by PXRD. The PXRD patterns were obtained in reflection mode using 

nickel filtered Cu-Kα radiation λ =1.54187 Å on a Bragg-Brentano-geometry 

diffractometer (PANalytical Xpert-Pro) equipped with an X′Celerator Scientific 

RTMS detector. A divergence slit of 1/4 ° as well as a detector slit of 1/8 ° were 

used. Oriented samples were prepared by evaporation of aqueous suspensions of 

clay on flat glass slides (Menzel Gläser).  

The specific surface areas of freeze-dried K-fluorohectorite samples were 

calculated using the BET equation from the adsorption/desorption isotherms. 

Measurements were carried out on a Quantachrome Nova 2000e analyzer. The 

specific surface area was determined using 5-points within the range of 0.09 < p/po 

< 0.3 using N2 as adsorption gas. All samples were carefully degassed overnight at 

150 °C under ultra high vacuum to remove adsorbed water prior to measurements. 

CECs were determined by means of a photometric method applying a Varian Cary 

3 UV-Vis spectrometer and [Cu(trien)]2+ as a dye. CuSO4 (99.99+%) and triethylene 

tetramine (>97%, trien) were purchased from Sigma Aldrich. The preparation of 

the complex and the CEC measurements were performed according to procedures 

described in details in the literature [ Ammann et al., 2005; Meier & Kahr, 1999]. 

For the determination of CEC values of the external surfaces, 200 mg of shear-stiff 

K-fluorohectorite (freeze dried) was weighed into 20 ml centrifuge tubes. In the 

copper complex method, 8 ml of the 0.01 M complex solution were added and the 
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sample was shaken for 10 min. The exchange occurs very quickly for the external 

basal planes. The samples were centrifuged and 3 ml of the supernatant were 

transferred into plastic cuvettes. The adsorption was measured using 

monochromatic light at 577 nm. 

Particle size distribution measurement was implemented to investigate the 

changes in the platelets morphologies during the milling process. The particle size 

distributions curves were recorded from aqueous dispersions (~1% solid content) 

of the treated Mg-fluorohectorite on a Retsch Horiba LA-950 static light scattering 

(SLS) instrument. The calculation of the particle size distribution was performed 

according to the Mie scattering theory using the following refraction index 

(RIsample: 1.590, RIwater: 1.333).  

SEM images were obtained using a LEO 1530 FESEM (Carl Zeiss GmbH) with an 

acceleration voltage of 5 kV with EDX-detector from Thermo Electron. The 

fluorohectorite samples were freeze-dried before spreading them on the 

conductive sample holder and were sputtered with carbon. The prepared sample 

was dried for half an hour under dust free conditions prior to measurement.  

3. RESULTS AND DISCUSSION 

For ball milling the most ‘shear-labile’ Mg-fluorohectorite was used. Exchanging 

the interlayer Na+ cations with Mg2+ which possess higher enthalpy of hydration 

resulted in an increase in the interlayer distance (d-spacing) from 15.1 Å to 18.7Å 

(Fig. 3a). In the grinding chamber, the slurry composed of the aqueous dispersion 

of the clay and the grinding media, is subjected to shear forces generated due to 

the rotation of the agitator. The maximum shearing stress is produced when the 

fluid is squeezed out just before two balls or a ball and the chamber wall collide. 

Additional shear stress results from the rotation of the balls as shown in Fig. 3b. 

Alongside with exfoliation of the clay tactoids some breakage of the platelets will 

occur. 

In order to be able to distinguish between internal (interlamellar) and external 

CEC, subsequent to milling, all samples were transformed to a mica-like material 

by exchanging with K+ cations. The exchange led to a collapsed state with 

interlayer distance of 9.9 Å. Consequently, only the K+ cations bound to the 
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external surfaces were available for further ion exchange [Möller et al., 2010a]. 

This helped us to selectively monitor the increase of just external basal surface in 

respect to different milling parameters. The milling parameters which mostly 

affect the shear stress ((i) clay content of dispersions and (ii) diameter of grinding 

media) were systematically varied and the degree of exfoliation which 

corresponds to the thickness of the nanoplatelets was investigated.  

 

Fig 3. (a) Tuning of the hydration state in fluorohectorite where M, MH, and ML 

indicate interlayer cations with |Ehyd|: ML < M < MH. (b) Illustration of the shearing 

effect on the fluorohectorite platelets in the milling chamber. 

X-ray diffraction was used as the primary tool to monitor exfoliation. The full 

width at half maximum (FWHM) of (001) reflections may be related to the average 

stack height of tactoids by applying the Scherrer equation [Burton et al., 2009; 

Scherrer, 1918]. We are aware that interstratification can also have a significant 

effect on the FWHM [Dennis et al., 2001]. However, we never saw any signs of 

interstratifications in our samples as would be indicated by irrationality of the 

basal reflection series. Therefore, we feel that the Scherrer equation is valid and 

allows for a, at least, semi-quantitative determination of the thickness of tactoids. 

Nevertheless, we prefer to compare experimentally observed FWHMs instead of 

derived absolute stack heights. 
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3.1. Effect of clay content on the exfoliation  

Based on Kwade’s stress model which describes the physical process in stirred 

media mills, there is a direct relation between the solid content of a dispersion and 

the specific energy [Kwade, 2003; Kwade & Schwedes, 20007]. Since the energy 

input ∆E is maintained constant during the milling process, the specific energy (Es) 

depends directly on the solid content (mp):  

  =  
∆ 

  
                 (2) 

It becomes clear from equation (2) that lower solid content will produce higher 

specific energy during milling and therefore will affect the final product. In Fig. 4 

we compare exfoliation efficiency through the evolution of the FWHM values of the 

(001) reflections for three different sets of Mg-fluorohectorite dispersions (5, 15 

and 30 wt%) as a function of milling time. 

 

Fig 4. Influence of the solid content of three different Mg-fluorohectorite 

dispersions [(■) 5, (●) 15, (▲) 30 wt%] on the FWHM values under the same 

milling conditions. 

For all three clay contents, the FWHM increase significantly with respect to milling 

time indicating efficient exfoliation. Higher clay contents resulted in significantly 

higher FWHM values as compared with lower clay content. In addition, the 

viscosity of the dispersions after treatment increased noticeably indicating that the 

number of independent (thinner) tactoids had increased during milling. It became 

evident that a higher degree of exfoliation can be achieved with higher clay content 
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of the dispersions. The changes in the particle sizes during the milling were 

monitored by SLS measurements. To a first approximation, the hydrodynamic radii 

determined from SLS can be well correlated and assigned to the lateral extension 

(L) [Bowen, 2002]. The results of median particle size (X50 and X90) of dispersions 

of the three contents obtained at different milling times are presented in Fig. 5. 

  

Fig 5. Median size (X50 and X90) values obtained from SLS for three different Mg-

fluorohectorite dispersions [(■) 5, (●) 15, (▲) 30 wt%] under the same milling 

conditions. 

As synthesized, the Mg-fluorohectorite showed a broad particle size distribution 

after the synthesis ranging from 5 μm to 60 μm, and the initial X50 and X90 for the 

pristine Mg-fluorohectorite were 19.4 and 58.6 μm respectively. The size reduction 

upon milling starts levelling off after approximately 90 minutes and for the lowest 

solid content it even approaches a plateau. In the early process of milling, 

disaggregation is quickly achieved and consequently a rapid decrease in X90 was 

detected. Furthermore, comparing the three sets of different clay content revealed 

that more diluted dispersions led to smaller median size indicating that dilution 

favours breakage of tactoids which reduces the lateral extension as was previously 

also noted by [Inam et al. 2001].  

Exfoliation by milling had transformed some interlamellar spaces into outer 

surfaces of increasingly thinner nanoplatelets. The total CEC of the synthetic Na-

fluorohectorite was determined to be 110 meq. /100g. The total CEC is of course 

not affected by exfoliation. However, in the non-swollen K-fluorohectorite the 
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interlamellar space no longer contributes to the CEC. K-fluorohectorite therefore 

exhibits a lower CEC which was merely attributed to external basal planes of the 

tactoids which were still accessible. Increasing exfoliation will, however, produce 

more external surface and hence the CEC of external surfaces of K-fluorohectorite 

is expected to increase with the degree of exfoliation. Fig. 6. shows the CEC and the 

specific surface area values of freeze dried samples of exfoliated fluorohectorite 

platelets.  

  

Fig 6. CEC values (left) of external surfaces and the corresponding BET values 

(right) for three sets of K-fluorohectorite with different solid content [(■), 5 (●), 15 

(▲) 30 wt%]. 

A rather good correlation between CEC of external surfaces and specific surface 

area became obvious. This was somewhat surprising since on one hand breakage 

of platelets will produce additional edge surface which will contribute to the 

external surface area and on the other hand freeze drying might create band 

structures where some of the external surface is no longer available for N2 

adsorption. The observed good correlation of CEC of external surfaces would 

suggest that these two effects may be neglected. After 110 min. of milling the CEC 

of the external surfaces approached approximately a quarter of the total CEC 

suggesting that the average tactoid then consisted of 4 lamellae, for details of the 

derivation see (Möller et al., 2010a). Please note that due to the huge aspect ratio 

observed for the synthetic hectorites, the contribution of the edges to the CEC 

could be safely ignored although the relative contribution to the total surface area 
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increased during milling due to some breakage of platelets. High magnification 

SEM images provide a direct observation of individual exfoliated fluorohectorite 

tactoids. Fig. 7 shows the changes in the morphology of fluorohectorite platelets 

marked by a significant decrease in the tactoids thickness and a reduction of the 

platelet diameter in respect to the milling time.  

 

Fig 7. Representative SEM images of K-fluorohectorite before and after milling for 

90 min (30 wt%). 

In summary all experimental data consistently showed that exfoliation efficiency 

increases with the clay content of the dispersion. At the same time breakage of 

tactoids was least with the maximum clay content. The specific energy produced 

with higher concentration is far less than the energy produced with more diluted 

dispersions. In the grinding chamber the stress events subjected to one particle 

decreases with increasing the solid content. However, the probability that one 

particle or more are stressed between two grinding media is higher by increasing 

the solid content. Thus, the low specific energy apparently favoured desired 

exfoliation of the tactoids while detrimental breakage was minimized.  

3.2. Estimation of average aspect ratios (α) 

Determination of average aspect ratios would indeed require the concomitant 

measurement of both thickness and lateral extension of a statistical significant 

number of individual clay platelets. While AFM delivers height and extension of 

platelets concomitantly, measurement of large numbers is very time-consuming 

and thus impractical. Therefore, we have previously introduced a simple method 

that allows a rough estimate of average aspect ratios [Möller et al., 2010a]. The 
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method correlates the tactoid thickness as determined by the Scherrer equation 

with the value of the total specific surface area:  

  =    .  =
2   3  8 

    L   3
                       (3)  

Where: Sm is the total specific surface area [m2/g], np is the number of particles per 

gram, Op denotes the surface area of a single hexagonal particle, L, h represent the 

diameter and height of tactoid in [nm] and finally ρ is the particle density and it 

was assumed to be 2.7 [g/cm3]. The contribution of the edges to Sm is accounted 

for by assuming a uniform and ideal hexagonal morphology of the platelets. The 

median particle size diameter (X50) is used as the lateral extension of this uniform 

hexagonal platelet. For details see the supporting information of Möller et al.. The 

specific surface area as determined by BET SSA includes contributions of quasi 

crystalline overlap regions [Rutherford et al., 1997]. The contributions most likely 

are small for the coarse grained starting material but might increase upon milling. 

These contributions were ignored in the derivation of the aspect ratios.  

In Fig. 8. aspect ratios as estimated by applying equation (3) are compared. Again, 

the crucial influence of the clay content on the resulting aspect ratio becomes 

obvious. Moreover, while both exfoliation as indicated for instance by FWHM (Fig. 

4) and breakage as indicated by particle size distribution (Fig. 5) showed no 

extrema, for the estimated aspect ratios maxima were observed as a function of 

milling time. The maximum is shifted to longer milling times with increasing clay 

contents of the dispersions. Interestingly, the largest aspect ratios that may be 

obtained increase with clay content too. Consequently, the maximum aspect ratio 

of all samples was observed for the highest clay content (30 wt%) after 90 min. of 

milling. An aspect ratio ten times higher than the pristine Na-fluorohectorite was 

achieved. Although SEM images might not be representative for the bulk sample, 

Fig. 7b where a platelet with an aspect ratio >1000 can be seen, would suggest that 

the real aspect ratios are even underestimated by equation (3). This might be 

explained by the fact that the averaged FWHM observed will overemphasize well 

ordered thicker platelets. 

Unfortunately, the clay content cannot be increased beyond 30 wt% because the 

maximum value of pressure is already reached with this concentration. 
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Fig 8. Evolution of estimated aspect ratios (α) values with milling time for 

dispersions of different clay contents (for pristine Na-fluorohectorite: α~ 50). 

3.3. Effect of grinding media diameter on exfoliation  

In addition to the influence of clay content of dispersions on the exfoliation 

efficiency, the effect of grinding media diameter on the final product was 

investigated. The optimum concentration, as identified in the previous section, of 

Mg-fluorohectorite dispersion (30 wt%) was used for the evaluation of two 

different grinding media diameters (1.4-1.6 and 0.6-0.8 mm) in respect to the 

degree of exfoliation. The stress energy generated by the grinding media is an 

important factor and is defined by the following equation: 

  =         
2 =    

3         
2   (4) 

Where; dGM represent the diameter of the beads in [mm], ρGM represents the 

density of beads in [kg/m3] and Vt is the velocity of the agitator given in [m/s]. 

The calculation of the stress energy for the two grinding media chosen shows, that 

the large grinding media GM1 generate 10 times higher energy than the smaller 

GM2 (0.527 and 0.051 Nm respectively) at a fixed agitator speed of 6.43 m s-1 or 

2050 rpm. GM1 has been used for all results presented in the first part where the 

effect of the solid content was studied. Fig. 9 shows the influence of two different 

grinding media diameter (GM1 and GM2) on the evolution of FWHM values with 

time.  
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Fig 9. Influence of two different grinding media sizes, GM1 and GM2 [(▲) 1.4-1.6 

mm, and (♦) 0.6-0.8 mm] on the evolution of FWHM values with milling time for a 

30 wt% dispersion of Mg-fluorohectorite. 

While the initial increase of FWHM values was similar for both ball sizes, at 

elongated milling times the smaller grinding media GM2 exfoliated the synthetic 

clay more efficiently as indicated by the larger FWHM observed. The evolution of 

the particle size distributions with time also showed a crucial influence on the ball 

size (Fig. 10). Interestingly, on one hand using smaller grinding media led to a 

much narrower particle size distribution after milling as compared to the bigger 

grinding media GM1 (Fig. 10). 

On the other hand, the particle size dropped significantly quicker during early 

stages of milling with smaller grinding media (after 30 min.: X50 = 14.8 µm and     

X50 = 9.3 µm for GM1 and GM2, respectively). For the smaller grinding media, the 

particle size quickly approached a plateau already after 70 min. of milling, while 

for the larger grinding media anything up to 130 min. were required. 
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Fig 10. Cumulative, volume weighted particle size distribution (Q3) curves 

obtained by SLS showing the effect of two different grinding media (GM1 and GM2) 

on a 30 wt% dispersion of Mg-fluorohectorite in respect to the milling time: [(■) 

initial, (●) 10, (▲) 50, (♦) 90, (▼) 130 min]. 

Although the difference in median particle sizes seen with the two different 

grinding media sizes became smaller with increasing milling time, even after 130 

min., larger grinding media gave larger particle sizes (X50 = 7.5 µm and X50 = 6.4 µm 

for GM1 and GM2, respectively). The assessment of the surface characteristics 

between the two grinding media showed higher values for both, the CEC of 

external surfaces and the BET surface areas, for smaller grinding media 

independent of milling time as is illustrated in Fig. 11. These observations were 

consistent with the evolution of FWHM of the basal reflection with milling time  

and indicated on one hand more efficient exfoliation of clay platelets with smaller 

grinding media. 
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Fig 11. CEC values (left) of external surfaces and the corresponding BET values 

(right) for two sets of K-fluorohectorite produced by milling with two different 

grinding media [(▲) 1.4-1.6 mm, and (♦) 0.6-0.8 mm]. 

On the other hand, the evolution of particle sizes with milling (Fig. 10) showed that 

smaller grinding media caused more breakage of platelets and therefore the effect 

on the on maximum aspect ratio achievable was unclear at this stage. However, 

applying equation (3) allowed estimating the aspect ratio (Fig. 12) and it became 

apparent that for smaller grinding media efficiency of exfoliation still won over 

more pronounced breakage resulting in larger aspect ratios. A possible explanation 

for the counterintuitive higher efficiency of larger GM as compared to smaller GM 

in respect to exfoliation might possibly be related to the grossly differing specific 

surface area of the two GM (6.54·10-4 m2g-1 and 25.65·10-4 m2g-1 for GM1 and GM2, 

respectively). Higher surface area will increase the probability of beads interacting 

directly with fluorohectorite triggering breakage. This would also explain why the 

particle size distribution at the same was getting narrower with smaller GM.  

In summary, the data collected varying the concentration of dispersions and the 

grinding media size suggested that both, the average height of the tactoids and the 

distribution of lateral sizes of clay tactoids could be controlled to a certain degree 

by adjusting the parameters of the milling process in combination with the process 

duration.  
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Fig 12. Evolution of estimated aspect ratio (α) values for 30 wt% clay dispersions 

treated with two different grinding media (GM1 and GM2) in respect to milling 

time. 

4. CONCLUSION 

Stirred media milling was proven as a very efficient and scalable method to 

significantly increase the aspect ratio of ‘shear-labile’ synthetic Mg-fluorohectorite. 

The efficiency was, however, crucially dependant on experimental parameters. 

Two different parameters, the clay content of dispersions and the grinding media 

diameter were studied and evaluated thoroughly and optimal parameters for 

maximizing aspect ratios could be identified: Clearly, the combination of high clay 

contents and small grinding media favoured exfoliation. In respect to grinding 

times, the aspect ratio passed through maxima which consequently must be 

identified for any particular material in order to obtain the best possible aspect 

ratios. Being a common industrial milling technique, up-scaling to mass production 

will be straight forward. 
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ABSTRACT  

Optimizing the reinforcement of polymers with nanoplatelets requires 

optimization of the aspect ratio and the moduli of the filler while providing a 

complete stress transfer. Employing a novel shear-stiff, nano-mica with large 

aspect ratio, we focus on maximizing the interfacial interaction between filler and 

matrix. External surfaces of the nano-mica were selectively modified by a 

polycationic macro-initiator and two PMMA-polymer brushes of length below and 

above critical entanglement length, respectively, and the mechanical properties of 

the three PMMA composites were measured. 

The multiple electrostatic anchoring groups of the macro-initiator not only provide 

reliable adhesion but at the same time allow the variation of the degree of 

protonation providing a local match between the charge densities of the clay 

surface and the adsorbed macro-initiator. PMMA-coating of the nano-mica yielded 

long-term stable suspensions in THF that showed birefringence of a nematic phase. 

Solution blending of the PMMA coated nano-mica allows for dispersing single 

tactoids in the translucent PMMA-composites at 5 wt% clay content as determined 

by transmission electron microscopy (TEM). Although significantly improved 

mechanical properties could be achieved as compared to nanocomposites made 

with conventional clay fillers, the full potential, as expressed by Halpin-Tsai 

equations, of the PMMA coated nano-mica can still not be utilized.  
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This is attributed to the non-wetting character of the densely packed PMMA 

brushes attached to planar nanoplatelets.  

Keywords: nano-mica, PMMA composites, ATRP, colloidal stability, nematic phase, 

non-wetting 

1. INTRODUCTION 

Incorporation of two-dimensional nanomaterials, in particularly anisotropic 

platelet-like layered compounds such as layered silicates [1-3] and layered double 

hydroxides [4,5], paved the way for cutting-edge composite materials. The 

incorporation of such nanomaterials into polymeric matrices created new and 

various fields of nanotechnological applications; for instance superb gas barrier 

diffusion for packaging [6-8], flame retardancy through intumescent-like 

behaviour [9], and mechanical reinforcement were described [10] for such 

polymer layered silicate nanocomposites (PLSN). Nevertheless, there are still 

fundamental challenges limiting the progress in all areas which leave room for 

further major improvements. These limitations range from the tendency of such 

nanoparticles to aggregate in polymeric matrices [11], the dimensions and 

properties of the dispersed nanoparticles [1,12], and inefficient interface 

management between the dispersed nanoparticles and the matrix [13].  

Over the years, natural montmorillonite (MMT), completely ion exchanged with 

alkylammonium cations, has emerged as the conventional nanofiller. However, 

natural clays have major drawbacks such as the inherent small lateral extension 

(L) < 250 nm which limits their average aspect ratios (α) to typically less than 100. 

Furthermore, natural MMT suffers from heterogeneity in surface charge which 

consequently leads to non-uniform interlayer reactivity hampering control over 

the nanoplatelets stiffness. Moreover, amorphous materials like iron- and 

aluminium-oxihydroxides acting as binders render these fillers difficult to be 

disaggregated and even more so to be completely delaminated into individual 

silicate layers delivering the maximum possible aspect ratio for a given platelet 

diameter [14-16]. The aspect ratio (α) is expressed by the lateral extension (L) of 

the platelet divided by its thickness h which is ~1 nm for singular 2:1-layer. 

Furthermore, incomplete delamination of clay tactoids in the polymer matrix has a 

detrimental effect on the mechanical efficiency because the remaining interlayer 
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spaces may act as inner shear planes inducing failure when introducing shear 

stress [17].  

The shear stiffness may however be increased by collapsing the interlayer space 

producing mica-like platelets. In mica, the interlayer space is bridged by non-

hydrated potassium ions protruding into cavities of the 2:1 silicate layer on both 

sides of the interlayer space. By adjusting the charge density to the hydration 

enthalpy of different interlayer cations, the synthetic fluorohectorite even allows 

for switching between a highly hydrated, shear-labile state with Mg2+ as interlayer 

cations and a completely nonhydrated, nonswelling, mica-like, shear-stiff state 

with K+ as interlayer cations [18]. The shear stiffness is, in turn, related to the 

flexural rigidity of the reinforcing nanoplatelet, which increases with ~h3 and the 

strength of the interaction along the stacking direction [19]. Therefore, using mica-

like synthetic clay with high inner shear plane stiffness, which allows high 

dispersion quality in the polymer matrix would be advantageous [20]. 

This synthetic layered silicate is characterized by an extraordinary lateral 

extension (L) of typically 5-7 µm and layer charge homogeneity. We have already 

reported that the incorporation of such high aspect ratio, shear-stiff, nano-mica 

platelets by melt compounding enhanced the mechanical properties of PMMA 

nanocomposite significantly [10]. However, the exploitation of the full potential of 

this novel nanomaterial has been hindered by suboptimal dispersion in the 

polymeric matrix. We now report on composite materials with improved 

interfacial interaction between the nanoplatelets and matrix leading to a 

homogeneous distribution of nanofiller.  

It has already been reported that coating spherical iron oxide nanoparticles with a 

polymer brush layer provides perfect miscibility in a polyethylene matrix [21]. 

Moreover, coating the external basal surfaces of the nanoplatelets with polymer 

brushes of the same polarity as the matrix is expected to minimize surface tension 

and to provide the largest possible stress transfer from matrix to nanoplatelets.  

When a ‘’grafting-from’’ approach is taken for coating the nanoplatelets with a 

polymer brush via living polymerization techniques such as atom transfer radical 

polymerization (ATRP) are applied, the length of the brush may be controlled [22]. 
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This allows checking for a possible further improvement of stress transfer for 

brushes longer than the critical entanglement length. 

In this line, MMT has been modified with molecular cationic ATRP initiators to 

graft n-butyl acrylate (BA) and methyl methacrylate (MMA) from the clay surfaces 

[23,24]. While these molecular initiators occupy both, internal and external 

surface, the novel nano-mica allows selective attachment of a polycationic macro-

initiator (MIn+) to external surfaces. It is expected that the higher shear stiffness of 

the modified nano-mica provides improved reinforcement while the optimized 

interfacial interaction allows for a better stress transfer in these novel PMMA 

composites as compared to conventional MMT fillers. 

2. EXPERIMENTAL AND CHARACTERIZATION METHODS 

2.1. Materials and chemicals 

The starting material for the preparation of the nanofiller is a synthetic Na-

fluorohectorite with the chemical formula Na0.5[Mg2.5Li0.5]Si4O10F2 and a CEC of 

110 meq./100 g. The aspect ratio was tuned to an average of 500 by exfoliation of 

the highly hydrated state, represented by the presence of Mg2+ cations in the 

interlayer space, in a stirred media mill. Subsequent cation exchange with K+ 

cations yields a collapsed non-swollen and ‘shear-stiff’ nano-mica with no 

intracrystalline reactivity [18,25]. 

2-Cyano-2-propyl benzodithioate (CPBT) (97%, Aldrich), 2-bromoisobutyryl 

bromide (98%, Alfa-Aesar), triethylamine (min. 99%, Aldrich), 2-hydroxyethyl 

methacrylate (HEMA) (97% Aldrich) and N,N,N',N'',N"-pentamethyl-

diethylenetriamine (PMDETA) (97%, Aldrich) were used as received without 

further purification. Ethyl 2-bromoisobutyrate (EBiB) (99%, Aldrich) was used as 

free sacrificial initiator. Azobisisobutyronitrile (AIBN) (98%, Aldrich) was used 

after recrystallization twice from methanol. Solvents such as THF (p.a.), DMSO 

(p.a.), Dimethylacetamide (DMAc) and anisole (p.a.) were purchased from Aldrich 

and used as received unless stated. Dichloromethane (p.a. Aldrich) was stored over 

molecular sieves (3Å) to remove water traces. 2-Dimethylaminoethyl methacrylate 

(DMAEMA) (98% Aldrich) and methyl methacrylate (MMA) (99% Aldrich) were 

passed over a basic alumina column to remove stabilizer prior to polymerisation. 
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2-(2-Bromoisobutyryloxy)ethyl methacrylate (BIEM) was synthesized according to 

literature [24]. A commercial PMMA (Plexiglas POQ62 supplied by Evonik 

Industries) was used as matrix. PMMA has a molecular weight (Mw) of 73 kg/mol 

with a polydispersity index of 1.63.  

2.2. Synthesis of poly (2-(2-bromoisobutyryloxy) ethyl methacrylate)-stat-(2-

(dimethylamino) ethyl methacrylate) (MIn+)  

To a 100 ml round bottom flask, equipped with rubber septum, BIEM (1.7 g;         

6.1 mmol), DMAEMA (6.7 g; 42.8 mmol), 2-Cyano-2-propyl benzodithioate (CPBT), 

(270 mg; 1.2 mmol), AIBN (100 mg; 0.6 mmol) and 40 ml of DMSO as solvent in 

addition to 2 ml of anisole as internal standard were added. After three freeze-

pump-thaw cycles the reaction was placed into an oil bath at 70 °C for 4 h to reach 

a conversion of 54% as determined by 1H NMR spectroscopy. The resulting 

polymer solution was cooled, exposed to air and dialysed against dioxane until no 

monomer related peaks at 5.8-6.4 ppm were detected by 1H NMR spectroscopy.  

Mn = 9000 g/mol and Mw = 14000 g/mol was determined via SEC with DMAc as 

eluent and a DMAEMA calibration. 1H NMR (300 MHz, CDCl3, δ in ppm): 4.4 – 4.1 

(R-C(-CH3)-COO-CH2-CH2-OOC-C(CH3)2-Br), 4.0 (R-C(-CH3)-COO-CH2-CH2-N-

(CH3)2), 2.6 (R-C(-CH3)-COO-CH2-CH2-N-(CH3)2), 2.2 (R-C(-CH3)-COO-CH2-CH2-N-

(CH3)2), 1.9 (R-C(-CH3)-COO-CH2-CH2-OOC-C(CH3)2-Br), 1.8 (R-C(-CH3)-COO-CH2-

CH2-N-(CH3)2). 

2.3. Organophilization and surface initiated (SI)-ATRP of PMMA brushes 

The external surface of K-nano-mica (10 g) was flocculated with a solution of MI 

(330 mg) in DI water at pH=7.2. Subsequently, the flocculated hydrophobic 

nanoplatelets (MI/nano-mica) were centrifuged and redispersed in THF for few 

times. The grafting of MMA was initiated from MI/nano-mica via a copper 

mediated ATRP in the presence of EBiB as a free sacrificial initiator. All 

experiments were performed under inert atmosphere in a conventional run 

procedure [22,27]; A dispersion of the MI/nano-mica (10 g; calculated 370 µmol of 

initiating sites) in 400 ml THF, MMA (164.5 g; 1.462 mol) and EBiB (19 mg; 97.5 

µmol) were added to a flask and sealed with a rubber septum.  

The reaction mixture was degassed three times by freeze-pump-thaw cycles and 

filled with argon. In a separate flask a stock solution of PMDETA, Cu(I)Cl and 
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Cu(II)Cl2 (338 mg; 975 µmol, 115.8 mg; 1.17 mmol and 39.2 mg; 292.5 µmol) in 20 

ml anisole was degassed for 30 min under argon. Finally, 10 ml of the stock 

solution was introduced to the reaction flask by a syringe. The reaction flask was 

immersed in an oil bath at 80°C. Samples were withdrawn at various times to 

monitor the reaction kinetics by determining the monomer conversion from the 

integration of the residual monomer peaks by 1H NMR spectroscopy with anisole 

as an internal standard. Average molecular weights and molecular weight 

distribution were measured by size exclusion chromatography (SEC) for the free 

polymer initiated from the sacrificial initiator.  

The free polymer was recovered after passing over a basic alumina column to 

separate the clay nanoplatelets. The reaction was stopped after 300 min by cooling 

and exposing to air. The same procedure was repeated and the reaction was 

stopped after 30 min for shorter PMMA brushes. The final hybrids of PMMA coated 

nano-mica were centrifuged and washed few times with THF to remove the free 

PMMA chains and finally redispersed in THF. 

2.4. Preparation of PMMA/nano-mica composites  

A solution blending route was applied for optimum dispersion of the modified 

nano-mica in the matrix. Nano-mica suspension in THF was mixed with a solution 

of PMMA in THF (5 wt% clay content) and placed in an overhead shaker for 18 hr 

for homogenization. Subsequently, the suspension was film casted and dried in an 

oven under vacuum at 90 °C for 18 hours and at 140 °C for another 8 hours. The 

dried composite materials were cryo-grinded to fine powder prior to melt 

compounding. The compounding was done in a discontinuous counter-rotating 

twin-screw micro-compounder (DSM Xplore, 15 ml micro-compounder) at a 

temperature of 200 °C, a mixing speed of 210 rpm and a mixing time of 3 min. The 

material was added batch wise to the running micro-compounder and during each 

cycle a batch of 11 g was processed. After extrusion, the melt was injection-

moulded with a microinjector (DSM Xplore 12 ml injection moulding machine; 

melt temperature: 190 °C; mould temperature: 40 °C; injection pressure: 8 bar) 

into dumbbell specimens (75 mm × 5 mm × 2 mm) for tensile testing. 
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2.5. Instrumentation and characterization 

Determination of point of zero charge of the external basal surface was done using 

charge titration stability analyzer (Stabisizer®, Particle Metrix GmbH). Aqueous 

dispersion of K-nano-mica (30 mg) was titrated with MI solution (1g/L) at 

different pH values. The transmittance absorption spectra were recorded on a 

Nicolet FTIR 460 (Thermo Nicolet Corp.) using 64 scans at 4 cm−1 spectral 

resolution at room temperature. The specific surface area of a freeze-dried K-nano-

mica sample was calculated from the N2 adsorption/desorption isotherms 

(Quantachrome Nova 2000e analyzer) applying the Brunauer-Emmett-Teller 

(BET) equation. In the non-swollen K-nano-mica, the interlamellar space is no 

longer accessible and the CEC and BET values are attributed solely to the external 

basal planes of the tactoids. Furthermore, due to the high aspect ratio observed for 

the synthetic fluorohectorite, the contribution of the edges to the specific surface 

area can be safely ignored.  

Monomer conversion was determined from the integration of the residual 

monomer peaks by 1H NMR spectroscopy with anisole as an internal standard. The 

1H NMR spectroscopy was performed on a Bruker Avance 300 spectrometer. 

Average molecular weights and molecular weight distribution were measured by 

conventional size exclusion chromatography (SEC). Column set: 5 μm SDV® gel, 

102, 103, 104, and 105 Å, 30 cm each (PSS, Mainz). Detectors used are refractive 

index (RI) and UV operated at 254 nm. The number-average (Mn) and weight-

average (Mw) molecular weights were calculated by using a calibration curve 

which was constructed using PMMA with low dispersity as standard (PMMA 

standards series, PSS, Mainz). DMAc or THF was used as eluent at a flow rate of 1 

ml/min.  

Thermal gravimetric analysis (TGA) was conducted on a Mettler TG 50/TA 3000 

thermobalance. Samples were heated at a heating rate of 20 K/min from 30 to 

600°C under oxidative atmosphere. The morphology of the surface was examined 

by scanning electron microscope (SEM) using a Zeiss EM 922 EFTEM (Carl Zeiss 

GmbH) with an acceleration voltage of 200 kV.  

The stability measurements were performed in a LUMiFuge® 114 (LUM) with a 

variable rotation frequency of 300, 600, 900 rpm and different time intervals of 
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200 and 400 s, respectively. Clay suspensions (0.5 wt%) in THF and water were 

placed in tubes in horizontal positions on the disc of the LUMiFuge®. During the 

horizontal rotation of this disc the transparencies of the suspensions were 

measured in the area between the menisci and the sediment. The mean 

transparency of the whole area was determined. The transparency was measured 

in time intervals of 10 s while increasing rotation speed stepwise.  

The optical parameters transmittance, haze, and clarity of the PMMA/nano-mica 

composites were measured on a BYK Gardner haze-gard plus in accordance with 

ASTM D1003 “Standard Test Method for Haze and Luminous Transmittance of 

Transparent Plastics”.  

Transmission electron microscope (TEM) measurements were carried out on a 

Zeiss CEM 902 EFTEM with an acceleration voltage of 200 kV. Specimens were 

microtomed to obtain 30–50 nm thick pieces, which were placed on a lacey carbon 

copper grid. Tensile modulus, tensile strength and elongation at break were 

measured using a Universal Tensile Tester according to ISO 527 applying a strain 

rate of 1 mm/min. For each material at least 6 samples were tested. The elongation 

was determined by a macro-displacement-transducer.  

3. RESULTS AND DISCUSSION 

3.1. Preparation of PMMA coated nano-mica nanofiller 

3.1.1. Tailoring of high aspect ratio K-nano-mica  

As previously shown [18], with synthetic Na-fluorohectorite the subtle balance 

between layer charge and hydration enthalpy of different interlayer cations allows 

for controlled transformation between a highly hydrated and a non-hydrated state 

by simple cation exchange. This transition between hydration states cannot be 

observed for natural MMT due to both heterogeneity of charge density and lower 

average layer charge. The highly hydrated and therefore ‘shear-labile’ state, in 

which Mg2+ cations occupy the interlayer space (basal spacing: d = 18.6 Å), enables 

an efficient exfoliation to increase the aspect ratio by applying shear forces in a 

stirred media mill [25]. 

Subsequent cation exchange with K+ cations yields a collapsed non-swollen and 

‘shear-stiff’ mica-like nanofiller (nano-mica, d = 9.9 Å) (Fig. 1a). A rough estimate 
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of the average aspect ratio can be calculated using a previously introduced method 

which correlates the tactoid thickness as determined by the Scherrer equation 

with the value of the total specific surface area [18]. Thus, by having a median 

particle size distribution, X50 = 6.4 µm as determined by static light scattering and a 

large external specific surface area of 60 m2/g as obtained via N2 

adsorption/desorption measurement applying the BET equation, we can estimate 

an average aspect ratio of 500 for the K-nano-mica used here. This nanofiller 

combines the best of two worlds, the stiffness of the mica-sandwich and an aspect 

ratio significantly larger than what can be obtained with natural MMT. 

3.1.2. Selective surface modification 

The pristine K-nano-mica obtained still carries hydrated inorganic K+ on the outer 

surface. To transfer it into a hydrophobic polymer matrix its surface tension has to 

be lowered to improve the matrix-filler interaction and to prevent aggregation of 

the filler. Any aggregation (see discussion below for details) will lower the specific 

interface in the composite and such reduce the potential improvements of 

composite properties. A polycationic macro-initiator (MIn+) was employed for 

modification of the nano-mica. The MIn+ consists of a statistical copolymer of 

DMAEMA and BIEM in a 3:1 ratio with an average degree of polymerization (DP) of 

40 units (Fig. S1). This polymeric modifier is unable to intercalate between the 

silicate layers and the cation exchange is restricted to outer basal surfaces leaving 

the basal spacing unchanged. Moreover, the multiple electrostatic anchoring by 

ammonium groups incorporated in the backbone of the MIn+ allow for a more 

reliable adhesion to the nano-mica as compared to single charged molecular 

anchoring groups.  

The successful modification was confirmed qualitatively by FT-IR (Fig. S2). MIn+ 

not only is firmly anchored but at the same time the degree of protonation can be 

varied and by this the charge density of the macro-initiator can be adjusted to the 

charge density of the clay surface. Furthermore, each MIn+ chain bears an average 

of ten potential initiator groups for a surface-initiated (SI)-ATRP, subsequently 

enabling a controlled grafting of polymeric brushes from the surface of the 

modified nano-mica.  
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The charge (n+) of the macro-initiator, MIn+, can be tuned by adjusting the pH and 

therefore the degree of protonation of the amine groups of the DMAEMA. The 

influence of charge variation on the adsorbed polycationic MIn+ on the external 

basal surface of nano-mica and its effect on stability has been investigated. The 

charged DMAEMA groups can be anchored onto the surface by a cation exchange 

with the K+ cations and the uncharged amine groups act as neutral spacer (Fig. 1b).  

To attain different degrees of protonation of the amine function of DMAEMA, the 

pH of the solution was adjusted using acetic acid [28]. The charge titration curves 

at different pH solutions with the same amount of K-nano-mica are shown in Fig. 2. 

The amount of MIn+ anchored on the external basal surface at the point of zero 

charge as expected increases with decreasing degree of protonation.  

 

Fig. 1. a) A schematic representation of tailoring high aspect ratio ‘shear-stiff’, K-

nano-mica nanoplatelets after exfoliation and exchanging the interlayer cations 

and b) selective modification of only the external basal surface using MIn+. 

Concomitantly with annihilation of the surface charge, the modification of K-nano-

mica with MIn+ leads to organophilization of the clay altering its state from 

hydrophilic to hydrophobic and leading to flocculation of nanoplatelets in aqueous 

solution.  
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Fig. 2. Charge titration of K-nano-mica (30 mg in 10 ml DI water) with MIn+ 

solution (1 g/l) until point of zero charge as a function of pH, related to the degree 

of protonation (θ): (▼) pH= 4.6; θ= 100%, (▲) pH= 5.5; θ= 75%, (●) pH= 6.4; θ= 

50% and (■) pH= 7.2; θ= 25%. 

The quality of the dispersion in THF after organophilization with MIn+ is 

significantly influenced by the loading of MIn+. As a semi-quantitative 

measurement of dispersion stability, forced sedimentation experiments were 

performed applying a LUMiFuge® 114 (Fig. S3). The integrated transparency of a 

0.5 wt% suspensions in THF of K-nano-mica modified with MIn+ at pH= 7.2;           

θ= 25% is significantly higher as compared to all other samples suggesting that 

this packing density of MIn+ gives the most stable dispersion in organophilic 

environments. Consequently, controlled polymerizations were focused on the K-

nano-mica modified with MIn+ at pH= 7.2 (θ: 25%) and this material will be 

referred to as MI/nano-mica hereafter.  

3.1.3. Surface initiated (SI)-ATRP of PMMA brushes 

The grafting-from process of planar PMMA brushes was initiated from the basal 

planes of the MI/nano-mica. The determination of the molecular weight of grafted 

polymer was facilitated by analysis of free chains formed in solution using a 

sacrificial-initiator. EBiB was used as initiator from free chains due to its structural 

similarity to the incorporated BIEM in the MIn+.  

A good correlation between the molecular weights of these loose polymer chains 

grown in solution and the molecular weights of polymer brushes anchored to a 
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surface has been shown before [29,30]. The ATRP technique allows the grafted 

chains to grow slowly and simultaneously. Therefore, it is possible to obtain 

brushes with narrow molecular weight distribution and polydispersity. Table 1 

lists the number and weight average molecular weights Mn and Mw of the free 

PMMA grown in solution determined by SEC as a function of reaction time. The 

differences between theoretical and experimental values can be assigned to an 

initiation efficiency of less than 100%. 

Table 2. Molecular weights of the free PMMA chains as a function of 

polymerization time in THF 

time (min) Conv.a (%) DPa Mn
a (kg/mol)  DPb Mn

b (kg/mol) Mw
b (kg/mol) PDIb   

10 1 36 3.5  84 8.4 10.0 1.2   

20 2 72 7.2  100 10.0 13.0 1.3   

30 4 120 12.0  150 15.0 17.0 1.1   

60 5 143 14.3  190 19.0 23.0 1.2   

120 7 203 20.3  310 31.0 36.0 1.2   

300 9 263 26.3  380 38.0 50.0 1.3   

adetermined by 1H NMR spectroscopy. bdetermined by SEC with THF as eluent and PMMA 

calibration 

The reaction shows a controlled character with polydispersity index close to 1. Fig. 

3 (left) shows the evaluation of ln[M]0/[M] vs. time where, polymerization rate 

slows down after 120 min. This indicates that the number of the initiating species 

remains approximately constant up to 120 min reaction time and then starts to 

decrease. Furthermore, by plotting the molecular weight versus conversion as in 

Fig. 3 (right), a linear increase ascertained the controlled behaviour of the reaction. 
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Fig. 3. (▲) Plots of ln[M]0/[M] vs. time for the solution polymerization of free 

PMMA. (■) evolution of molecular weight with conversion of MMA monomers. 

The amount of surface grafted PMMA was examined by TGA (Fig. 4). As expected, 

the PMMA coated nano-mica with longer polymer chains showed a higher weight 

loss of organic material. Weight losses observed below 100 °C are assigned to 

remaining solvent and are neglected in the calculation. MI/nano-mica was found to 

have 3.1 % loss of volatile materials after heating to 400 °C. The grafted PMMA 

coated nano-mica showed a weight loss of 13.0% and 32.5% for grafted PMMA 

chains with a DP of 150 (short PMMA) and 380 (long PMMA), respectively. 

The grafting density and initiation efficiency represented by the number of chains 

per nm2 can be calculated from the TGA and SEC data.  

All calculations of grafting density were based on the following formulas: 

 =  
     

  
                                 1  

 ′ =  
     

  
                              (2) 

Where σ is the grafting density (initiator per nm2), σ’ is the grafting density (chain 

per nm2), MI is molar amount of the initiating species per g of MI/nano-mica, MP is 

the molar amount of PMMA chains, NA is the Avogadro constant and SA is the 

specific surface area of the K-nano-mica. 
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Fig. 4. TGA measurements of a) MI/nano-mica, b) short PMMA coated nano-mica 

(DP 150) and of c) long PMMA coated nano-mica (DP 380). 

A grafting density of 0.3 ATRP initiator functions per nm² was calculated from (1). 

For the PMMA coated nano-mica calculations, (2) gave a grafting density of 0.09 

and 0.085 chains per nm2 corresponding to an initiation efficiency of 30% and 

28% for DP 150 and DP 380, respectively. The relatively low efficiency can be 

attributed to certain issues in the applied polymerization system: whereas, copper-

complexes used as catalysts can adsorb/ion-exchange onto the surface of the 

nanoplatelets. Indeed the PMMA coated nano-micas have a deep blue colour due to 

adsorbed catalyst (Fig. 6) and thus, reduction of the concentration of free catalyst 

will slow down kinetics of the polymerization.  

The morphological changes of external surfaces of the nano-mica before and after 

polymerization were analyzed using SEM. The K-nano-mica after exfoliation has a 

large lateral extension and a smooth surface (Fig. 5a) when compared to the rough 

surface of MI/nano-mica (Fig. 5b). The grafted PMMA brushes gives a rougher and 

coarse surface with pattern typical for collapsed PMMA chains in a dried state 

forming mushroom-like structures (Fig. 5c), as expected for the achieved high 

grafting density [31].  
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Fig. 5. SEM images of a) exfoliated K-nano-mica, b) surface morphology of 

MI/nano-mica and c) surface of PMMA coated nano-mica (DP 380) indicating 

collapsed polymer chains (Arrows indicate clay fragments from the milling 

treatment). 

3.2. Dispersion quality and stability in solvents 

3.2.1. Shear induced birefringence  

Typically, particles in colloidal suspension are randomly oriented. When 

anisotropy comes into play, like with K-nano-mica nanoplatelets of 500 aspect 

ratio, the particles might no longer be able to move independently, in particular 

when objected to lamellar flows [32-34]. In Fig. 6 (left) a dispersion of unmodified 

K-nano-mica in water is compared to dispersions of MI/nano-mica and PMMA 

coated nano-mica in THF. As already mentioned the blue colour of the latter is due 

to adsorbed/ion exchanged copper-complexes used as a catalyst for ATRP. 

 

Fig. 6. Dispersions (1 wt%) of unmodified K-nano-mica in water (left), MI/nano-

mica in THF (middle) and PMMA coated nano-mica (DP 380) (right). 

A gentle movement of the containers induces a vivid birefringence of a nematic 

phase in both unmodified K-nano-mica in water and PMMA coated nano-mica (DP 
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380) in THF (Fig. 6 left and right). However, the dispersion of MI/nano-mica in 

THF (Fig. 6 middle) is not stable enough to observe this birefringence. Stirring 

generates a lamellar flow, causing the clay platelets to orient parallel in the shear 

field. Platelets in the stack can no longer rotate freely and the distance of the 

platelets is fixed by lateral extension of the platelets which is in the range of visible 

light allowing birefringence to be observed with the naked eye. Observation and 

evidence of optical birefringence which demonstrates the existence of a liquid 

crystalline order of the platelet-like particles has already been reported for 

aqueous smectite suspensions [34-36]. The nematic phase displays a threaded 

Schlieren pattern resulting from the orientation of individual particles with high 

aspect ratio [37]. Interestingly, the occurrence of birefringence seems to be a first 

optical indication of the quality of dispersion as will be discussed next.  

3.2.2. Stability of dispersion 

The stability of the colloidal dispersions was investigated in a semi-quantitative 

way by forced sedimentation experiments applying a LUMiFuge® 114. Fig. 7 

compares the integrated transparency of unmodified K-nano-mica in an aqueous 

dispersion with MI/nano-mica and two PMMA coated nano-micas in THF.  

 

Fig. 7. Integrated transparency of 0.5 wt% dispersions under time dependent 

centrifugal forces of 300, 600 and 900 rpm; (■) MI/nano-mica in THF, (●) PMMA 

coated nano-micas in THF (DP 150), (▲) PMMA coated nano-micas in THF (DP 

380) and (▼) unmodified K-nano-mica in water. 
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The K-nano-mica suspension in water is highly hydrophilic and carries a high 

negative surface potential resulting in the most stable suspension. Due to the large 

lateral dimension of platelets it still sediments. All organophilized samples in THF 

are less stable as compared to K-nano-mica in an aqueous dispersion. The fact that 

THF is a good solvent for PMMA explains the greatly enhanced stability of the 

PMMA coated nano-mica which improves with increasing chain length. DP 380 at 

low centrifugal forces (300 rpm) even matches the stability of K-nano-mica in an 

aqueous dispersion. Please note that these two samples also are the ones for which 

optical birefringence could be observed contrary to the less stable MI/nano-mica 

suspension in THF. 

3.3. PMMA/nano-mica nanocomposites  

3.3.1. Optical characteristic 

The optical properties of PMMA/nano-mica nanocomposites at 5 wt% clay content 

were characterized by measuring the total optical transmittance, clarity, and haze 

(Fig. 8) using flat samples (1 mm thick). Neat PMMA is almost transparent, its total 

transmittance is very high, but some diffuse scattering appears.  

 

Fig. 8. Values of optical transmittance (ratio of transmitted to incident light), haze 

(wide angle scattering) and clarity (narrow angle scattering) of neat PMMA and 

three different PMMA/nano-mica nanocomposites at 5 wt% clay content. 

MI/nano-mica exhibit high optical transmittance similar to PMMA even at this high 

clay content. In case of PMMA coated nano-mica, optical transmittance is 
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significantly reduced. This is attributed to the colour of the adsorbed/ion 

exchanged copper complexes onto the surface of the nanoplatelets. All 

nanocomposite samples show high levels of haze because random orientation, 

despite the limited thickness of the nanoplatelets, nevertheless leads to scattering 

due to typical diameters in the micron range. It is noteworthy to mention that all 

PMMA/nano-mica composites yield translucent samples with at least 60% clarity.  

3.3.2. Morphology and mechanical properties  

Whereas, an efficient dispersion is a key factor affecting the mechanical properties 

of nanocomposites [11], homogenous dispersion of such high aspect ratio nano-

mica in a polymeric matrix is a challenging task. As already reported, the 

dispersion of MI/nano-mica as powder dispersed by an industrial relevant melt 

compounding process showed a good dispersion on a macroscopic level, however, 

on microscopic level some agglomerates were observed [10]. MI/nano-mica can be 

dispersed in THF-suspensions (3.2.2). Upon complete removal of solvent, however, 

due to the large aspect ratio, inevitably texture is induced with MI/nano-mica 

nanoplatelets becoming arranged parallel and eventually forming aggregates with 

band-like structure (Fig. 11a). The overlapping areas in these aggregates are too 

large to allow shear forces as generated during melt compounding to accomplish 

complete disaggregation. In order to avoid formation of band-like structures, here 

we choose solution blending to achieve an optimal dispersion prior to melt 

compounding. 

Investigation of the dispersion quality for three different modified nano-micas 

incorporated in PMMA matrix after compounding is evaluated using TEM 

micrographs (Fig. 9). 
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Fig. 9. TEM micrographs of PMMA/nanocomposite with incorporated a) MI/nano-

mica, b) PMMA coated nano-mica (DP150), and c) PMMA coated nano-mica 

(DP380) at 5 wt% clay content. 

As anticipated, a simple surface modification as in case of the MI/nano-mica is 

insufficient to achieve optimal dispersion (Fig. 9a) and consequently some 

aggregates are visible in the TEM. The quality of dispersion is, however, 

considerably enhanced by having a PMMA coating on the surface (Fig. 9b and c). In 

these nanocomposites the nano-mica is homogenously dispersed as single tactoids. 

Surface modification with MIn+ already renders the K-nano-mica more 

hydrophobic. A subsequent grafting process of brushes chemically identical to the 

matrix reduces the interfacial tension close to zero as indicated by a much 

improved dispersion. 

The Optimization of the adhesion between the matrix and the filler surface is 

essential to attain an effective load transfer from the polymer matrix into the filler 

by shear forces allowing the utilization of the full potential of the nano-mica 

reinforcement. In this line, longer chains are more capable of interpenetrate and 

consequently might show better mechanical properties as compared to shorter 

chains. With incorporation of the various modified types of nano-mica, the Young’s 

modulus improves compared to neat PMMA (Fig. 10 left). 
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Fig. 10. (Left). (●) Young's modulus and (right). (■) tensile strength and (▲) 

elongation at break for neat PMMA and three different PMMA nano-mica filled 

nanocomposites. 

The improvement for MI/nano-mica filled is already 24% and the two 

nanocomposites filled with PMMA coated nano-micas (DP 150) and (DP 380) lead 

to an improvement of 32%. Investigation of the mechanical properties of PMMA 

nanocomposites with conventional organo-MMT by Tiwari, R. R. et al. showed an 

increase in the Young’s modulus of 25% at 4 wt% clay content whereas the impact 

strength was reduced by 64% [38].  

Furthermore, a similar behaviour was observed for commercial Bentone 38® in 

PMMA nanocomposites prepared by melt blending at 4 wt%, whereas an increase 

in modulus of 28% was observed alongside a reduction in the tensile strength by 

16% and reduce fracture toughness by 22% [10]. Contrary to most of the literature 

reports on composites made with conventional clay nanofillers, the addition of the 

nano-mica triggers no embrittlement, whereas using conventional natural clay 

based fillers in a brittle matrix leads to an increase in modulus at the expense of 

strength, strain and fracture toughness [39,40]. In respect to tensile strength no 

significant differences could be observed for the different coatings (Figure 10), 

while elongation at break is only slightly reduced by adding the various nano-

micas. The reduction is smaller with the DP380-nano-mica filled nanocomposite.  

In summary the mechanical data suggest that significant improvements were 

achieved in comparison to nanocomposites made with conventional clay 
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nanofillers, the PMMA coating still fails to meet expectations according to e.g. 

Halpin-Tsai model. As has been recently shown, the elastic modules of smectites 

are somewhat lower but in the range of micas [41,42]. Moreover, the anisotropy in 

the bending and the in-plane moduli is quite pronounced with the latter being 

approximately three times larger. Taking the bending modulus (C33) of 

approximately 60 GPa [42] and the in-plane modulus (C11) of 150 GPa [41] of mica, 

improvements of Young’s modulus of the nanocomposite, as calculated by the 

Halpin-Tsai equation of 26% and 62% are expected, respectively. Clearly, the 

fillers are oriented more or less randomly in the composites manufactured and 

some kind of weighted average would have to be applied. Nevertheless, despite 

some uncertainties in the effective aspect ratio and despite the disregard of the 

anisotropy of filler moduli and possible preferred orientation, deviations from 

expectations remain. This deviation suggests that the stress transfer from the 

matrix to the nanofiller might still be suboptimal, even for DP380 nano-mica filled 

nanocomposites.  

This in turn might be related to the lack of chain interpenetration (wetting) 

between the polymer matrix chains and the grafted polymer brush chains of the 

DP380 nano-mica filler. For brushes attached to a flat clay surface, the packing 

density does not decrease with distance from the surface as for spheres but stays 

constant (Fig. 11). With grafting densities of 0.085 chains per nm2 for DP 380 a 

rather dense packing with stretched chains is expected [43] that inhibits 

penetration of polymer chains into the matrix (Fig. 11b).  

The wettabilty of a brush layer depends on the polymer segment density at the 

periphery of the brush, which is determined by the grafting density, but also by the 

degree of polymerization of the grafted polymer. Brushes consisting of long 

polymer chains, as in the present case (DP = 380, contour length ca. 100 nm) with a 

ratio of contour length/grafting distance 10:1 are in the moderate-to-dense brush 

regime with a rather high segment density [44]. Fery et al. have for instance 

recently studied the influence of different polymeric glassfiber coatings on the 

interfacial shear strength of epoxy resin based composites [45]. They presented 

evidence that the grafting density is the most crucial parameter to attain high 

interfacial adhesion and they found the highest interfacial shear strength for 
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grafting densities below 0.05 chains per nm2. The surface roughness seen in the 

SEM images (Fig. 5c) is induced by heterogeneities in the grafting density resulting 

from non-equilibrium structures of adsorbed MIn+. While these heterogeneities 

trigger segment density variations at the periphery of the coating, this will not 

allow chain interdigitation needed for good wetting. 

 

Fig. 11. Schematic representation showing a) drying effect on tactoid resulting in 

band-like structure agglomerates, b) non-wetting character of platelet-like 

exhibiting heterogeneities in polymer length and grafting density and c) wetting 

character of spherical nanoparticles having a high density of grafted polymer 

brushes from the surface. 

This wetting behaviour is quite different from spherical nanoparticles coated by 

polymer brushes that are wettable even at high grafting density. This is because 

the density of brushes attached to a spherical particle declines quickly from a 

dense regime close to the core towards a loose regime at the periphery of the 

brush layer segment (Fig. 11c). Even at high grafting density, there is a sufficient 

conformational freedom allowing to interpenetrate with the matrix polymer chains 

[46]. Therefore, such spherical nanoparticles exhibit a wetting character leading to 

completely miscible nanofiller. 
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4. CONCLUSION 

Hydrophilic K-nano-mica can be rendered hydrophobic without sacrificing aspect 

ratio by agglomeration by grafting PMMA brushes from external surfaces modified 

with a macro-initiator (MIn+). Moreover, for this synthetic clay modification can be 

restricted to the external basal plans while dehydrated K-ions crosslink interlayers 

yielding shear-stiff nano-mica. Subsequently, (SI)-ATRP enables a controlled 

grafting of PMMA brushes propagated from the modified MI/nano-mica surface. 

For these PMMA coated nano-micas, a vivid birefringence of a nematic phase may 

be observed with the naked eye alongside a remarkable stability of suspensions in 

THF. Solution blending yields well dispersed single tactoids in the translucent 

PMMA-composites. Although significantly improved mechanical properties could 

be achieved as compared to nanocomposites made with conventional clay fillers, 

the full potential, as expressed by Halpin-Tsai equations, of the PMMA coated 

nano-mica can still not be utilized. This is attributed to the non-wetting character 

of the densely packed PMMA brushes attached to planar nanoplatelets.  
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Supporting Information 

 

Fig. S1. Synthesis of the statistical copolymer poly(2-(2-bromoisobutyryloxy) ethyl 

methacrylate)-stat-(2-(dimethylamino) ethyl methacrylate) (MIn+). 

 

Fig. S2. FT-IR spectra of a) nano-mica and b) MI/nano-mica (modified at pH= 7.2). 

The nano-mica spectrum exhibits peaks for Si−O out-of-plane bending at 708 cm-1 

and the Si−O stretching band at 970 cm-1. The HOH bending at 1637 cm-1 and the 

wide vibration of OH stretching band in the range 3600-3100 cm-1 are observed 

[1]. After modification with MI distinguished peaks are assigned to the CO and C−O 

vibrations at 1740 and 1216 cm-1, respectively. Peak at 1370 cm-1 is associated 

with the CH3 groups in DMAEMA and BIEM. 
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Fig. S3. Integrated transparency of 0.5 wt% dispersions of MI/nano-mica in THF 

under time dependent centrifugal forces of 300, 600 and 900 rpm. Modification 

with MI is dependent on pH which is related to the degree of protonation (θ) [2]. 

(▼) pH= 4.6; θ= 100%, (▲) pH= 5.5; θ= 75%, (●) pH= 6.4; θ= 50%and (■) pH= 7.2; 

θ= 25%. 

 

 

 

 

 

 

 

 

 

Fig. S4. FT-IR spectra of a) neat PMMA, b) surface modified MI/nano-mica and c) 

long PMMA coated nano-mica. Characteristic CH vibrations (2800-3000 cm-1), C=O 

vibration (1727 cm-1) and C−O vibration (1263 cm-1) confirm the presence of 

PMMA on the surface even after extensive washing with THF.  

1. P.Komadel, J.Madejova, M.Janek, W.P.Gates, R.J.Kirkpatrick and J.W.Stucki, Clays 

Clay Miner. 44 (1996) 228-236. 

2. F.A.Plamper, M.Ruppel, A.Schmalz, O.Borisov, M.Ballauff and A.H.E.Müller, 

Macromolecules 40 (2007) 8361-8366.
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ABSTRACT 

For the first time poly(methyl methacrylate) (PMMA) nanocomposites based on a 

synthetic shear-stiff, mica-like K-fluorohectorite clay were prepared by melt-

compounding. Besides stiffness, this new synthetic type of clay offers very high 

aspect ratios above 600 after exfoliation, whereas a tailored surface modification 

of the clay yielded a good compatibility to the matrix material. The influence of 

different clay content (0 – 4 wt.-%) on mechanical behaviour of PMMA/clay 

nanocomposites were studied for two aspect ratios (55 and 620), set into 

correlation with morphology and compared to natural montmorillonite (MMT) 

clay, which has an aspect ratio of 50. It was found, that the use of these novel 

nanoplatelets leads to a significantly increased fracture toughness of about 25 and 

70% in the case of an aspect ratio of 55 and 620, respectively, in comparison to 

neat PMMA, without sacrificing tensile strength. Scanning electron microscopy 

(SEM) analysis of the corresponding fracture surfaces and µ-computer tomography 

(µ-CT) revealed a high dispersion quality of the synthetic organo-clay in PMMA. 

Different fracture mechanisms could be identified. The presence of the nanofiller 

varies the local stress state in the matrix and promotes additional energy 

dissipating mechanisms like crack deflection, crack pinning as well as debonding 

effects with platelets pull-out leading to enhanced fracture toughness. 

Keywords: Mica-like nanofiller, large aspect ratio, poly(methyl methacrylate), 

nanocomposites, melt-compounding, mechanical properties 
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1. INTRODUCTION 

Since the first studies performed by researchers from Toyota in 1985, the rapid 

development of polymer/clay nanocomposites brings continuous improvement of 

the overall properties of such materials along [1-8]. Besides the mechanical 

properties of the filler itself, the key issues that significantly influence the resulting 

properties are the aspect ratio and the quality of the surface modification of the 

nanofiller. Commercially available organically modified clays have the drawback 

that they have limited aspect ratios < 100 and a high heterogeneity of surface 

charge. Furthermore, during melt compounding the delamination of tactoids is 

hardly ever complete, which reduces the maximal possible aspect ratios and 

therefore the desired properties. So it is an important step to use synthetic clay, 

which allows higher dispersion quality in the polymer matrix together with much 

higher aspect ratios as compared to natural clay. 

PMMA is a glassy polymer, which offers excellent properties for the packaging 

industry [9] and optical [10] or biomedical [11] sector due to its high strength, 

optical clarity, desirable dimensional stability and weatherability. However, due to 

its high stiffness, PMMA shows a high brittleness that limits the potential 

application areas. Therefore it is predominantly of interest to improve the 

toughness of this material without sacrificing optical or mechanical properties. 

Blending or copolymerisation with rubber implies the drawback of a decreased 

stiffness and strength [12]. Due to the high surface area and the small interparticle 

distances, nanoparticles can alter the local stress state in the matrix polymer and 

promote additional forms of energy dissipation, e.g. multiple crazing, crack 

deflection, crack pinning and particle / matrix debonding, leading to a tougher 

material [13]. 

Despite melt processing is the relevant method for many industrial applications of 

nanocomposites, relatively few studies exist on the processing of PMMA/clay 

nanocomposites. It is reported that the use of commercially available organo-clay 

for melt-compounding increases the stiffness for PMMA while embrittlement takes 

place, caused by unsatisfactory dispersion quality of the nanoclay in the PMMA 

matrix [14]. Therefore, it is very challenging to incorporate synthetic organo-clay 

with a large platelets diameter to thickness ratio (L/h) and to achieve a high 
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dispersion quality. In this study, novel synthetic modified, mica-like, shear-stiff K-

fluorohectorite (K-hect) clay is used. In order to improve the dispersion of the 

nanofiller a strategy was applied with no need for exfoliation and intercalation. In 

addition to the better dispersion, by achieving a high aspect ratio beside an 

increased E-modulus also an increased fracture toughness of PMMA is expected.  

The preparation method applied for the clay allowed for adjusting aspect ratios in 

a controlled way, whereas, a subsequent surface modification should guarantee the 

compatibility between nanofiller and polymer matrix. This novel synthetic 

nanofiller is dispersed in the matrix during melt compounding but no further 

desagglomeration and exfoliation is necessary or intended during compounding. 

The tailored surface modification is based on anchoring of polymer chains bearing 

multiple quaternized amino groups on the external basal planes of the synthetic K-

hect, which yielded a synthetic organo-clay (O-hect) and assured a high quality of 

dispersion. 

A series of PMMA/clay nanocomposites was prepared by melt compounding with 

various clay concentrations and two different aspect ratios, i. e. 55 and 620. The 

low aspect ratio of the synthetic clay (55) is roughly the same as in the commercial 

Bentone, which allows for a commendable comparison and highlights the 

advantages of the novel synthetic clay. The microstructure and mechanical 

properties were investigated and the micromechanics of the observed deformation 

behaviour was analysed in detail.  

2. EXPERIMENTAL 

2.1. Materials 

A commercial PMMA (Plexiglas POQ62 supplied by Evonik Industries) has been 

used as matrix material. To detect possible degradation during processing the 

molecular weight and polydispersity index were determined before and after 

processing of the material via gel permeation chromatography. Before and after 

processing a molecular weight (Mw) of 73 kg/mol and a polydispersity index of 

1.63 were determined. The commercial clay Bentone 38 modified with alkyl-

ammonium chains was supplied by Elementis Specialties, which has a CEC of 70 

mequiv. / 100g. The starting material for the preparation of the novel nanofiller is 
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a synthetic Na-fluorohectorite with the chemical formula Na0.5[Mg2.5Li0.5]Si4O10F2 

and a CEC of 110 mequiv./ 100g [15].  

2.2. Tuning of large aspect ratio and functionalization of the filler  

The synthetic Na-fluorohectorite (Na-hect) was suspended in deionized water and 

then processed in a stirred media mill in order to exfoliate the tactoid stacks by 

applying shear forces. The degree of exfoliation was controlled by the number of 

milling passages [16]. This was done using a highly hydrated ´shear-labile’ state, 

represented by the presence of Mg2+ cations (Mg-hect) in the interlayer space (Fig. 

1). Subsequent to the exfoliation process the clay samples were exchanged with K+ 

cations which transformed the clay to a non-swollen ‘shear-stiff’, mica-like state 

with no intracrystalline reactivity [17].  

Due to the inertness of the interlayer space, this mica-like material allows for a 

selective cation exchange limited to the external basal planes of the clay. 

Consequently, the hydrophilic nanoplatelets can be converted to hydrophobic 

fillers compatible with the organic matrix by applying polycations in the cation 

exchange. The surface modifier chosen by us was a polycationic statistical 

copolymer, poly(2-(2-bromoisobutyryloxy)ethyl methacrylate)-stat-(2-dimethyl-

aminoethyl methacrylate) (PBD, Fig. 1). Moreover, the surface modification 

concomitantly triggered flocculation of K-hect. PBD (1gL-1) was quaternized and 

dissolved in water by adding equimolar amounts of concentrated acetic acid and 

this solution was added to the aqueous dispersions of K-hect obtained after milling 

until the clay was fully flocculated. Subsequently, the surface modified shear-stiff, 

mica-like O-hect was washed several times with deionized water and finally 

freeze-dried.  

2.3. Preparation of the PMMA/clay nanocomposites 

The commercial Bentone and the synthetic O-hect with two different aspect ratios 

were melt-compounded at various concentrations with PMMA in a discontinuous 

counter-rotating twin-screw microcompounder (DSM Xplore, 15 ml 

microcompounder) at a temperature of 190 °C, a mixing speed of 210 rpm and a 

mixing time of 3 min. The material was added stepwise to the running 

microcompounder and during each cycle a batch of 7.3 g was processed. After 

extrusion, the extruded flakes were compression-moulded with a Hot-Plate-Press 
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(190 °C, under vacuum) into CT (compact-tension) specimens to determine the 

critical stress intensity factor KIc or injection-moulded with a microinjector (DSM 

Xplore 12 ml injection moulding machine; melt temperature: 190 °C; mould 

temperature: 40 °C; injection pressure: 8 bar) into dumbbell specimens (75 mm x 

5 mm x 2 mm) for tensile testing. 

2.4. Characterisation of the clay 

Powder X-ray diffraction (PXRD) 

The degree of exfoliation of Mg-hect was determined by PXRD. The PXRD patterns 

were obtained in reflection mode using nickel filtered Cu-Kα radiation λ =1.54187 

Å on a Bragg-Brentano-geometry diffractometer (PANalytical Xpert-Pro) equipped 

with an X′Celerator Scientific RTMS detector. The "Full Width at Half Maximum" 

(FWHM) of the 001 reflection was determined and related to the thickness of the 

platelets applying the Scherer equation [18-19]. 

Fourier transform infrared analysis (FTIR) 

FTIR spectra were recorded on a Nicolet FTIR 460 spectrometer at a resolution of 

4.0 cm-1 at room temperature in a wave number range between 4000 and 550 cm-1 

and averaged over 12 scans. 

Thermal gravimetric analysis (TGA) 

The amount of modifier on external platelets was assessed by TGA and carried out 

with a TGA/STDA 851e from Mettler Toledo. The samples were heated up to 700 

°C at a heating rate of 10 K/min under nitrogen atmosphere. 

Specific surface (BET) 

The specific surface areas of freeze-dried Bentone and K-hect samples were 

calculated using the BET equation from the adsorption/desportion isotherms. 

Measurements were carried out on a Quantachrome Nova 2000e analyzer. The 

specific surface area was determined using 5-points within the range of 0.09 < 

p/po < 0.3 using N2 as adsorption gas. Prior to measurement, all samples were 

carefully degassed overnight at 150 °C under ultra high vacuum to remove 

adsorbed water. 
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Static Light Scattering (SLS) 

The particle size distributions (PSD) curves were recorded from aqueous 

dispersions (~1% solid content) of milled Mg-hect on a Retsch Horiba LA-950 

static light scattering instrument.  

2.5. Nanocomposite characterisation 

Scanning Electron Microscopy (SEM) 

A scanning electron microscope Leo 1530 Gemini (Zeiss) was used to image the 

fracture surfaces of the PMMA/clay nanocomposites to analyse the dispersion 

quality of the nanofiller and the micromechanical reason for fracturing. For this 

purpose the specimens were spattered with 1.3 nm of platinum. 

Micro-computer tomography (µ-CT) 

Monitoring of agglomerates was carried out using a Skyscan X-Ray 

Microtomography 1072 with a maximum spot resolution of 5 µm per pixel. The 

measurements were done at a voltage of 80 kV and a current of 94 µA. The 

cylindrical specimens were 4 mm in diameter and height. The 3D-data is obtained 

by acquisitions every 0.23° with an exposure time of 1.5 s up to a complete 

rotation of 360°. 3-D volumetric images were digitally reconstructed by using the 

software “NRecon” from Skyscan. 

Mechanical testing 

Tensile modulus, tensile strength and elongation at break were measured with a 

Universal Tensile Tester according to ISO 527 with a strain rate of 1 mm/min. For 

each material at least 5 samples were tested. The elongation was determined with 

a macro-displacement-transducer. 

Fracture toughness tests were performed according to ISO 13586 to obtain the 

mode-I critical stress intensity factor (KIc) of the PMMA/clay nanocomposites. At 

least 5 notched, compact tension specimens are tested with a strain rate of 

10 mm/min. The thickness of the specimens was 4 mm.  
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3. RESULTS AND DISCUSSION 

3.1. Tailoring of mica-like nanofiller  

The remarkable characteristics of the synthetic Na-hect prepared by melt 

synthesis include large median particle sizes (D50: 20 µm) and a homogenous 

charge distribution [15]. The latter is essential for allowing to switching between 

different states of hydration. If the charge density is homogeneous, fixing the right 

layer charge during synthesis makes it possible to transform the material from 

highly hydrated to non-swollen by simple cation exchange. Möller et.al. showed 

that Mg-hect is highly hydrated and this material consequently is ‘shear-labile’ and 

can be efficiently exfoliated by applying shear forces [17]. The degree of exfoliation 

can be controlled by adjusting various parameters, which control the total shear 

forces such as solid content, grinding media and time of the process [16]. 

Subsequently, by simple cation exchange with K+ cations a collapsed non-swollen 

and thus shear-stiff, mica-like material can be obtained (Fig. 1).  

In this collapsed state the interlayer is no longer accessible for cation exchange, 

allowing for selective modification, which is restricted solely to the external basal 

plans of the platelets. The modifier used to reduce the surface tension of the 

hydrophilic platelets is a polycationic statistical copolymer. 

 

Fig. 1. (Left) synthetic pathway for preparation of O-hect; (Right) chemical 

structure of the polycationic macro-initiator. 
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The exchange procedure with the charged polycationic modifier leads to the 

organophilization of the platelets (hydrophobic state), which turned hydrous 

suspensions instable and allowed for easy recovery of the O-hect. 

FTIR analysis in Fig. 2 compares the FTIR spectra of K-hect before and after surface 

modification (O-hect). The K-hect spectrum exhibits peaks for SiO out-of-plane 

bending at 708 cm-1 and also a SiO stretching band at 970 cm-1. Furthermore, HOH 

bending at 1637 cm-1 and a wide vibration of OH stretching band in the range 

3600-3100 cm-1 is observed. After modification with PBD distinguished peaks that 

can be assigned to the C═O and CO vibrations at 1735 and 1216 cm-1, respectively, 

can be found.  

 

Fig. 2. FT-IR spectra of (a) K-hect and (b) O-hect (after organophilization). 

PXRD patterns give a direct proof of the exclusive modification of external surfaces 

of the shear-stiff, mica-like K-hect and consequently of the organophilization. 

Comparing the two basal reflections of the K-hect before and after surface 

modification (Fig. 3), no shifts can be detected for the typical basal spacing of non-

hydrated, mica-like 2:1 layered silicates at 6.12° (9.9 Å). 
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Fig. 3. PXRD patterns of K-hect (            ) and O-hect (           ). 

Hence, the modifier does not intercalate into the interlayers of the mica-like 

platelets but is exclusively bound to the external surface of the platelets. As 

compared to natural clays, significantly less amount of modifier is needed by 

avoiding any intercalation of the organic modifier in the interlayer. While Bentone 

contains up to 30 wt.-% of modifier, the O-hect contains as little as 8 wt.-% as 

determined by the mass lost between 200 and 500 °C obtained by TGA 

measurements. 

3.2. Characterization of the nanofiller 

Determination of the average aspect ratio would indeed require the simultaneous 

measurement of both thickness and lateral extension of a statistical significant 

number of individual clay platelets. While AFM delivers height and extension of 

platelets concomitantly, measurement of large numbers is very time-consuming 

and thus impractical. Therefore, we have previously introduced a simple method 

that allows a rough estimation of an average aspect ratio [18]. The method 

correlates the tactoid thickness as determined by the Scherrer equation with the 

value of the total specific surface area. The contribution of the edges is accounted 

for by assuming a uniform and ideal hexagonal morphology of the platelets. The 

median particle size diameter (D50) is used as the lateral extension of this uniform 

hexagonal platelet. Please note, that it has been shown by Goossens [21] that the 

lateral extensions of tactoids correlate well with the hydrodynamical radius 

obtained from SLS. For details see the supporting information of Möller et al [18]. 
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Table 1 lists the derived aspect ratios together with the experimental data used for 

their derivation.  

Table 1. Collected data of the synthetic clay and Bentone 38 

Type   Average 

aspect ratio 

Milling time 

[min] 

FWHM 

[°] 

BET surface (N2)  

[m²/g] 

D50  

[µm] 

 D90  

[µm] 

K-hect50         55 - 0.08 2 20.12 58.92 

K-hect600        620 130 0.44 69 6.80 8.62 

Bentone         50 - - 4 0.36 0.63 

Assuming that no aggregation occurred during freeze-drying, the BET values 

would directly correlate to the external basal planes of the tactoids. As expected, 

BET areas increased significantly by exfoliation during milling. At the same time, 

the FWHM increased significantly again supporting efficient exfoliation of tactoids 

by milling. Not surprisingly, particle diameters also were reduced during milling. 

Two effects contributed to this reduction, some breakage of tactoids [22] along 

with the destruction of agglomerates obtained in the melt synthesis.  After 

compounding of the clay with PMMA, the size distribution of the platelets was 

determined again. For this the compounds were dissolved in tetrahydrofuran 

(THF), the fillers were collected by centrifugation, redispersed in THF before the 

PSD were determined by SLS.  

The median D50 were in good agreement with the values cited in Table 1 (19.80 

and 6.80 µm for O-hect50 and O-hect600, respectively). Clearly, processing did not 

change the PSD. The aspect ratio can be sustained during melt compounding as the 

clay has a very high shear-stiffness and no change in platelet size occurs. While 

from the raw data, it is not obvious how the competing mechanisms of particle 

exfoliation and breakage transform into aspect ratio, our method of estimation 

showed that it was indeed improved significantly from 55 to 620 by milling. To be 

consistent, the average aspect ratio of the commercial Bentone was also listed in 

Table 1. While the value appears sensible, the absolute value will be more severely 

affected by band-type aggregates and the influence of random interstratification 

on the FWHM as compared to the synthetic fluorohectorite samples.  
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3.3. Mechanical properties of the PMMA/clay nanocomposites 

The mechanical properties of neat PMMA and PMMA/clay nanocomposites 

determined by tensile test and fracture mechanical investigations by KIc 

measurements are presented in Fig. 4-7 as a function of clay content. In each 

diagram the data points were fitted linearly. By the incorporation of the novel clay, 

the tensile modulus as well as the fracture toughness of PMMA/clay 

nanocomposites shows a significant enhancement compared to neat PMMA. The 

tensile strength is not negatively influenced by the addition of synthetic clay 

whereas the elongation at break is slightly reduced. The incorporation of Bentone 

leads to an increase in tensile modulus but the values for tensile strength, strain at 

break and fracture toughness are significantly reduced [9,23]. This can be 

explained by the presence of large agglomerates, due to inefficient incompatibility 

of the filler, acting as stress concentrators and reducing the aspect ratio 

dramatically. 

  

Fig. 4. Effect of clay content on Young`s Modulus of PMMA/clay nanocomposites 

for (▲) Bentone (α~50), (□) O-hect (α~50) and (■) O-hect (α~600). 

In general, the addition of rigid nanofillers to a brittle matrix leads to an increase in 

modulus at the expense of strength, strain and toughness as embrittlement takes 

place [9,23]. This phenomenon is also observed in this study for PMMA 

nanocomposites based on Bentone. For synthetic clay nanocomposites an increase 

of Young’s modulus by 11% could be achieved at 4 wt.-% clay content as the clay 

platelets have a much higher stiffness (~ 50 GPa) than the polymer matrix, leading 
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to a reinforcing effect. By comparing the synthetic filler with two different aspect 

ratios, it can be seen that the Young´s modulus is not significantly influenced by the 

aspect ratio. According to the Halpin-Tsai model, a difference in Young`s modulus 

of about 2% between the two aspect ratios is expected for the investigated range of 

filler loading what is in good agreement with the experimental results. The 

theoretically possible improvement of Young´s modulus, calculated by Halpin-Tsai 

equations for asymmetric fillers, could be exceeded by the incorporation of this 

novel clay. Park et al. prepared PMMA/organoclay nanocomposites with an 

intercalated structure by melt-blending and reported that the tensile modulus 

increased by 32% at a clay content of 3.8 wt.-% [9]. However, both the tensile 

strength and the impact toughness were significantly reduced by 50% and 9%, 

respectively. In addition, Tiwari et al. investigated the mechanical properties of 

PMMA/organo-modified montmorillonite and found an increase in Young´s 

modulus of 25% at 4 wt.-% clay whereas the impact strength was reduced by 64% 

[24]. In contrast to these studies, the nanocomposites investigated here show a 

particularly interesting behaviour, namely constant strength combined with 

enhanced toughness. 

  

Fig. 5. Effect of clay content on tensile strength of PMMA/clay nanocomposites for 

(▲) Bentone (α~50), (□) O-hect (α~50) and (■) O-hect (α~600). 

Concerning the tensile strength, the addition of the novel clay platelets does not 

show a significant influence. This phenomenon can be explained by the high 

dispersion quality of the nanofiller (as observed in scanning electron microscopy 
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(SEM) images which are presented hereafter). In general, large agglomerates lead 

to additional local stress concentrations and consequently to lower tensile 

strengths in the case of brittle polymer matrices [25-26]. The use of a commercial 

Bentone shows this typical behaviour and leads to a decrease of tensile strength by 

16% at a clay amount of 4 wt.-% due to the presence of large agglomerates caused 

by inefficient dispersion. An increase of the tensile strength is expected to take 

place in the case of strong interfacial adhesion between the nanofiller and the 

matrix in order to generate effective stress transfer from the matrix to the filler. In 

this study it can be assumed that the adhesion between the novel clay platelets and 

PMMA chains is relatively weak as no change in Tg could be detected by DSC 

measurements. This behaviour is not unexpected as the modified clay exhibits only 

very short organic chains on the surface, which improve compatibilization, but are 

not long enough to entangle with the PMMA chains.  

  

Fig. 6. Effect of clay amount on elongation at break of PMMA/clay nanocomposites 

(▲) Bentone (α~50), (□) O-hect (α~50) and (■) O-hect (α~600). 

Furthermore, the elongation at break decreased with the incorporation of clay into 

PMMA (Fig. 6). For the synthetic clay nanocomposites it decreased slightly with 

increasing clay content whereas a reduction of almost 24% is observed at 4 wt.-% 

filler. However, the nanocomposites based on Bentone show a strong reduction in 

elongation at break of 65% at a clay amount of 4 wt.-%. This behaviour is reported 

in literature also for melt processed intercalated polystyrene- and polycarbonate-

nanocomposites [26-27]. The presence of clay platelets restricts the sliding of 
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polymer chains among each other, which can be considered as the reason for lower 

elongation behaviour of the nanocomposites.  

According to literature, a decrease in fracture toughness as expressed by KIc [9,24] 

could be expected due to the increasing modulus of PMMA with increasing clay 

content. This behaviour can be clearly observed in case of the incorporated 

Bentone composite (Fig. 7). Surprisingly, a significant improvement in KIc fracture 

toughness was observed by the incorporation of synthetic clay into PMMA. In the 

case of low aspect ratio clay, an improvement in fracture toughness of about 25% 

and in the case of high aspect ratio clay of about 66% at a clay content of 4 wt.-% 

was observed. However, in the case of low aspect ratio clay one can also observe a 

plateau-like behaviour above 1 wt.-% clay. This can be attributed to a worse 

dispersion of clay with increasing concentration, which is confirmed by SEM 

pictures and µ-CT measurements. 

  

Fig. 7. Effect of clay amount on stress intensity factor of PMMA/clay 

nanocomposites (▲) Bentone (α~50), (□) O-hect (α~50) and (■) O-hect (α~600). 

It should be mentioned at this part that the unsatisfying dispersion quality is not 

related to aggregates in the lower micron size range as it is in the case of Bentone, 

which could lead to stress concentrations and subsequently to lower tensile 

strength [28]. However, the worse dispersion restricts most probably the amount 

of specific interfaces and interactions between filler and polymer chains. The use 

of clay with high aspect ratio led to an almost linear increase of toughness with 

clay content up to an improvement of 66% at 4 wt.-% of filler content. Here, the 
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dispersion quality is not significantly influenced by clay concentration leading to a 

higher amount of interfaces at high clay contents and more effective energy 

dissipation. These results demand consideration about the dominating toughening 

mechanisms. 

3.4. Toughening mechanisms and nanocomposite morphology 

Several energy-dissipating mechanisms are known for brittle polymers filled with 

rigid particles whereby mainly thermosetting polymers were investigated 

[13,24,29]. To analyse the occurring toughening mechanisms, the 

micromorphology of the fractured surfaces from the KIc tests of neat PMMA and 

nanocomposites were investigated via SEM. The crack-propagation direction in all 

images is from left to right. Fig. 8 shows the micrographs of neat PMMA taken from 

the centre of the fracture surface in the vicinity of the notched region. 

 

Fig. 8. SEM micrographs of the fracture surface of neat PMMA. 

As can be seen neat PMMA possesses the typical smooth failure surface 

morphology formed by craze formation and growth. In Fig. 9 the fracture surfaces 

of PMMA/clay nanocomposites are shown. 

One can clearly observe that in case of Bentone large agglomerates are formed 

whereas the synthetic O-hect is better dispersed in the matrix, which can be 

attributed to the good compatibility of the modified clay platelets and the PMMA 

matrix. Moreover the clay is tailored to the designated aspect ratios and a shear-

stiff state, and consequently dispersion but no further exfoliation is expected to 

occur during compounding. 
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Fig. 9. SEM micrographs of fracture surfaces of PMMA/clay nanocomposites at a 

clay content of 4 wt.-%. A: Bentone; B: O-hect50; C: O-hect600 (crack growth is from 

left to right); the white cycles highlight selected agglomerates for Bentone and clay 

platelets for O-hect. 

However, the clay with the lower aspect ratio shows a poorer dispersion quality at 

high concentrations, as seen in Fig. 9 B. This could be caused by agglomerates from 

melt synthesis. For further investigation of the nanocomposite morphology, µ-CT 
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measurements were performed in order to generate 3-dimensional representation 

of filler dispersion (Fig. 10) [30]. The µ-CT measurements support the previous 

statements regarding dispersion quality. In case of the high aspect ratio clay (620), 

almost no second phase could be detected indicating excellent dispersion of clay 

platelets. However, in case of O-hect50 and Bentone, agglomerates were observed. 

It is worth mentioning that, in terms of O-hect50 the primary particles range 

between 20 and 58 µm (Table 1) and therefore the detected phase represents both, 

primary particles and agglomerates. Nevertheless, Bentone particles range 

between 360 and 630 nm and consequently the entire detected phase is solely 

agglomerated particles. 

 

Fig. 10. Three-dimensional reconstruction exhibiting dispersion quality of 

different nanofillers: A: O-hect600; B: O-hect50; C: Bentone (µ- computer 

tomography). 

The SEM images (Fig. 9) confirmed the size of the platelets, which were 

determined by SLS measurements. As the platelets are sticking out of the matrix, it 

reveals that during the fracture process, the layered silicates were deboned and 

pulled out of the PMMA matrix. The surface of the platelets is smooth, which 

indicates a weak adhesion between the nanofiller and the PMMA matrix. 

Furthermore, the fracture surfaces of the novel nanocomposites are rougher than 

neat PMMA, indicating the creation of additional surface area. Crazing is a local 

restricted plastic deformation that appears mostly in amorphous polymers or by 

testing at low temperatures or high strain rates. In PMMA crazing takes place if the 

crazing strength is much lower than the yielding strength leading to craze 

initiation instead of shear yielding. Further load increase leads to the growth of the 

crazes due to lower required stress for further growth than for initiation of new 

crazes. As a result, the craze breaks down into a micro-crack, which leads at the 
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end to a catastrophic brittle failure of PMMA with a less efficient energy dissipation 

compared to shear yielding. In the case of PMMA nanocomposites based on 

Bentone, the incorporation of the filler leads to a reduction in fracture toughness 

due to the large agglomerates caused by unsatisfied dispersion of the clay in the 

matrix.  

As a consequence of the extreme stress concentrations at these agglomerates, only 

a few but large crazes are initiated that break down into a micro-crack without 

much energy dissipating. To further improve the fracture toughness of PMMA, it 

must be ensured that massive crazes are initiated over a huge volume of material 

ahead of the main crack tip and hence more energy can be dissipated before 

fracture occurs. In the novel PMMA/clay nanocomposites, the highly dispersed 

rigid layered silicates act as stress concentrators that initiate a large number of 

crazes as indicated by the rough surface structure (Fig. 10). This results in a high 

amount of localized energy dissipation. Other important fracture events, which 

contribute to energy dissipation in nanocomposites are crack deflection and crack 

pinning.  

During crack deflection, the crack is forced to alter the initial propagation plane by 

striking platelets leading to an increased total fracture surface (Fig. 11A). Pinning 

the surfaces of the cracks by the platelets slows down the development of crazes 

into microcracks and a higher stress level is needed for further craze growing (Fig. 

11B). Additional stress loading leads to debonding along the PMMA/clay interface 

due to weak adhesion and subsequent to the formation of micro-voids and finally 

to platelets pull-out (Fig. 11C). The initiation of micro-voids consumes additional 

energy as well as the extension of the micro-voids and the pull-out of platelets. 

Debonding occurs, as the interfacial strength between PMMA and layered silicates 

is lower than the fracture strength of PMMA.  
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Fig. 11. Schematic representation of the above mentioned fracture mechanisms; A) 

crack deflection; B) crack pinning and C) filler/matrix debonding and platelets 

pull-out. 

In summary, there are different toughening events occurring in the novel 

PMMA/clay nanocomposite and in each of the events a substantial amount of 

energy was dissipated. It must be emphasized here that the toughening 

mechanisms especially the crack pinning effect of PMMA/clay nanocomposites 

needs further investigation.  

4. CONCLUSION 

This study focused on the melt incorporation of tailored large aspect ratio, shear-

stiff, mica-like nanoplatelets (α =620) in PMMA matrix and its impact on the 

mechanical behaviour. The prepared novel PMMA/clay nanocomposites offer 

improved toughness and stiffness over the neat PMMA without reduced strength. 

However, the incorporation of commercial natural clay leads to detrimental effects 

due to inefficient dispersion and the behaviour of the clay platelets. To the best of 

our knowledge, this is the first report on the preparation of PMMA/clay 

nanocomposites conducted by the industrial relevant melt compounding process 

that yielded a significantly improved toughness. Due to additional energy 

dissipating mechanisms an increase in fracture toughness of 66% could be 

detected in case of the large aspect ratio, mica-like clay. 
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ABSTRACT 

In clay nanocomposites, the specific interface area is the key factor determining 

potential improvements of properties. Nevertheless, in most systematic studies of 

nanocomposites little emphasis is put on assuring and characterizing dispersion 

quality. To probe the influence of dispersion quality, we compare nanocomposites 

filled with two layered silicates which were made by melt compounding and 

solution blending, respectively. Poly(methyl methacrylate) (PMMA) is chosen here 

as a thermoplastic model matrix which was compounded with a synthetic nano-

mica (O-hect) and commercial Bentone with typical diameters of 5-7 µm and < 300 

nm, respectively. 

The dispersion quality was monitored by µ-computer tomography (µ-CT) and 

transmission electron microscopy (TEM). Moreover, gas barrier measurements 

proved to be an additional independent and very sensitive probe. Reductions of 

the oxygen permeation at ~4 wt.-% by 60% and 30% for solution blended and 

melt compounded samples directly evidence a mediocre dispersion in the latter. 

Structure-property relationships were established by in-depth mechanical testing 

and the properties were correlated with the improved morphology. Significantly 

higher stiffness was achieved by enhanced dispersion quality for O-hect-filled 

nanocomposites without causing any embrittlement. Interestingly, a maximum 

increase of fracture toughness (63%) was obtained at filler content as low as 0.8 

vol.-% for the solution blended sample. A similar improvement of fracture 

toughness for the melt compounded sample afforded more than twice the clay 
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content emphasising the crucial influence of specific surface area. This highlights 

the importance of the solution blending method to exploit the full potential of 

nanofillers and suggests that only samples with comparable dispersion quality 

may be compared.  

Keywords: PMMA/clay nanocomposites, nano-mica, Bentone, solution blended 

masterbatch, gas barrier, mechanical properties 

1. INTRODUCTION 

Polymer clay nanocomposites have received an ever growing attention since 

Toyota central research laboratories reported the in situ preparation of nylon-6-

montmorillonite composite in the late 1980’s [1]. Clay nanoplatelets have a large 

surface-to-volume ratio allowing for enhancement of properties of neat polymers 

such as heat distortion temperature, gas barrier, and mechanical reinforcement 

[2,3]. Natural montmorillonite (MMT), completely ion exchanged with 

alkylammonium cations, has emerged as the conventional nanofiller for 

preparation of polymer clay nanocomposites. However, natural clays suffer of 

major drawbacks such as the inherent small lateral extension (L) < 300 nm which 

limits their average aspect ratios (α) [4]. Additionally, it suffers from heterogeneity 

in surface charge which consequently leads to non-uniform surface chemistry and 

interlayer reactivity which in turn affects bonding to the matrix and shear lability 

at a great deal. Moreover, the associated amorphous materials in natural MMT 

deposits (bentonites) like iron- and aluminium-oxihydroxides act as binders and 

render these fillers difficult to be disaggregated and even more to be delaminated 

in order to achieve maximum aspect ratio [5,6]. Incomplete delamination of clay 

tactoids in the polymer matrix in turn has a detrimental effect on the mechanical 

properties because the remaining interlayer spaces may act as inner shear planes 

inducing failure when introducing shear load [7]. 

Poly(methyl methacrylate) (PMMA) is chosen here as a thermoplastic model 

matrix for nanocomposite preparation due to its amorphous state and high 

stiffness; yet the relatively high brittleness causes poor resistance to crack 

initiation and propagation resulting in unsatisfying fracture toughness [8]. 

Therefore, improving the fracture toughness of such material without sacrificing 

its stiffness or strength is of great and general interest. For this purpose 
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compounding with nanofillers is promising as they can alter the local stress state 

in a polymer matrix and consequently promote additional forms of energy 

dissipation leading to a tougher material [9,10]. The number of reports dealing 

with the effect of nanofillers on the fracture toughness of amorphous polymers is, 

however, limited. In a recent study we have reported the preparation of 

PMMA/clay nanocomposites by melt compounding and compared a commercially 

available organo-clay (Bentone) and a modified synthetic shear-stiff, nano-mica 

(O-hect) with a focus on fracture toughness [10]. 

The synthetic nano-mica material is characterized by a large lateral extension of 5-

7 µm (Figure S1) and a platelet thickness of 10-15 nm and thus a typical aspect 

ratio α~500. Contrary to MMT, the interlayer space of this nano-mica is not 

accessible but collapsed and consequently organophilization is restricted to 

external surfaces. This material therefore combines higher stiffness of the mica-

sandwich and remarkable larger aspect ratio as compared to natural MMT. For the 

O-hect filler a significantly increase of fracture toughness by 66% was achieved for 

the nanocomposite in comparison to neat PMMA without sacrificing tensile 

strength. Additional energy dissipating mechanisms like crack deflection, crack 

pinning as well as debonding effects with platelets pull-out could be identified as 

occurring toughening mechanisms [10]. While melt compounding was found to 

provide a decent dispersion on a macroscopic level, on a microscopic level some 

smaller aggregates were detected. This suggested that melt compounding fails to 

maximize the specific interface area and consequently the full potential of the stiff, 

large-α nanofiller could not yet be exploited. Achieving a perfect dispersion for 

such huge nanoplatelets by conventional melt compounding proved to be 

impossible for reasons discussed in more detail later. 

Therefore, in this study, an optimized processing method allowing for nearly 

perfect dispersion even of large-α nano-mica was applied and the nanocomposites 

obtained were characterized in terms of mechanical and gas barrier properties. 

The optimized process strictly avoids powdered samples that always suffer from 

band-like aggregation. Instead, a solution blended masterbatch was applied with 

homogenously dispersed platelets. For comparison, the same processing was also 

applied to disperse commercial Bentone, an organically modified MMT. To probe 
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dispersion quality, oxygen transmission rates (OTR) of thin films were determined. 

Microstructure and mechanical properties were characterized in-depth to 

establish structure-property relationships. 

2. EXPERIMENTAL 

2.1. Materials 

A commercial PMMA (Plexiglas POQ62 supplied by Evonik Industries) has been 

used as matrix material with a molecular weight (Mw) of 73 kg/mol and a 

polydispersity index of 1.63. 

The starting material for the preparation of the nanofiller is a synthetic Na-

fluorohectorite with the chemical formula Na0.5[Mg2.5Li0.5]Si4O10F2 and a CEC of 

110 meq./100 g. In order to maximize the aspect ratio of the nanofiller, the 

interlayer Na+ cations were exchanged with Mg2+ cations. These cations have a 

higher hydration of enthalpy leading to a highly hydrated ‘shear-labile’ state 

enabling a more efficient exfoliation of the tactoids under shearing. The suspension 

was processed in a stirred media mill and the degree of exfoliation was controlled 

by the number of milling passages [11]. Subsequent to the exfoliation process, the 

Mg2+ were exchanged with K+ cations which due to their much reduced enthalpy of 

hydration as compared to Mg2+ transformed the clay to a non-swollen ‘shear-stiff’ 

nano-mica with no intracrystalline reactivity [12]. In nano-mica the interlayer 

space is collapsed and bridged by non-hydrated potassium ions protruding into 

cavities of the 2:1 silicate layer on both sides of the interlayer space. Please note 

that switching from ‘shear-labile’ to ‘shear-stiff’ by this simple ion-exchange 

requires a charge density of the clay which is significantly higher than observed for 

natural MMT. Moreover, the intracrystalline reactivity of all interlayers in a tactoid 

must be similar. This again is only the case for fluorohectorite synthesized at high 

temperatures from the melt but not for MMT. As a consequence of lower and 

heterogeneous charge density with MMT always external and internal interlayers 

will be accessible and modification cannot be restricted to external basal planes. 

Contrary to MMT, the hydrophilic nano-mica platelets were converted to 

hydrophobic organo-clay (O-hect) compatible in the organic matrix using a 

polycationic modifier that selectively exchanges only for cations located at external 

basal planes. The surface modifier is a polycationic statistical copolymer, poly(2-
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(2-bromoisobutyryloxy) ethyl methacrylate)-stat-(2-dimethyl-aminoethyl 

methacrylate) prepared as described in details by Ziadeh et al. [13]. Upon addition 

of the polycationic copolymer (1.65 g at pH=7.2) the nano-mica (50 g) flocculated. 

The modified flocculated nano-mica (O-hect) suspension was then centrifuged and 

finally redispersed in THF.  

As a reference for a conventional organoclay, Bentone® 38 (L= 0.3 µm) was 

supplied by Elementis Specialties. This material is a natural swellable 

montmorillonite (MMT) which has been organophilized by cation exchange with 

highly selective alkylammonium cations of chain lengths varying from C14-C16. 

This cation exchange is not restricted to external basal planes but rather all, 

interlayer and external, cations are exchanged and consequently the organic 

content is high (38 wt.-%). 

2.2. Nanocomposite Preparation 

PMMA/clay nanocomposites containing 1, 2, and 4 wt.-% inorganic filler were 

prepared by two different methods: (i) melt compounding as already reported [10] 

and (ii) dilution via melt compounding of a masterbatch produced by solution 

blending, referred to as solution blending. The preparation sequence of the latter is 

schematically shown in Figure 1. After modification in an aqueous solution the 

modified nanofiller (O-hect) was phase transferred and redispersed in THF. As the 

Bentone powder was already organically modified, it was dispersed in THF. From 

this step onwards both clays suspensions in THF were processed the same way. 

The two clay suspensions at 5 wt.-% clay content were then mixed with the PMMA 

solution in THF (20 wt.-%). The dispersions were placed on an overhead shaker 

for 24 hours for homogenization. Subsequently, the dispersions were film casted 

and dried under vacuum in an oven at 90 °C for 18 hours and at 140°C for 8 hours 

to ensure complete removal of THF. The two dried nanocomposite masterbatches 

(O-hect and Bentone in PMMA) were then cryo-grinded to a fine powder for better 

feeding for melt compounding.  
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Figure 1. Schematic representation of the solution blending route after selective 

surface modification of large-α nano-mica for the preparation of PMMA/O-hect 

nanocomposite. 

Subsequently, both O-hect and Bentone /PMMA masterbatches were melt 

compounded in two separate steps. In the first step, compounding in a continuous 

co-rotating twin-screw extruder (Brabender DSE 20/40) with a screw diameter of 

20 mm and a length to diameter ratio L/D = 40 was done. This compounding step 

brings enough shear energy for dispersion and allows the complete removal of 

residual THF. Screw speed was fixed at 70 rpm and the temperature profile ranged 

from 90 °C to 210 °C near the nozzle. Pure PMMA was processed in the same way. 

The extruded strand was solidified in a water bath and pelletized. In the following 

compounding the adjustment of various concentrations with PMMA was realised 

in a discontinuous counter-rotating twin-screw microcompounder (DSM Xplore, 

15 ml microcompounder) at 200 °C, a mixing speed of 210 rpm and a mixing time 

of 3 min.  

2.3. Specimen Preparation 

The specimen required for characterisation were compression-moulded using a 

hot-plate-press (190 °C, under vacuum) into CT (compact-tension; thickness: 4 mm 

and width: 33 mm) specimens to determine the critical stress intensity factor KIc or 

injection-moulded with a microinjector (DSM Xplore 12 ml injection moulding 
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machine; melt temperature: 190 °C; mould temperature: 40 °C; injection pressure: 

8 bar) into tensile bars (75 mm x 5 mm x 2 mm) for tensile testing. 

For permeability measurements, thin films with an area of  50 cm2 were melt 

pressed from the O-hect-filled nanocomposites compounded pellets using a hot-

plate-press (210 °C under 50 KN for 2 min) and the exact thickness was 

determined from SEM cross-section micrographs. 

2.4. Nanocomposite Characterisation 

2.4.1. Micro-Computer Tomography (µ-CT) 

Investigation of the dispersion quality on a macroscopic level was carried out 

using a Skyscan X-Ray Microtomograph 1072 with a maximum spot resolution of 5 

µm per pixel. 4 mm long pieces of the extruded strand were used. The 

measurements were done at a voltage of 80 kV and a current of 94 µA. The 3D-data 

is obtained by acquisitions every 0.23° with an exposure time of 1.5 s up to a 

complete rotation of 360°. 3-dimensional volumetric images were digitally 

reconstructed by using the software “NRecon” from Skyscan.  

2.4.2. Transmission Electron Microscope (TEM)  

The dispersion quality of the nanofiller in PMMA on a microscopic level was 

investigated using a LEO 922 A EFTEM (Carl Zeiss AG) with an acceleration voltage 

of 200 kV. Specimens of the extruded strand were prepared on a Leica Ultracut 

microtome (Leica Biosystems GmbH) equipped with a diamond knife to obtain 30–

50 nm thin sections, which were placed on a carbon copper grid. The average 

interparticle distance in the nanocomposites was determined using the image-

processing program ImageJ. The distance was measured from centre to centre of 

the particles. 

2.4.3 Gas Barrier Measurements 

Oxygen transmission rates were acquired on a Mocon (Minneapolis, MN, USA) OX-

TRAN MH 2/21 instrument at standard pressure (STP). The measurements were 

conducted at RT and 50% relative humidity. A mixture of 95% nitrogen and 5% 

hydrogen (Linde Formiergas 95/5) was used as carrier gas and pure oxygen 

(>99.95, Linde Sauerstoff 4.5) as permanent. All samples were conditioned at least 

12 hr prior to measurement. The calculation of the normalized oxygen permeation 

P was derived from the OTR according to following equation: 
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( : film thickness in µm, ΔV: transmitted volume of oxygen, Δp: pressure gradient, 

Δt: elapsed time, and A: area of the specimen). 

2.4.4. Scanning Electron Microscopy (SEM) 

A scanning electron microscope Leo Zeiss 1530 Gemini (Carl Zeiss AG) with a field 

emission cathode was used to image the fracture surfaces of the PMMA/clay 

nanocomposites to investigate the micromechanical reason for fracturing. For this 

purpose the specimens were spattered with 1.3 nm of platinum. 

2.4.5. Differential Scanning Calorimetry (DSC) 

The glass transition temperatures (Tg) of neat PMMA and PMMA/clay 

nanocomposites were determined using a DSC/SDTA 821e from Mettler Toledo. 

The measurements were carried out in a range from 25-190 °C under nitrogen 

atmosphere (50 ml/min) at a heating rate of 10 K/min. The specimens consist of 8 

± 1 mg of the extruded material. For determination of Tg the second heating curve 

were taken. For each material three measurements were done and the average 

value was reported. The standard deviation of Tg is ± 1 °C. 

2.4.6. Thermogravimetric Analysis (TGA) 

Since the content and type of organic modifier differs for the two types of the 

compared fillers, filler contents were related to the pure inorganic mass. This 

inorganic weight content of the fillers was determined by TGA (TGA/STDA 851e 

from Mettler Toledo). Specimens with mass of 18 ± 1 mg of the compounds were 

heated up in the range from 25 to 600 °C at a heating rate of 10 K/min under 

nitrogen atmosphere. All samples were run three times and the average values are 

reported. The mass is reproducible to ± 0.3%. 

For evaluation of mechanical properties, the volume fraction of the nanofiller is the 

relevant feature. The inorganic weight content as determined by TGA was 

therefore converted into volume fraction applying the two distinct densities of the 

different fillers: 

  =  
 
 
   

 
 
     

 
   

             (2) 
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Where Vf  is the volume fraction of the filler, ρm and ρf are the densities of the matrix 

(1.19 g/cm3) and the filler (ρBentone = 1.7 g/cm3 and ρO-hect = 2.7 g/cm3), respectively. 

Wm and Wf are the weight of the matrix and the filler, respectively.  

2.3.7. Mechanical Testing 

Tensile modulus, tensile strength and elongation at break were measured at 25 °C 

with a Universal Testing machine Zwick 1455 (Zwick GmbH & Co. KG) according to 

EN ISO 527 with a crosshead speed of 1 mm/min. For each material at least 5 

samples were tested. The elongation was determined with a macro-displacement-

transducer. 

Fracture toughness tests were performed according to ISO 13586 to obtain the 

mode-I critical stress intensity factor (KIc) of the PMMA/clay nanocomposites. The 

tests were carried out using a universal testing machine Zwick BZ2.5/TN1S (Zwick 

GmbH & Co. KG). At least 5 notched, compact tension specimens are tested with a 

strain rate of 10 mm/min. To generate the sharp crack into the V-notch, a razor 

blade was used. The crack opening displacement was measured by a clip 

extensometer (632.29F-30, MTS). The KIc was calculated using the following 

equation:  

    
    

     
                  (3) 

Where: Fmax represents the maximum force required for crack propagation, d is the 

thickness of the specimen, w is the specimen width, a is the initial crack length, and 

Y is a geometrical term.  

For deeper understanding of occurring fracture mechanisms, the crack tip opening 

displacement (   ) was calculated using equation (3) and the mechanical values 

obtained from tensile and KIc tests: 

    
   

 

    

                        

E represents the Young´s modulus obtained from tensile tests and    the yield 

stress obtained from compression tests, and   is the Poisson`s ratio of the polymer, 

here taken to be 0.35. 
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3. RESULTS AND DISCUSSION 

3.1. Morphology and Dispersion Quality  

The specific interface area is the key factor affecting potential improvements of 

nanocomposite properties. Therefore, the quality of nanofiller dispersion in the 

polymeric matrix is a crucial feature. As a first indication, the overall dispersion 

and distribution of the nanofiller or aggregates on a macroscopic scale was 

monitored using µ-computer tomography (µ-CT) analyses. The maximum spatial 

resolution of the µ-CT is 5-10 µm and thus only particles bigger than 5-10 µm can 

be detected by this method. As mentioned before, the typical lateral extension of 

MMT platelets is < 300 nm (Figure S1). Consequently, for MMT only aggregates can 

be visualized with µ-CT. Synthetic fluorohectorite platelets typically have lateral 

extensions of 5-7 µm while the thickness typically is 10 – 15 nm. Depending on the 

orientation relative to the X-ray beam, for fluorohectorite not only larger 

aggregates but also some primary platelets might be detectable in µ-CT.  

As already reported, after melt compounding many Bentone aggregates were 

detected by µ-CT (Figure S2a), which for this filler must be aggregates [10]. The 

aggregates are homogeneously distributed over the whole volume of the sample 

making roughly 40% of the filler content. Melt compounding of O-hect showed a 

good dispersion quality on macroscopic level compared to conventional Bentone-

filled composites (Figure S2b). Only very few particles can be spotted in the 

specimen with µ-CT. For the reasons discussed above it remains unclear at this 

point whether these represent large primary platelets or few remaining 

aggregates. As expected, with solution blending a much better dispersion as 

indicated by µ-CT was achieved (Figure S2c and 2d). In this case, no aggregates can 

be detected for both PMMA/clay nanocomposites suggesting that even for the 

Bentone-filled composite the specific interface area could be significantly 

increased. Comparing Figure S2a and 2c it is obvious that the full potential of any 

particular filler can only be estimated after optimization of the interface area.  
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Figure 2. TEM micrographs of PMMA/clay nanocomposites; a) Bentone and b) O-

hect prepared by melt compounding and c) Bentone and d) O-hect prepared by 

solution blending at 4 wt.-% clay content. 

The dispersion quality of PMMA/clay nanocomposites on a microscopic level was 

monitored using TEM micrographs. TEM allows a qualitative understanding of the 

internal structure through direct visualization of the particle distribution in the 

matrix. Micrographs of PMMA/clay nanocomposites prepared by melt 

compounding are shown in Figure 2. As already indicated by µ-CT for Bentone-

filled composites, huge aggregates exist in the specimen which reduces the 

effective specific interface area significantly (Figure 2a). Nevertheless, thin tactoids 

of Bentone were spotted alongside these huge aggregates. In case of O-hect-filled 

nanocomposites the microscopic dispersion is much better as compared to the 

Bentone sample (Figure 2b). Comparison with the sample obtained by the solution 
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blending (Figure 2d), however, clearly indicates that the dispersion can still be 

improved a great deal. 

The advantage of solution blending was also noticeable for the Bentone-filled 

nanocomposite where aggregates were no longer observed but rather single clay 

tactoids (Figure 2c). The much improved dispersion quality as indicated by both µ-

CT and TEM is expected to deliver improved properties due to the increase of 

specific interface area between the nanofiller and the matrix and the concomitant 

decrease of potential internal failure planes in the filler volume. 

Due to the large α of O-hect platelets, inevitably texture is induced when clay 

suspensions are dried after modification and platelets are arranged parallel during 

drying. Upon complete removal of solvent, aggregates with band-like structure are 

formed. The large overlapping areas in these aggregates imply vdW forces of a 

magnitude that apparently cannot be overcome by shear forces generated during 

melt compounding to accomplish complete disaggregation. Contrary to this, the 

solution blending route avoids any drying steps for pure O-hect suspensions and 

thus avoids the formation of the band-like structures. For commercial Bentone 

powders, the overlapping areas are much smaller due the smaller diameter and the 

absolute adhesion energy is much lower. Moreover, contrary to O-hect with 

Bentone, the modifier is exchanged at external and internal basal surfaces and a d-

spacing of 25.5 Å (Figure S3) is observed for this intercalation compound. 

Therefore, the volume of the organic modifier amounts to as much as 68 vol.-% 

(see discussion in chapter 3.3) and this large volume swells in organic solvents 

assisting disaggregation by internal stress.  

Quantitative analyses. 

The number of particles per area in the nanocomposites as seen in the TEM 

micrographs represents quantitative information of the much improved dispersion 

quality (Figure 3). As a result of the improved dispersion quality, no longer 

aggregates were spotted and consequently, a higher number of nanoplatelets at 

any given area in the nanocomposites is observed. Due to their smaller lateral 

extension, the number of Bentone nanoplatelets per area (Figure 3a) is 

approximately two orders of magnitude higher than the number of O-hect 

nanoplatelets (Figure 3b). 
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Figure 3. Effect of clay content and preparation method on number of particles per 

area for a) Bentone and b) O-hect-filled nanocomposites. 

Moreover, the quantitative analysis provides details concerning the average 

interparticle distance (Table 1) which is a relevant parameter especially for 

interpretation of the mechanical behaviour [14]. 

As expected, the higher number of nanoplatelets obtained by a better dispersion 

reduces the interparticle distance significantly. Due to the large lateral extension of 

the nano-mica, the average interparticle distance in the O-hect-filled 

nanocomposites is one magnitude higher than in the Bentone-filled 

nanocomposites. It is worth to point out, that the interparticle distance is still in 

the same order of magnitude of the particle lateral extension, in respect to each 

nanofiller, which reduce the possibility to form any spatial-linked structures [15].  

Table 1. Average interparticle distances for PMMA/Bentone and PMMA/O-hect 

nanocomposites in relation to preparation method as determined from TEM 

micrographs: 

                                       interparticle distance [nm] 

sample weight content [%] melt compounding solution blending 

PMMA/Bentone ~ 1.3 483 ± 187 328 ± 145 

PMMA/Bentone ~ 2.3 424 ± 154 261 ± 109 

PMMA/Bentone ~ 4.0 350 ± 149 237 ± 109 

PMMA/O-hect ~ 1.2 4836 ± 2137 3322 ± 1674 

PMMA/O-hect ~ 2.2 3758 ± 1956 3013 ± 1401 

PMMA/O-hect ~ 3.7 2936 ± 1563 1557 ± 727 
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Gas barrier measurements. 

Gas barrier measurements were used as an additional independent indirect probe 

for dispersion quality of the nanofiller in the matrix at certain clay content. 

According to tortuous path models, for instance the Cussler model [16], the 

relative permeability of matrix and nanocomposite scale by α2. The permeability is 

therefore a sensitive measure for the effective aspect ratio. Since the effective 

aspect ratio will be reduced by band-like aggregation, permeability may also serve 

as indirect probe for dispersion quality. The nanocomposite films were prepared 

by melt pressing which probably induced an orientation of the nanoplatelets 

parallel to the melt flow. This texture will contribute to the reduction of 

permeability on top of the improvement of dispersion quality but the latter is 

expected to be the dominating effect. 

At low filler content as applied here, MMT nanocomposites show little 

improvement, if any, in oxygen permeability due to the modest α as the aspect 

ratio of the filler is the key factor [17,18]. For instance, polystyrene/MMT-filled 

nanocomposites prepared via in situ polymerization of styrene showed a reduction 

of permeability by as little as 8% at a comparatively high filler content of 7 wt.-% 

[19]. Only for large aspect ratio fillers like O-hect a filler content of ~ 4wt.-% as 

applied here, is expected to produce significant reductions in permeability. 

Therefore, the oxygen transmission rate (OTR) measurements were restricted to 

O-hect-filled nanocomposite films (Table 2). Since the thickness of functional films 

prepared varies to some degree, OTR values were normalized to permeabilities (P) 

of films with thickness of 100 µm for better comparability.  

The translucent unfilled PMMA film showed a high permeability for oxygen (P = 53 

cm3 100 µm m-2 day-1 bar-1). A significant reduction (30% as compared to neat 

PMMA films) of the oxygen permeation to 37 cm3 100 µm m-2 day-1 bar-1 was 

observed for O-hect-filled nanocomposite films prepared by melt compounding. As 

anticipated, by a more efficient dispersion of O-hect by solution blending the 

permeation was reduced further (60% as compared to neat PMMA films) to 21 cm3 

100 µm m-2 day-1 bar-1. In addition to aspect ratio, permeability is of course also 

dependant on filler content. The significantly better barrier for the solution 

blended nanocomposite (3.4 wt.-%) as compared to the melt compounded film 
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(4.1 wt.-%) was even achieved with lower filler content. Employing the Cussler 

model [16] to correct for the differing filler contents, the film prepared by solution 

blending at 4.1 wt.-% would be expected to show a reduction of permeability by 

75% to a value as low as 14 cm3 100 µm m-2 day-1 bar-1. The superior performance 

of the solution blended over the melt compounded nanocomposite may be directly 

related to the reduction of effective aspect ratio by band-like aggregates in the 

latter and thus corroborates a superior dispersion quality achieved by solution 

blending. 

Table 2. Oxygen transmission rates (OTR) and calculated permeations of 

PMMA/O-hect nanocomposites measured at 50% RH. 

sample method 
content 

wt.-% 

thickness 

(µm) 

OTR (cm3 m-2 

day-1 bar-1) 

Permeation (100 µm 

cm3  m-2 day-1 bar-1) 

neat PMMA solution - 230 23 53 

PMMA/ 

O-hect 
melt 4.3 150 24 36 

PMMA/ 

O-hect 
solution 3.6 120 18 21 

3.3. Tensile Properties of PMMA/Clay Nanocomposites 

Employing clay minerals as nanofillers to reinforce polymeric matrices generally 

leads to an increase in stiffness while concomitantly embrittlement takes place 

[20-22]. ]. As it has been shown, dispersion quality is a key factor influencing the 

mechanical properties [23] and to probe the importance of the dispersion 

efficiency on mechanical performance, tensile tests were carried out. The larger 

accessible interfacial area, as indicated by TEM, µ-CT, and permeability, is expected 

to affect the mechanical properties of the nanocomposites significantly [24].  

Tensile properties for different PMMA/clay nanocomposites and neat PMMA as a 

reference were compared as a function of volume content at 25 °C. The actual filler 

content was determined after complete thermal removal of organic matter (matrix 

and modifier). The remaining ceramic mass was converted to volume fractions of 

filler. The two types of fillers used differ, however, significantly in modifier 

content. For Bentone, the complete cation exchange capacity is neutralized by 

alkylammonium cations (Figure 4) and consequently the density of this filler is 1.7 

g cm-3. For O-hect, interlayer cations are non-exchangeable K-ions and thus the 

density of mica (2.7 g cm-3) was used to convert mass into volume content. 
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Figure 4. Schematic representation of (left) selective modification restricted to 

external basal surfaces in the shear-stiff O-hect and (right) complete ion exchange 

of both external and internal basal surfaces in Bentone leading to different 

densities of the two fillers. 

The in-plane modulus of the platelets is the most relevant feature of the nanofiller 

in respect to reinforcement. The in-plane modulus of a single 2:1-layer has recently 

been determined experimentally by applying a sophisticated wrinkling method 

[25]. Interestingly, the in-plane module of such a delaminated, singular 2:1-silicate 

layer was found to significantly lower (~ 20%) than the corresponding value found 

for mica. This was attributed to the fact that non-hydrated interlayer K+ cations 

protrude on both sides of the interlayer space into hexagonal cavities of the silicate 

surface. From a mechanical point of view, the stacks of silicate layers cross-linked 

by K+ as found in the nano-mica filler therefore need to be treated as sandwich 

type reinforced nanoplatelets (for details see ref. [12]) which consist of a “soft” 

interlamellar region and a “strong” silicate lamella. Moreover, the “softness” of the 

interlamellar region correlates directly with the cohesion energy between adjacent 

silicate lamella which derives mainly from strong Coulomb interaction that 

diminishes with distance and hence basal spacing. For example, Heinz et al. 

calculated via MD-simulations a 3.3 times higher cleavage energy for K+-

intercalated MMT as compared to its Octadecylammonium intercalated Bentone 

form [26]. And indeed, the TEM micrographs show that Bentone nanoplatelets 

exhibit some curvature in the structure as compared to the stiff nano-mica 

platelets (Figure 2c and d).  
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As expected, the incorporation of both nanofillers (Bentone or O-hect) into PMMA 

via melt compounding leads to an increase in Young´s modulus (Figure 5) as the 

clay platelets promote a higher stiffness than the neat polymer matrix.  

 
Figure 5. Effect of clay content and preparation method on Young’s modulus of 

PMMA/clay nanocomposites.  

The reinforcement model based on Halpin-Tsai [27,28] indicates that larger aspect 

ratios would promote a larger load carrying area. For instance experimentally, 

employing clay platelets with 100 and 200 aspect ratio in a rubbery matrix were 

found to increase Young´s modulus by 167% and 298%, respectively [29].  

Due to its much higher aspect ratio, O-hect would be expected to induce a larger 

increase of Young´s modulus as compared to Bentone. For melt compounded 

nanocomposites we found, however, no significant difference in the performance 

of both fillers. Only when applying solution blending, O-hect nanocomposites 

outperform Bentone nanocomposites as expected. The effective aspect ratio 

improves with dispersion quality [30]. Even for melt compounded O-hect where 

little signs of aggregation were seen in µ-CT, apparently band-like aggregates 

reduce the effective aspect ratio as already indicated by permeability 

measurements. Interestingly even the solution blended Bentone nanocomposites 

outperform the melt compounded O-hect nanocomposites. This suggests that 

improvements in the properties of filler materials might easily be counterpoised 

by mediocre dispersion quality.  
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Figure 6. Effect of clay content and preparation method on tensile strength of 

PMMA/clay nanocomposites.  

Incorporation of O-hect into PMMA has no detrimental effect on the tensile 

strength (Figure 6) and all nanocomposites showed a constant strength 

independently of clay content and dispersion quality. During tensile testing the 

applied external load leads to local stress concentrations at the edges of the 

platelets. However, no premature failure occurs due to the fact that the number of 

platelets at a given filler volume is relatively small for the huge O-hect platelets 

(Figure 3). Therefore the occurring deformation mechanisms of the PMMA matrix 

most likely will not be altered. This is confirmed on the nanoscale by SEM images 

of the fracture surfaces (Figure 7). Neat PMMA deforms by the formation of crazes 

that arise from stretching and failing of polymer chains (Figure 7a). In the presence 

of O-hect this craze formation is preserved as the dominant deformation 

mechanism taking place over large volumes (Figure 7b). Moreover pulled-out 

platelets can be seen with no visible debonded area indicating partial adhesion 

between platelets and PMMA matrix. 
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Figure 7. SEM micrographs of fracture surface of tensile bar for a) neat PMMA and 

b) O-hect filled nanocomposite prepared by solution blending were pulled-out 

platelets from the matrix can be observed.  

An increase in tensile strength is expected to take place in the case of strong 

interfacial adhesion granted by effective stress transfer from the matrix to the filler 

during uniaxial tensile loading [31]. The load transfer between nanofiller and 

matrix can be realised via shear stress induced in the interface region. Information 

about the filler/matrix adhesion can be deduced from the glass transition 

temperature (Tg) which is highly sensitive to chain mobility. In case of a strong 

adhesion, Tg increases due to immobilisation of polymer chains in the 

surroundings of the platelets. A decrease in Tg indicates no interactions at all or a 

plasticizing effect of the organic modifier. We observe no change in Tg values of the 

nanocomposites (Table 3) as compared to unfilled neat PMMA, which has been 

processed in the same way as the nanocomposites. This suggests a partial 

interfacial bonding between clay and matrix leading to a limited load transfer and 

therefore to a matrix dominated failure. This partial interfacial bonding is not 

surprising as the modified clays exhibit only very short organic chains on the 

surface, which improve compatibilization but are too short to penetrate the PMMA 

matrix and to promote good adhesion. Although, the Bentone filler bears high 

organic loading, the glass transition temperature of Bentone-filled PMMA 

nanocomposites is not reduced disqualifying a potential contribution of the 

modifier as a plasticising agent. Consequently, we do not expect a significant 

influence of the different modifiers used for the two nanofillers. Such behaviour is 
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similar to previous observations in PMMA/clay nanocomposites prepared using 

conventional organoclay such as Cloisite 15A and 30B [32,33]. 

Contrary to O-hect nanocomposites, Bentone-filled nanocomposites failed at lower 

tensile strength compared to neat PMMA. In case of melt compounded 

nanocomposites the presence of huge aggregates (Figure 2a) most likely is 

responsible for premature failure. These micro-sized agglomerates led to stress 

concentrations and consequently to cracks with supercritical length resulting in 

premature failure [34,35]. 

Table 3. Glass transition temperatures (Tg) of neat PMMA and PMMA/clay 

nanocomposites at 4 wt.% clay content in respect to the preparation technique. 

 glass transition temperature (Tg) [°C] 

sample melt compounding solution blending 

neat PMMA 101 ± 1 103 ± 1 

PMMA/O-hect 102 ± 1 103 ± 1 

PMMA/Bentone 102 ± 1 101 ± 1 

Surprisingly, improving the dispersion quality by solution blending led to an even 

more pronounced reduction in tensile strength for Bentone-filled nanocomposites 

even at low clay contents (1 vol.-%). As already mentioned, the external load 

applied during tensile testing leads to stress concentrations at the edges of the 

platelets. As the lateral extension of Bentone nanoplatelets is one order of 

magnitude smaller than of O-hect, the number of platelets and consequently the 

number of stress concentrators per volume is at least two orders of magnitude 

higher (Figure 3). Consequently, the matrix ligament thickness is comparatively 

small due to the tremendous reduction of interparticle distances by increasing the 

number of particles per filler volume (Table 1).  

In case of an insufficient interfacial strength, the stress concentration promotes 

partial debonding and void initiation at a certain stress level. These phenomena 

appear first in the core region of the tensile bar, where the particle orientation in 

load direction is low [36]. The orientation is based on the assumption of a 

parabolic velocity distribution during the injection moulding process across the 

thickness of the mould. 
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Additional stress loading often leads to a distortion of stress fields in the matrix 

surrounding the particles which in turn induces local shear yielding with 

concomitant void growth in load direction [37]. Further stress loading will 

eventually promote coalescence of adjacent micro voids into macro voids that 

induces premature failure (Figure 8) [36].  

 

Figure 8. Schematic representation of the gradual deformation process in 

Bentone-filled nanocomposites with partial interfacial adhesion under uniaxial 

tensile loading (modelled after [36]. 

The point when void coalescence occurs strongly depends on the interparticle 

distance. Increasing the number of particles by disaggregation reduces 

interparticle distances in case of solution blended Bentone-filled nanocomposites 

(Table 1). The resulting small ligament thickness fosters void growth at relatively 

low applied stress and therefore leads to premature failure. Compared to neat 

PMMA the fracture surface showed completely different deformation scenario. 

Local shear-yielding of PMMA and the presence of a huge number of voids can be 

observed (Figure 9). Nevertheless, in some areas with lower Bentone 

concentration the same deformation mechanisms as in neat PMMA could be 

identified. 
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Figure 9. SEM micrographs of fracture surfaces of a tensile bar of Bentone-filled 

nanocomposite prepared by solution blending showing a huge number of voids; 

only in selected areas highlighted by cycles craze formation is preserved. 

In agreement with all previous literature reports [21,32,33], for all prepared 

PMMA/clay nanocomposites, the increase in stiffness was accompanied by a 

reduction of elongation at break (Figure 10). The reduction was found to be more 

pronounced for the Bentone-filled nanocomposites due to the much higher 

number of particles per volume and a consequently much smaller average 

interparticle distance. 

In nanocomposites, the plastic deformation is limited by the ligament thickness 

between two particles. Therefore, in case of small interparticle distances, the 

deformation capability of the PMMA matrix during stretching is restricted to a 

greater degree. In line with this, improving the dispersion quality by solution 

blending led to an even more severe reduction in the elongation at break due to 

shorter average interparticle distances.  
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Figure 10. Effect of clay content and preparation method on elongation at break of 

PMMA/clay nanocomposites. 

3.4. Fracture Toughness  

In order to investigate the effect of dispersion efficiency on fracture toughness of 

PMMA/clay nanocomposites, KIc measurements were performed at 25 °C under 

mode I load (Figure 11).  

 
Figure 11. Effect of clay content and preparation method on KIc of PMMA/clay 

nanocomposites. 

As already reported the incorporation of Bentone by melt compounding does not 

promote any toughening but on the contrary has a detrimental effect on the 

fracture toughness of PMMA [10]. For Bentone nanocomposites enhancing the 



4 On the importance of specific interface area in clay nanocomposites 

 

137 
 

dispersion quality by solution blending also failed to improve the fracture 

toughness. The decrease of fracture toughness might be attributed to a significant 

restriction in average plastic deformation of the PMMA matrix by the presence of a 

large number of Bentone nanoplatelets [38]. Further evidence for a reduced plastic 

deformation comes from the drastically reduced elongation at break (Figure 10).  

In contrast to Bentone nanocomposites, incorporation of O-hect by melt 

compounding considerably increases the fracture toughness up to 66% compared 

to neat PMMA (Figure 11). While optimizing the dispersion of O-hect by solution 

blending led to comparable maximum values, the initial increase with low filler 

volume is much more pronounced. At clay content as low as 0.8 vol.-% an increase 

in fracture toughness as high as 63% was achieved. Interestingly, toughening as a 

function of filler content quickly merges into a plateau. At a first glance, this seems 

irritating as additional particles in the nanocomposites would be expected to 

contribute to further toughening. With increasing filler volume, however, plastic 

deformation of the PMMA matrix is also increasingly restricted as indicated by the 

reductions seen in the elongation at break (Figure 10).  

Toughening Mechanisms. 

In order to provide a deeper understanding of the different fracture toughness 

behaviour of Bentone and O-hect-filled nanocomposites, the crack opening 

displacement (δtc) in compact tension specimens during KIc measurement can be 

calculated using Irwin’s equation (eq. 4). δtc represents the expansion of the crack 

tip due to plastic yield of the matrix altering the crack shape and size. It has already 

been shown that the Irwin equation can be employed for nanocomposites based on 

spherical fillers to understand possible toughening mechanisms. For instance, δtc 

was calculated for epoxy nanocomposites filled with silica nanoparticles (~20 nm) 

and was in a micrometer range. However, to promote toughening mechanisms, in 

particular crack pinning and crack deflection, the filler must be at least as large as 

δtc. Therefore, the silica nanoparticles were not able to promote the 

aforementioned toughening mechanisms [33].  

Table 4 gives an overview of the crack opening displacements for Bentone and O-

hect-filled nanocomposites at different clay contents. Only the nanocomposites 

prepared by solution blending are considered. 
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Table 4. Crack tip opening displacement (δtc) calculated using the Irwin model for 

PMMA/clay nanocomposites. 

filler type solid content (vol.-%) δtc - CTOD (µm) 

neat PMMA - 1.9 

O-hect 

O-hect 

O-hect 

0.44 

0.80 

1.53 

3.6 

4.0 

3.9 

Bentone  

Bentone  

Bentone  

0.91 

1.76 

3.05 

1.2 

1.1 

1.0 

For the neat PMMA matrix the δtc is 1.9 µm and for Bentone and O-hect-filled 

nanocomposites the maximum δtc is 1.2 and 4.0 µm, respectively. Bentone typically 

has lateral extension < 300 nm whereas O-hect shows platelet diameters between 

5-7 µm (Figure S1). Bentone thus is significantly smaller than the calculated δtc and 

therefore, the aforementioned toughening mechanisms are unlikely to occur 

[39,40]. On the contrary, O-hect platelets are much larger than δtc allowing for 

crack pinning and crack deflection as occurring toughening mechanisms. 

To verify these considerations, the fracture surfaces of neat PMMA and PMMA/clay 

nanocomposites were investigated in detail. SEM micrographs of the fracture 

surface of neat PMMA show a relatively smooth fracture surface with slight plastic 

deformation on a macroscale and the typical nanoscale structure arises from craze 

initiation and growth (Figure 12).  

 

Figure 12. SEM micrographs of KIc fracture surface for neat PMMA.  



4 On the importance of specific interface area in clay nanocomposites 

 

139 
 

The incorporation of O-hect alters the macroscopic deformation mechanism as the 

crack is caused to propagate along an extended tortuous path leading to higher 

energy dissipation during crack propagation (Figure 13 top). Moreover crack 

pinning and platelet pull-out occur in a similar fashion to what we have previously 

discussed in detail for O-hect-filled nanocomposites prepared by a melt 

compounding [10]. The nanoscale deformation mechanism is quite similar to neat 

PMMA. 

 

Figure 13. SEM micrographs of KIc fracture surfaces a,b) O-hect-filled and c,d) 

Bentone-filled nanocomposites prepared by solution blending; the crack 

propagation direction is from left to right. The arrows indicate (1) crack pinning 

and (2) crack deflection occurring mechanisms, respectively.  

In case of Bentone-filled nanocomposites the macroscopic fracture surface shows 

no signs of the abovementioned toughening mechanisms and is much smoother 
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indicating less energy dissipation compared to neat PMMA (Figure 13 bottom). On 

the nanoscale, debonding of Bentone platelets and local shear-yielding of the 

PMMA matrix was observed as occurring deformation behaviour. Nevertheless, the 

macroscopic deformation capability of the matrix is significantly restricted as 

compared to the deformation of neat PMMA matrix. 

4. CONCLUSION 

The focus of this study was to maximize the specific interface area of large aspect 

ratio nano-mica (O-hect) in a PMMA matrix by an efficient dispersion. Melt 

compounding proved to be ineffective to achieve shear forces sufficient to break 

band-like aggregates of partially parallel overlapping nanoplatelets produced 

when drying suspensions. Consequently, masterbatches were produced by 

solution blending of suspensions of filler and matrix. This approach yielded a much 

improved dispersion of clay tactoids in the matrix as confirmed by µ-CT, TEM 

micrographs, and gas barrier measurements. The latter appears to be a sensitive 

probe as the barrier dependents on the square of the aspect ratio and any 

reduction of effective aspect ratio by band-like aggregates may be immediately 

detected.  

Characterization of the mechanical properties of the nanocomposites stressed the 

prime importance of the dispersion quality. The superiority of new filler materials 

can easily be masked by inferior dispersion processes. For instance, the solution 

blended Bentone nanocomposites outperform the melt compounded O-hect 

nanocomposites in respect to Young´s modulus. Only when applying solution 

blending for both materials, the impact of the high aspect ratio of O-hect was 

realized. This suggests that improvements in the properties of filler materials 

might easily be counterpoised by mediocre dispersion quality.  

The O-hect-filled nanocomposites offered significantly improved E-modulus 

(+30%) without reduced strength. Most notable, fracture toughness maybe 

increased by 63% at filler content as low as 0.80 vol.-% for solution blended O-hect 

nanocomposites. A comparable improvement in toughness required 1.85 vol.-% 

using melt compounding. This reduction of filler content by more than 50% to 

achieve a similar toughening effect again underlines the importance of dispersion 

quality assuring maximum specific interface area. The full potential of any 
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nanofiller can only be retrieved if the effective aspect ratio is maximized by a 

blending process capable of preventing aggregation. 

By optimizing the dispersion of Bentone, surprisingly the tensile strength was 

significantly reduced. Due to insufficient interfacial strength, the stress 

concentration promotes partial debonding at a certain stress level eventually 

leading to void initiation. Premature failure is then induced by growth of these 

voids and eventually coalescence of adjacent micro voids into macro voids, an 

incidence which strongly depends on the interparticle distance. Increasing the 

number of particles by disaggregation will thus fosters void growth at relatively 

low applied stress and therefore is responsible for premature failure. In this 

context, it should be noted that the interparticle distance at any given filler content 

is of course also dependant on the platelet diameter. As the lateral extension of 

Bentone nanoplatelets is one order of magnitude smaller than of O-hect, the 

number of platelets per volume is at least two orders of magnitude higher. 

Consequently, no premature failure was observed for the comparatively few huge 

O-hect platelets and the strength was not reduced for this nanocomposite at any 

filler content. 
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Supporting Information 

1. Characterization methods 

1.1. Static light scattering (SLS) 

The particle size distributions (PSD) curves were recorded using a Retsch Horiba 

LA-950 static light scattering instrument for dispersions (~1% solid content) of O-

hect and Bentone in tetrahydrofuran (THF) in a stand cell. The dynamic radius 

obtained from the measurement can be well correlated with the lateral extension 

[1]. 

1.2. Powder X-ray diffraction (PXRD) 

The PXRD patterns were obtained in reflection mode on a PANalytical Xpert-Pro 

equipped with an X′Celerator Scientific RTMS detector using Cu-Kα radiation. The 

"Full Width at Half Maximum" (FWHM) of the 001 reflection was determined and 

related to the thickness of the platelets applying the Scherer equation [2,3]. 

 

Figure S1. Volume weighted (q%) particle size distributions of (—) Bentone and 

(—) O-hect before compounding and (---) after compounding. The data were 

obtained by static light scattering using clay dispersions in THF (1 wt%) using the 

following refractive indexes RIclay: 1.590, RITHF: 1.407. The D50 values are 6.4 µm 

and 0.30 nm for O-hect and Bentone, respectively 
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Figure S2. Three-dimensional reconstruction applying µ-CT of different 

PMMA/clay nanocomposites at 4 wt.-% content; a) Bentone and b) O-hect: 

prepared by melt compounding, c) Bentone and d) O-hect: prepared by solution 

blending. 

 

Figure S3. PXRD patterns of Bentone (—) and O-hect (−−−) showing the (001) 

reflexes corresponding to a d-spacing of 25.7 and 9.9 Å, respectively. 

1.  Goossens D. Sedimentology 2008;55(1):65-96. 

2.   Burton AW, Ong K, Rea T, Chan IY. Microporous and Mesoporous Mater 

2009;117(1-2):75-90. 

3.   Scherrer P. Nachr Ges Wiss Goettingen 1918;2(98-100. 
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