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ABSTRACT 

In this research work, the effect of particle shape (i.e. rod-like, spherical and 

platellet) and concentration on the liquid crystalline structure of poly (4-benzoic acid-

co-ethylene terephthalate) (PHBA/PET) was evaluated by studying the composites 

thermal transitions and structure.  Composite films were produced by direct melt 

blending of the polymer with up to 1.5 v% loadings of four different kinds of 

commercial fillers, which are: silica, multiwalled carbon nanotubes (MWCNT), 

halloysite nanoclays (HNC) and montmorillonite nanoclays (MNC).  Mixture and 

processing was carried out in a Thermo-Haake MiniLab2 twin-screw extruder.  

Thermal transitions were determined by differential scanning calorimetry (DSC), 

thermogravimetric analysis (TGA) and polarized optical microscopy (POM).  Structure 

and morphology were analyzed by a combination of small angle X-ray scattering 

(SAXS), and scanning electron microscopy (SEM).     

  No significant changes were observed on the glass and melting transitions 

since all the values are within the experimental error independent of particle type.  An 

exception was the melting of MNC composites since from medium to high values (0.5 

v%-1.5 v %) the melting temperature decreased but remained independent of particle 

loading. The isotropic-to-nematic transition temperature was diminished with the 

addition of particles for all cases, but was independent of concentration.  This 

represented a decrease in the liquid crystalline region. 

Thermal degradation was also studied by 5 and 10 % of weight loss and at the 

maximum rate of degradation.  All particles showed to produce a positive increment in 
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composite thermal stability, except for MWCNT where temperatures remained almost 

constant.  This behavior could be explained by the molecular confinement due to the 

increment in particle concentration of the MWCNT in PET rich region. 

The highly anisotropic nanoparticles (i.e. rods & plates) had a similar effect on 

the morphology, showing a fibrilar behavior at the fracture plane, as observed by the 

SEM, while silica showed no fibrillar structures.  This was attributed to the non-

preferential arrangement of the silica spheres.  No significant changes were observed on 

the SAXS patterns for HNC or MWCNT, while silica and MNC composites showed a 

slightly wider SAXS pattern.  The latter can be attributed to the presence of a broader 

domain distribution. 

Addition of this kind of nanoparticles at the low concentrations studied did not 

showed any significant effect on the LC polymer thermal transitions.  Also, no change 

is observed on the liquid crystalline structure for the rod-like particles while silica and 

clay particles promote large crystal domains distributions as evidenced by SAXS.  In 

the case of thermal stability it seems that particles intrinsic properties are the factor that 

promotes the enhancement on temperature resistance rather than their shape or 

concentration.  
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RESUMEN 

En este trabajo investigativo se estudió el efecto que tiene la adición de 

nanoparticulas con diferente morfología (i.e. cilíndricas, esféricas y hojuela) al igual que 

la concentración, en la naturaleza liquido cristalina del polímero poly(4-hydroxy-

benzoic acid-co-ethylene terephtalate) (PHBA/PET).  Esto se hizo mediante el estudio 

de las transiciones termales y la estructura interna del compuesto.  Las tiras de 

nanocompuestos fueron procesadas mediante la mezcla directa la matriz con cuatro 

diferentes tipos de nanoparticulas comerciales, las cuales son: silica, nanotubos de 

carbón de multiples paredes (MWCNT), halloysite nanoclays (HNC) y montmorillonite 

nanoclay (MNC).  La mezcla y el procesamiento se llevó a cabo en una extrusora de 

doble barrena Thermo-Haake MiniLab2 con concentraciones hasta 1.5 v%.  Las 

transiciones termales se determinaron a través del uso de un dispositivo de rastreo 

diferencial de calor o DSC, por sus siglas en inglés, mientras que la durabilidad o 

resistencia termal se estudió usando un analizador termogravimetrico o TGA y 

mediante microscopia óptica polarizada (POM).  La estructura y morfología de los 

compuestos se analizaron utilizando el análisis de rayos X a ángulos pequeños y 

dispersos (SAXS) al igual que el microscopio de rastreo electrónico (SEM). 

No se observaron cambios significativos en las transiciones vítreas y de 

fusión dado que todos los valores se mantuvieron dentro del error experimental 

independientemente del tipo de morfología de la partícula.  A excepción de la 

temperatura de fusión para el sistema con MNC ya que de valores medianos a altos en 

concentración (0.5 v%-1.5 v%) el valor de la temperatura para esta transición 

disminuyo para todos los casos pero independiente de concentración.  Este 

comportamiento se reflejó como una disminución en la zona liquido cristalina. 
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La degradación termal fue estudiada a 5 y 10% de pérdida de peso y a las 

temperaturas de mayor razón de degradación.  Todas las partículas mostraron el tener 

un efecto de aumentar la estabilidad termal de los compuestos a excepción de los 

MWCNT, donde las temperaturas permanecieron relativamente constantes.  Este 

comportamiento se puede explicar debido al confinamiento molecular provocado por el 

aumento en concentración de MWCNT en las regiones ricas en PET. 

Las nanoparticulas altamente anisotropicas (i.e. cilindros y hojuelas) 

provocan un efecto similar en la morfología, mostrando un comportamiento fibrilar en 

el plano de fractura, como se observa en el SEM; mientras que silica demostró no 

promover el comportamiento fibrilar.  Esto se le atribuye al arreglo no preferencial que 

tienen las esferas de silica.  Tampoco se observaron cambios significativos en las curvas 

de SAXS. 

La adición de este tipo de nanoparticulas, a las bajas concentraciones 

estudiadas, no demostró tener un efecto significativo en las transiciones termales del 

cristal líquido.  Tampoco se observó cambio alguno en la estructura liquido cristalina 

para las partículas con morfología cilíndrica, mientras que silica y los clays 

promovieron la formación de zonas o dominios de cristales distribuidos.  En el caso de 

la estabilidad termal, al parecer el factor que influye grandemente son las propiedades 

intrínsecas de cada partícula y no la morfología o concentración de las mismas, esto 

para las concentraciones estudiadas.   
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1. INTRODUCTION 

 The study of polymer composites has increased markedly in the last few years 

due to the necessity of materials and structures with enhanced and multifunctional 

properties, yet maintaining processing ease and lower costs.  The selection of an 

efficient matrix and filler is determined by design and application requirements.  The 

size of fillers has been typically on the micrometer scale, but recently the interest has 

turned to the nanometer scale.  Nanoparticles have attracted the attention as polymer 

fillers due to their capacity to provide a high surface area per unit volume for physical 

and chemical processes to occur.  Thus, large enhancements in physical properties, 

such as thermal, mechanical and electrical properties, may be attained with lower 

amounts of particles [1, 2].  Nevertheless, the addition of nanoparticles could also 

result in detrimental effects to the matrix, especially if it has internal structure such as 

the inherent ordering of liquid crystals.  As a consequence, polymer nanocomposite 

production is an optimization problem between formulation composition and internal 

structure, where enhancements are desired without affecting the performance of the 

matrix. 

 A group of specialty polymers known as liquid crystalline polymers (LCPs) are 

attractive candidates for nanocomposites since they are anisotropic, which means they 

have positional and/or orientational order.  As a result, they have a relatively high 

degree of molecular orientation, mechanical strength, and resistance to different hostile 

environments, such as humid, high temperature, or chemically challenging systems.  

These properties make LCPs attractive in industrial applications such as automobile, 

aircraft, military, electronics and biomedical applications [3, 4].  Polymer melts in the 



 

2 

nematic liquid crystalline phase, where only orientational order exists, have a great 

advantage over other kinds of polymers since they have lower viscosities at high shear 

rates which make them easier to process.  On the other hand, the internal anisotropy of 

the nematic phase has the potential to orient the nanoparticles, since the particle’s size 

is of the same length-scale as that of the polymer molecules.  Also the high shearing 

forces present during processing may orient the particles and LCP molecules along the 

flow direction, thus obtaining unidirectional LCP nanocomposites. 

 The goal of this research work is to determine the effect of material 

formulation on the physical properties of model liquid crystalline polymer – based 

nanocomposite melts and extruded films.  In order to achieve this objective the effect 

of particle shape (or equivalently anisotropy) and concentration on the physical 

properties as well as on the LCP structure are going to be studied.  This also requires 

the optimization of processing conditions to enhance the dispersion of particles within 

the liquid crystalline polymer matrix. 
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2. BACKGROUND 

2.1 Composites and Polymer Nanocomposites 

 

 The concept of composites is not a human invention; it already exists in nature.  

Typical examples of composites found in nature are ourselves, been the skin and tissues 

the matrix and the bones our reinforcements.  The bones are also classified as natural 

composites that consist of an organic component called collagen (a fibrous protein) 

with small amounts of protein, polysaccharides and glycoaminoglycans [5].  Another 

example is wood who is a composite of cellulose fibers in a matrix of lignin.  Also 

invertebrate shells are composites which are stronger and tougher than some man-made 

advanced composites [6].  In some countries people have taken advantage of 

composites by centuries mixing husk or straws with clays to build houses. 

 The traditional approach to the development of composites is to manipulate 

some properties in order to enhance predetermined functional requirements which are 

guided by design necessities.  Recently, however, there has been an increasing interest 

in the development of materials and structures which have value-added properties that 

can be resumed as mechanical and non-mechanical.  Examples of mechanical properties 

to be enhanced are: stiffness, strength, fracture toughness and ductility among others.  

While non-mechanical properties are referred to thermal, electrical and diffusive.   

 Ultimately a lot of studies have been performed using polymers as the matrix 

for the production of nanocomposites as engineering materials where mechanical 

improvements of great relevance have been reported.  An example is that the use of 
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polymers has exceeded the use of steel on a volume basis [7].  Some of the reasons that 

make them suitable for a wide range of applications are due to their lightweight and 

relative ease of processing.  They are used for automobile parts, aerospace components 

and consumer goods.  Another advantage for the use of polymers as nanocomposite 

matrices is that they are relatively easy to mold, polymers (plastics) can provide high 

surface finish area and therefore eliminate several machining operations [8].   

 It is important to address that nanocomposites are materials that result from 

mixing a matrix (bulk) with one or more nanoparticles.  The product obtained has 

properties of both, the matrix and filler phases that form the nanocomposites [9].  This 

is due to the interaction of the nanoparticles with the matrix which can result in an 

enhancement of the matrix properties.  For example, Koartar and colleagues [10] 

reported an increase of 1000% on the loss modulus of polycarbonate (PC) without 

significant reductions in the storage modulus when PC was loaded with 2 wt% of 

single-walled carbon nanotubes (SWCNT’s).  This was attributed to the frictional 

sliding at the interface between the SWCNT’s and the PC molecules.  Other example 

where nanoparticles improved polymer properties was the study reported by Uddin and 

Sun [11] where the addition of silica nanoparticles to an unidirectional E-glass/epoxy 

composite resulted in a significant enhancement of the longitudinal compressive 

strength and modulus. 

 There are three different types of nanocomposites depending on the length 

scales of the dispersed particles that are in the order of nanometers.  When the three 

length scales are in the order of nanometers the nanoparticles are known as iso-

dimensional or one-dimensional, such as spherical silica nanoparticles.  The second is 
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when two dimensions are in the nanometer scale and a third is larger (usually in 

micrometers) which forms an elongated structure such as nanotubes.  The third type is 

when just one of the lengths is nanometric, such as lamellar clays [12].  

Nanocomposites can also be divided, based on their dispersion in the host matrix, into 

the following types: phase separated, exfoliated and intercalated.  Figure 1 shows the 

schematic representation for a lamellar nanocomposite.  Usually polymers are used as 

matrix for composite production due to its functional chemical properties; intercalated 

structures can be defined as the alternation of polymer chains with the particle layers in 

a fixed compositional ratio and have a well-defined number of polymer layers in the 

intralamellar space.  While exfoliated or delaminated structures are those which the 

number of polymer chains between the layers is almost continuously variable [13]. 
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Figure 2.1 Schematic of dispersed lamellar nanoparticles in a polymer matrix. 

Reproduced from reference [8]. 

 

 Researchers have become more interested in studying polymer nanocomposites 

because they have exceptional properties [14].  Some studies have shown that the 

addition of small amounts of nanoparticles such as carbon nanotubes (CNT’s) in 

polymer matrices may improve their applications in the fields of reinforcing 

nanocomposites, electronic devices, fire retardants, and many more, as Campell and 

Shen demonstrates [15, 16].  But it is important to address that the value of 

nanocomposite technology is not based solely on mechanical enhancements of the neat 

resin or matrix.  Rather, its value comes from providing the so called value-added 

properties without sacrificing the inherent processability and minimizing detrimental 

effects on the other properties of the matrix [8].  
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 Polymer nanocomposites also have a broad field of applications in various 

consumer products, and in the construction and transportation industry, with specific 

impact on technologies like drink packaging applications, protective coatings, adhesive 

molding and barrier layer materials.  An example of an application improvement in 

bottling is the use of polymers like PET with nanoclays to produce a nanocomposite of 

low permeability which will protect the beverages from losing gaseous components 

[17, 18].  Another example of non-mechanical property enhancement in polymer 

nanocomposite are those of Gilman and Herrera-Alonso [19-21] and their respective 

colleagues who have demonstrated the flame retardancy and barrier properties of many 

polymer/clay nanocomposites like nylon-6 clay nanocomposites.  Nanocomposites also 

have an impact in optical applications like optical data communication and storage, 

optical sensors and UV protection, such as polycarbonate/alumina and PET/TiO2 

nanocomposites [22, 23].  On the other hand, it also has been demonstrated that some 

nanoparticles decrease the optical properties in nanocomposites by turning them 

opaque. 

 The selection of nanoparticles as matrix reinforcements plays an important role 

in the composite design since it will determine the composite performance.  Particle-

matrix interaction is fundamental at the interface because it will determine particle 

dispersion, property enhancement and as a result, composite reliability.  The 

importance of a good interface between particle and matrix is because it acts as a 

bridge in the transfer of load and energy from the matrix to the fiber.  This is why some 

researchers propose a surface treatment on the particle before mixing it with the 

polymer, while others suggest a particle selection with high matrix affinity [24]. 
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 There are different forms of reinforcements, from long continuous fibers to 

woven and short or discontinuous as shown in Figure 2.  Each configuration results in 

an impact of different properties, even if they are of the same material.  As mentioned 

before, it depends on the application, manufacturing method and the properties that 

have to be enhanced.  Typically for the enhancements of mechanical properties long or 

continuous fibers are recommended while for non-mechanical applications 

discontinuous fibers are suggested.  Thus, great enhancements in mechanical properties 

are also observed with the use of discontinuous fibers.  For the production of short 

fiber nanocomposites the most common methods used are extrusion, injection and 

compression molding and for continuous fiber composite filament winding, pultrusion, 

and roll wrapping are typically used. 

 

       

Figure 2.2 Schematic of matrix fillers types. 

   Reproduced from reference [25]. 
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 The reason why long fibers are recommended for structural applications is 

because the transmitted stress has a continuous path along the fiber axis.  While for 

discontinuous fibers, their high surface area makes them suitable for providing thermal 

or electrical percolation.  It is important to point out that not because the fibers are the 

reinforcements it means that they are the only ones supporting the systems.  Fibers are 

of little use if the matrix is not present.  Some of the important functions of the matrix 

are: to bind and hold the fibers together, transfer the load to the fiber, provide rigidity 

and shape to the structure, isolate the fibers so that individual fibers act separately 

which could stop or slow crack propagation, to provide protection to the fibers from 

chemical deterioration and mechanical damage and to make the material processable 

[6]. 

 Until now the advantages of composite material with a special emphasis in 

polymer nanocomposites have been discussed, but it is necessary also to mention their 

disadvantages.  The most outstanding disadvantage is the very high cost when 

compared with steel and aluminum.  For example, based on weight, the cost of 

composite materials is 5 to 20 times higher than other engineering materials, such as 

steel and aluminum, as shown in Table 1. 
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Table 1.1 Composites and reinforcement costs 

 

Material Cost [$/lb] * 

Glass fiber 1.00 – 8.00 

Carbon fiber 8.00 – 40.00 

Epoxy 1.50 

Glass/epoxy prepreg 12.00 

Carbon/epoxy prepreg 12.00 – 60.00 

Steel 0.20 – 1.00 

Aluminum 0.60 – 1.00 
*Costs are based on 2005 prices 

Reproduced from reference [6]. 
. 

 

There is also a deficiency for high volume manufacturing processes.  Another 

disadvantage is that polymers have lower temperature resistance compared with other 

materials used as matrices (i.e. metals and ceramics) and some of them also have low 

resistance to solvents and environmental stress cracking.  Moisture absorption is also a 

problem that affects the properties and dimensional stability of composites.   

 However, the mentioned disadvantages of polymer matrices, there have been an 

increasing tendency on the use of liquid crystalline polymers for composite production 

due to their anisotropy and advantageous properties (i.e. processing costs, light weight, 

endurance).  Some properties and advantages of liquid crystalline polymers are 

discussed in more detail in the next section. 
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2.2 Liquid crystals and polymers 

 

2.2.1 Introduction to liquid crystals 

 

 Liquid crystal (LC) phase is defined as a transition state between the solid and 

liquid states present in some materials.  This phase transition is a thermodynamic stable 

phase distinguished by the anisotropy of properties in the absence of a three 

dimensional crystal lattice [26].  The molecules in a liquid crystal may flow like a liquid, 

but will also have an average orientational and/or positional order as in a solid or 

crystal-like structure.  Liquid crystals may be divided depending on how they are 

formed, which are thermotropic or lyotropic.  Thermotropic liquid crystals are 

identified as those showing its phases with temperature changes, while lyotropic liquid 

crystals do so with changes in concentration and need the presence of a solvent [27].   

Since the discovery of liquid crystal phases, made by Reinitzer-Lehmann more 

than 100 years ago, the number of phases in liquid crystals has increased from two 

(nematic and smectic) to fifteen or twenty.  But the most common is the nematic phase, 

which is characterized for having orientational order, but little or no positional order.  

The molecular orientation (locally or on average) is denoted by a unit vector n called 

the director.  The degree of orientation is given by the order parameter S as: 
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23cos 1

2
S

 
                 Eqn. 1 

 

 The brackets represent the average of all molecules and  is the angle 

between every molecule and the director.  The value of S ranges from zero to one, 

being zero the isotropic state and one an ideal orientation where all the molecules are 

parallel to each other. 

 Liquid crystals can be also grouped in several types depending on the 

geometrical structure of the mesogenic molecules.  The liquid crystals derived from the 

rod-shape molecules (i.e., one axis much longer than the others) are called calamitics.  

These classes of materials are commonly studied and extremely useful for practical 

applications (e.g., nematic polymer melts).  The mesophases formed by disc-like 

molecules (i.e., one axis shorter than the other two) are called discotics [28].  Also, 

there are some studies on bent core molecules (i.e., bow-loke or banana shaped) [29-

31], but their particular use is limited.  

 Calamitic thermotropic liquid crystals are mainly subdivided into nematic and 

smectic mesophases [32].  The smectic mesophase is also divided in several different 

types of phases, such as SA, SB, SC, …, SI, which are differentiated by the preferred 

directional orientation of the molecules with respect to the layer normal and the 
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distribution of the molecules centers of mass within each layer.  In the other hand, the 

disc-like molecules are subdivided as discotic nematic and columnar [33].   

 

2.2.2 Liquid crystal polymers 

 

 The birth of liquid crystalline polymers is attributed to the German chemist 

Daniel Vorländer when in 1923 he began to pursue the concept of a main-chain liquid 

crystal polymer.   Vorländer studied the systematic increase of benzene rings in rod-like 

molecules and found that the melting temperature was way above the decomposition 

temperature, which basically frustrated his study [34, 35].  It was later determined that 

this happened because the melting point of rigid chain polymers increases rapidly with 

increasing chain length.  It was not until 1970, when Jackson and coworkers in 

Eastman Kodak were able to synthesize rigid random copolymers of aromatic 

polyesters [36]. 

 Liquid crystal polymers (LCP’s) are divided according to the location of the 

mesogenic group, which in liquid crystals refers to the semirigid or rigid units attached 

to the backbone [37].  There are three kinds of liquid crystal polymers (Figure 3a and 

3b, which are: (a) main chain liquid crystal polymers, (a) side chain liquid crystal 

polymers and (c) a combination of both called combined liquid crystal polymers [33].  
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Rigid main chain liquid crystal polymers can be formed when low molar mass (rod or 

disc-shaped) mesogenic molecules are joined.  While if the linking units are long and 

flexible a semiflexible polymer is derived.  The mesomorphic properties or structural 

attributes of the LC phase in main chain liquid crystal polymers are strongly influenced 

by the degree of flexibility and structural composition.  In side chain liquid crystal 

polymers, the flexible polymer backbone has a strong tendency to adopt a random 

coiled conformation while the attached mesogenic units tend to adopt an anisotropic 

arrangement. 

 

    

(a) Main chain polymer                                                         (b) Side chain polymer 

Figure 2.3 Schematic mesogenic gropup locations. 

Reproduced from reference  [38]. 
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2.2.3 Thermotropic liquid crystal polymers 

 

 Liquid crystalline polymer melts are widely used for different applications, this 

kind of polymers are often called thermotropic liquid crystals.  Some applications 

examples are in electronics and high precision mouldings, lightweight aircrafts and, 

automobile parts, solar cells and many other domestic appliances [37, 39].  It can be 

said that thermotropic liquid crystalline polymers (TLC) are established as specialty 

materials, where the polymer manufacturers offer their own variations.  As mentioned 

before, thermotropic liquid crystals show their phases at a certain temperature range.  

At lower temperatures the material will have a crystal-like behavior while at relatively 

high temperatures the molecules will flow freely forming an isotropic phase due to the 

destruction of the cooperative order by thermal motions.  It is important to remind that 

the liquid crystal phenomenon is a thermodynamically stable phase that generally lies 

between the solid and the isotropic liquid phase and is commonly named mesophase. 

 The interest in synthesizing thermotropic polymers began with the pursuit of 

polymers with higher mechanical properties and heat and fire resistance.  With this in 

mind, Economy and coworkers came out with the production of a high molecular 

weight polymer named poly(4-hydroxybenzoic acid) [40].  But there was a problem of 

processability due to its high crystallinity and melting point which was around 600C.  

In order to lower the melting temperature of the thermotropic polymers, researchers 



 

16 

such as Economy and Jackson started to study the effect of copolymerization on 

different monomers.  From these studies, it was concluded that random 

copolymerization is an effective way of disturbing the regular molecular structure of the 

polymer chain and tends to lower the melting temperature [41].  This is due to the lack 

of repeating monomers of the same molecule which inhibits crystallization and, thus, 

results in a reduction of the melting temperature.  Common examples of thermotropic 

polymers and copolymers are: polybenzamide (PBA), poly(phenyleneterephthalamide) 

[26] or Kevlar [42], polybenzobisthiazole (PBT) [43], 4,4’- biphenol, p-hydroxy 

benzoic acid and terephthalic acid (BPTA/HBA; Ekkcel I-2000) also known as Xydar 

[44], and poly(4-hydroxy benzoic acid-co-ethylene terephthalate) (PHBA/PET) [45], 

among others. 

 The most prominent advantage of thermotropic liquid crystalline polymers is 

that, under the right processing conditions, they tend to align its molecules and remain 

in that orientation [46].  This advantageous behavior is due to the fibrous nature of 

LCP’s which makes them self – reinforcing polymers and as a result translates into 

better mechanical properties.  It has been found that TLCP/TLCP blends have better 

characteristics than those of individual TLCP [47-51].  A typical example of 

improvement is the ability of lowering the viscosity in order to make them easier to 

process [52].  Because of these properties, thermotropic polymers are used for the 
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production of composites due to their ability to enhance structural and non-structural 

functions such as strength and thermal stability [48, 53].  Also their tendency to orient 

makes them ideal for a variety of processing techniques such as extrusion or injection 

molding [50, 54]. 

 

2.3 Polymer processing 

 

2.3.1 General techniques 

 

 The processing of polymers and composites has been characterized by a wide 

diversity of methods and techniques, where the most common are: post die processing, 

forming, injection molding and extrusion [55].  From these, extrusion is the most used 

technique for polymer processing in industry and for research purposes in academy [56-

58].  The selection of a specific technique depends on the type of material that is going 

to be processed, its complexity, and the required properties of the product as well as 

the processing costs. 

 Post die processing can be divided in fiber spinning, film blowing and sheet 

forming [59].  These processes are characterized for being free-surface where shape 

and thickness of extrudate is strictly determined by the rheological properties of the 
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melt.  These techniques, especially film blowing shown in Figure 4a, are amongst the 

most important in the polymer processing industry [60].  The forming process is 

composed of three techniques: blow molding, thermoforming and compression 

molding.  Blow molding is typically used for the production of hollow objects, such as 

containers, automobile bumpers and duct work [61].  It consists in inflating a piece of 

polymer by an open ending, generally after an extrusion, with compressed air until it 

fills a mold cavity. 

 Thermoforming consists in heating a polymer sheet and pressing it into the 

bottom of a mold by means of mechanical force, pressure or vacuum [62], as shown in 

Figure 4b.  In the case of injection molding it consists on feeding a material into a 

heated barrel and forced into a mold cavity by a hydraulic system where it cools and 

takes the mold shape. 
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                                    (a) 

 

                       
 

                   (b) 

Figure 2.4 Schematic diagram of (a) film blowing and (b) thermoforming. 

Reproduced from reference  [63].   



 

20 

2.3.2 Extrusion 

 

 As mentioned before, the extruder is the device most commonly used for 

polymer processing.  The extrusion technique consists on pushing a material through an 

opening, called die, of predetermined cross-sectional area.  The geometry of the die, as 

well as the material flow properties and the flow rate, determines the pressure needed 

to perform the extrusion.  In the case of thermoplastics, when a screw extruder is used, 

the feed polymer is heated until it melts in order to reach a fluid state and make the 

pumping through the die easier.  Then the product (i.e. polymer, composite) is 

solidified by cooling after it exits the die.  To operate an extruder, melt pressure, screw 

speed and temperature have to be monitored.  This technique is commonly used for 

fluids ranging from medium to high viscosity, such as oils, food stuff, and polymer 

melts.  Some examples are those studied by Kartika [57] and coworkers for the 

extraction and processing of sunflower seed oil.  While Liang also studied the viscosity 

of polymers during extrusion [64].  Extrusion is also regularly used for research 

purposes, such as in the case of Xifeng Xu and colleagues on their study of 

poly(ethylene terephthalate)/clay nanocomposites [65].  In this studies they stated that 

the extrusion method played an important role due to its simple and versatile 

processing way.  Also, Campell and McNally preferred the extrusion technique for the 



 

21 

production of poly(ethylene glycol) nanocomposites for drug release because this 

technique can be easily transfered from batch processing to a continuous process [66]. 

 The most common extruders used are single and twin screw extruders.  

Examples of single and twin screw extruders are shown in Figure 5a and 5b 

respectively. 

 

  

(a) 

 

 (b) 

Figure 2.5 Schematic diagram of (a) single screw extruder and (b) twin screw 

extruder. 

Reproduced from reference  [38]. 
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Single screw extruders, as the name implies, consists of one rotating screw, which its 

main function is to melt and pump the material.  Single screw extruders also find 

applications in the food industry as mixers and moisture or volatile components 

remover [67, 68].  Material transport in this type of extruders is drag-induced and flow 

is determined by frictional properties of the solid and melted phase. 

In the case of twin screw extruders its classification depends on the degree of 

screw intermeshing and the direction of screw rotation.  These classifications are as 

follows: co-rotating or counter-rotating by screw rotational direction, and 

intermeshing, non-intermeshing and self-wiping by screw arrangement and vicinity.  

This type of extruders are greatly used in academy and industry since they are capable 

of processing materials with high viscosities or materials that cannot be easily 

processed in single screw extruders due to the limitations in the development of 

shearing forces.  Kuiper and coworkers made a critical study comparing single and twin 

screw extruders for different food applications where they determined that for highly 

viscous food materials a better mixing was obtained in a twin screw extruder [58].   

Russo and coworkers [69] used single and twin screw extruders to measure the 

rheological and mechanical properties of nylon 6 nanocomposites and reported that 

structural and performance modifications were highly dependent on matrix degradation 

and filler amount.  In addition to thermal degradation, another disadvantage that may 
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be present in extrusion are the detrimental effects due to the high shear forces that take 

place, such as sharkskin or surface mattness and melt fracture. 

 To describe the shear rate in a screw channel it is assumed that the geometries 

are the same as in a coaxial cylinder set-up and the surfaces (screw and barrel) are flat 

plates (same as for a Couette geometry).  Also it is assumed that the barrel rotates 

relative to the screw as this gives better results, described by Equation 2 where D is the 

outside diameter of the screw, N is the rotational speed of screw and H is the channel 

depth.  The shear rate of the polymer melt between the screw flight and the barrel is 

described by Equation 3, where δ is the flight clearance.  After these assumptions the 

shear rate as stated by Rauwendaal is [70]:   
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 A schematic of a screw in a channel is shown in Figure 6. 

 

Figure 2.6 Schematic diagram of an extrusion geometry. 

Reproduced from reference  [71]. 
 

 Another important part of the extrusion process is the flow behavior within or 

through the slit die, which is represented in Figure 7, where the direction of mass flow 

is on x direction. 
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Figure 2.7  Schematic of slit die. 

Repreduced from reference  [72]. 
 

 In the case of polymer melts the velocity profiles are not parabolic, but they do 

follow the velocity distribution of Ostwald – de Waele, Equation 4, which describes a 

power law fluid.  Where v0 is the maximum velocity (vmax) at y = 0 (center line) while 

Hslit is the channel height, n is the flow exponent defined as k + 1.  Here k is the slope 

of the shear viscosity function.  Finally, vslip is the slip velocity at the wall. 
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 For Newtonian fluids the flow exponent (n) is equal to 1, while for shear 

thinning fluids n is always smaller than 1.   

 Figure 8 shows a flat shaped region is at the middle of the channel, which is 

typical of polymer melts.  

 

Figure 2.8  Shear stress, velocity and shear rate distribution of a Newtonian 

(dashed line) and shear thinning (solid line) material in a slit die. 

Reproduced from reference  [72]. 

 

 For shear thinning fluids, the true stress can be calculated using the 

Weissenberg and Rabinowitsch equation, Equation 5, where Dw is the apparent shear 

rate at the wall for Newtonian fluids. 
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Where m is the mass flow, ρ is the density of the fluid, W is the slit width and τw shear 

stress at the wall. 

2.3.3 Melt rheology 

 

Rheology is concerned with the deformation of materials under the influence of 

stresses.  Deformation and flow are present when polymers are softened or melted and 

then reformed into solid products of different shapes.  In the case of polymer melts or 

viscoelastic materials, when subjected to an external deformation, the natural response 

is to remain between a viscous liquid and an elastic solid.  The viscoelastic properties 

are dependent on many variables, including temperature, pressure and time, among 

others. 

 The rheological behavior of polymer melts is strictly influenced by the 

entanglements (i.e. molecular crossovers) in its chains since they provide resistance to 

deformation.  Even small differences in chain entanglements represent large differences 

in the flow behavior and these differences can be measured by rheological tests due to 

its sensitivity.  Rheological measurements are used as an effective tool for: quality 

control of raw materials, predicting material performance, and manufacturing processes 

[73].  Polymer melts show a shear thinning behavior, which is due to the alignment and 

disentanglements of the polymer chains.  In the case of TLCP’s the behavior is even 
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more complicated than for flexible polymers due to the existence of polydomain 

structures.  Some studies performed by Kim and colleagues showed that the complex 

viscosity |η
*
| decreased as a function of frequency in TLCP’s nanocomposites [74].  In 

the case of filled polymers, the presence of particles affects the rheological 

characteristics of the polymer system due to the size, shape and concentration.  There 

are a numerous of articles that study the rheology of filled polymers [75-78]. 

 An important viscoelastic response in polymers is the normal stress, which is 

related to extrudate swell.  As the name states, normal stress is a force perpendicular to 

a surface.  In extrusion, a fluid is forced to flow through a conduit where it exerts both, 

normal and shear stresses.  But once the material exits the die the normal stresses are 

released which translates in swelling.  This behavior may represent some problems for 

the product manufacture and can be eliminated by studying the rheological behavior of 

such materials. 

2.4 Particle Dispersion 

 

 Dispersion in nanocomposites is always a matter of concern because it is the 

most important requirement for achieving the so-called enhancement of the properties.  

But it is important to point out that a good dispersion means that the physical, thermal 

and/or mechanical properties do not vary spatially at the macroscopic level, which 
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suggests that the nanoparticles are either randomly or uniformly distributed. Uniform 

dispersion of the nanoparticles produces a large interfacial area per unit volume 

between the nanoparticles and the host polymer.  A large amount of articles deal with 

the fact of dispersion in nanocomposites and agree that there has to be an attractive 

interaction between the nanoparticles and the matrix to avoid agglomeration [79-81].  

Thus, nanoparticles may be surface treated to provide hydrophobic characteristics and 

enhance inclusion into a hydrophobic polymer matrix [25].  This suggests a cautious 

study of polymer crystallinity and chemistry, molecular weight, and synthesis methods.    

Such is the case when the nanoparticles used are carbon nanotubes (CNT’s), where the 

functionalization will be an effective method to achieve a uniform dispersion due to 

interfacial adhesion improvement between matrix and particle. 

 In the case of clay nanoparticles they are generally functionalized or modified 

by ion exchange reactions of organophilic cations in order to obtain a good dispersion 

ranging from intercalated to exfoliated [82].  That is the case of Huang and Han who 

suggested that organoclay nanocomposites present some problems of dispersion due to 

the lack of compatibility between the polymer matrix and the organoclay [83].   

 In the case of melt mixing for polymer nanocomposites particle agglomerates 

undergo dispersion by two mechanisms: rupture and erosion.  A study performed by 

Kasaliwal and colleagues [79].  found that at low mixing speeds the dispersion was 
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dominated by both mechanisms, while rupture mechanism governed at higher mixing 

speeds.  Rupture is considered a bulk phenomenon and erosion is considered a surface 

phenomenon.  In the first one (rupture) large agglomerates are broken in short times 

and in the case of erosion small components from the surface agglomerate are slowly 

eroded.  The later requires longer times to achieve a good dispersion, yet it will cause 

less damage to the nanoparticles.  Rupture mechanism can cause defects on the surface 

of the nanoparticles due to the high intensities of the shear forces.  That is why different 

tests or processing parameters have to be performed in order to have a balance between 

particle dispersion without causing particle or surface damage. 
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3. MATERIALS AND METHODS 

 

3.1 Polymer matrix 

 

 The polymer matrix used in this study was poly (4-hydroxy benzoic acid-co-

ethylene terephthalate) (PHBA/PET).  It was purchased from Sigma Aldrich (Batch # 

02203MO, Cat. # 531235-100G) and the structure of the copolymer is shown in Figure 

9, where m and n are 60 and 40 respectively. The advantages that encouraged the 

selection of this polymer are its relatively low cost and availability, but most important 

because it is a copolymer with rigid segments that shows a nematic phase which have 

shown to have no significant die swelling [84, 85].  The procesability of liquid 

crystalline polymers (LCP’s) is enhanced by the low viscosity in the nematic melt 

phase, which in PHBA/PET is markedly present around the range of 250 – 300 C.  

Also, the nature of this polymer makes it more stable at elevated temperatures and have 

better mechanical properties when compared to flexible polymers [86, 87].    
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Figure 3.1 Chemical structure of the PHBA/PET molecule. 
 

 

This is the same aromatic polyester as developed by Jackson and Kuhfuss and 

investigated by many other researchers, it is also important to mention that it is a 

thermotropic [36].  The liquid crystalline behavior is present due to the HBA segments, 

which are the rigid part of the copolymer.  ET segments are the flexible segments in the 

copolymer, which are added to the HBA in order to lower its melting point since it is 

virtually impossible to process the PHBA unit alone by conventional methods [87].  

Different ratios of this copolymer were synthesized and studied in order to find the 

correct balance of enhanced properties.  The 60:40 molar ratio proved to have better 

mechanical properties and processing characteristics than the other ratios [87].  Liquid 

crystalline polymers are stronger than flexible polymers due to the orientation of the 

molecules, which promotes the formation of fiber-like structures.  This behavior also 

makes them more stable at higher temperature and provides better chemical stability 

among. 
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3.2 Nanoparticles 

 

 Different shapes of nanoparticles were evaluated in order to determine the 

effect of particle shape and concentration on the polymer matrix. 

 

Multiwalled carbon nanotubes: 

Carbon nanotubes (CNT’s) are known for having excellent mechanical, 

electrical and magnetic properties.  Due to its high aspect ratio they are also used as 

reinforcing agents to produce high strength polymer composites.  The cylindrical 

morphology of the CNT’s promotes the formation of networks, which also helps in the 

strengthening of the matrix. 

Some researchers have demonstrated that despite a poor dispersion, small filler 

loadings improve substantially the mechanical, thermal and electrical properties.  

CNT’s promote the formation of a percolated network that helps either in the 

mechanical, electric and/or heat conduction, thus enhancing the electrical or thermal 

properties.  Because of the cylindrical geometry, MWCNT have the tendency to 

increase the strength compared to the neat matrix due to the formation of fiber-like 

structures at the break surface.  The formation of this network helps to prevent crack 

propagation in the matrix due to the constant change in direction of the stress or 

deflection of the evolving crack.   
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The multiwalled carbon nanotubes (MWCNT’s) used in the studies presented 

herein were carboxylated to enhance particle affinity with the matrix and were 

purchased from CheapTubes [88], having an outside diameter of 8 nm and a length of 

approximately 10-30 m. 

 

Clays (Halloysite and Montmorillonite): 

Clays are naturally occurring materials composed of phyllo silicate minerals and 

are known as good fire and heat retardants.  Their crystal structure consists of 

aluminum or magnesium hydroxide octahedral sheets sandwiched between two silicon 

oxide tetrahedral sheets.  They are used as fillers for the production of polymer 

composites where different applications and enhancements have been found.  A typical 

example is the use of clays for barrier layer applications (i.e. bottles) due to their 

efficiency on slowing down the path of gases and liquids.  The reason for this is that 

clay nanoparticles increase the tortuous path through the polymer matrix due to the 

galleries in its structure and the morphologies adopted when dispersed in a polymer 

matrix.  The morphologies adopted may be, aggregated, intercalated, flocculated or 

exfoliated.  The halloysite nanoclays (HNC’s) used had a diameter of approximately 

>100 nm and lengths of 500-1.2 m and were purchased from Sigma Aldrich (Batch 

#09514DJ, Cat. #685445-500G).  In the case of montmorillonite nanoclays, which are 
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plate-shaped, the dimensions are L ~ 1 m and thickness of about 1-3 nm. They were 

also were purchased from Sigma Aldrich ( Batch # 03717JH, Cat. #682632-500G). 

 

Silica: 

 

       Silica nanoparticles have a spherical geometry with the chemical formula of 

SiO2, as shown in Figure 10.  These kinds of nanoparticles can be obtained as 

monodisperse, which has been reported to be an advantage for the enhancement of 

mechanical properties in composites[11].  It is also the most abundant mineral in soil 

and this makes it very accessible.  The motivation for using silica as a matrix filler is 

due to its spherical shape which will give us the opportunity to compare the impact of 

spherical shapes with the other geometries used.  Silica can be also easily synthesized 

or economical, if purchased.   In this case, silica nanoparticles were purchased from 

Sigma Aldrich (Batch # 05812MD, Cat. # 637238-50G) and have a D ~15 nm and a 

purity of 99.5 %.  They are porous and amorphous.      
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Figure 3.2 Schematic of SiO2 molecular structure. 

 

 

3.3 Nanocomposite preparation 

 

 Nanocomposite films where produced by direct melt blending in a co-rotating 

intermeshing twin screw extruder (Haake MiniLab II) with a 5/14 mm conical screw 

and a length of 109.5 mm, shown on Figure 11. 

 

                  
 

Figure 3.3 Schematic of twin screw extruder and die exit. 
 

Pressure Sensors 
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Polymer pellets and fillers are slowly fed to the extruder for approximately ten 

minutes at 290 C  while screws were set at 10 rpm in order to perform a pre-mixing 

and most important, to avoid material accumulation at the hooper.  The melt was 

processed at 40 rpm and 300 C and extruded at 190 C and 10 rpm.  Extrusion was 

carried out through a rectangular die of 4.0 mm by 1.0 mm (W x H).  It is important to 

mention that the product is naturally quenched when exposed to ambient temperature 

immediately after extrusion.  The extrudate is collected over a D22 transport conveyor 

belt (0 – 50 mm/s) which is manually manipulated in order to match the exiting flow 

rate to obtain uniform samples. 

3.4 Characterization 

 

Digital scanning calorimetry (DSC): 

One of the thechniques for thermal characterization is DSC, which is used as a 

complementary tool to optical microscopy.  The DSC reveals the presence of 

mesophases and liquid crystal phases by detecting the enthalpy change associated with 

a phase transition.  Although the calorimetry cannot identify the type of phase, some 

useful information about the degree of molecular ordering within a mesophase can be 

derived on the basis of the level of enthalpy change.   
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The analyses performed on the composites consisted in weighing samples of 

approximately 10 to 15 mg which were deposited in a Tzero aluminum pan and sealed 

with a Tzero hermetic lid.  Care was taken in order to ensure that the sample to be 

analyzed touched all or most of the pan’s bottom, for better or most reliable data 

acquisition.  The instrument used was a Q-2000 differential scanning calorimeter from 

TA Instrumens and the parameters for sample testing where set using a ramp in 

standard mode from 20 to 420 C at a heating rate of 5 C/min in a dry air atmosphere 

and with a nitrogen flow of 50 mL/min to cool the system. 

 

Thermogravimetric analysis (TGA): 

TGA consists in the determination of sample weight loss with temperature 

changes.  It is commonly used in the characterization of polymers to determine 

degradation temperatures, absorbed moisture, and level of inorganic and organic 

components in sample.  With this characterization technique the determination of 

composite decomposition displacement as function of particle loading and/or 

morphology is more accurate [45]. 

Non-isothermal analyses were carried out using a TA Instruments Q-2950 

thermo gravimetric analyzer.  Samples ranging from 20 to 30 mg were loaded on an 

aluminum pan and heated at a rate of 5 C/min from 20 C to 600 C.  Air flows of 60 

mL/min and 40 mL/min were used for the sample and reference chambers respectively.  
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TGA data was analyzed using the TA Universal Analysis 2000 software in order to 

determine the maximum degradation temperature and rate of degradation.  

 

 

Small angle x-ray scattering (SAXS): 

 SAXS is used to obtain information from unidirectional samples about the 

orientation of the molecules and nanoparticles in order to identify liquid crystalline 

structures (for our purpose).  Typical angles studied range between 0.1 and 5 degrees 

were the smallest accessible angle gives the largest resolution feature size.  This 

technique is applicable to crystalline and amorphous materials and sample preparation is 

relatively easy. 

Small angle x-ray scattering patterns were recorded using an attachment for 

SAXS in a Rigaku Ultima III - goniometer unit with a CuK target (= 1.5418 Å).  

The anode was operated at 40 kV and 44 mA.  Also a div. slit and high limiting (H.L.) 

slit of 1.0 mm and 10.0 mm, respectively, were used along with a sample holder 

attachment for transmission method.  A scanning speed of 0.05 /min at steps of 0.05 

was used to obtain patterns for each sample from 0.6 to 1.5 (2). 
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Polarized Optical microscopy (POM): 

 The use of microscopy is the most direct technique for obtaining structured 

information.  This technique uses visible light and lenses to magnify images of small 

size.  It can be used to analyze samples and probe length scales down to around 0.5 m 

and even smaller if light is collected in the near field, where textures and macro 

structures can be observed.   

This technique was implemented in order to identify the nematic phase range.  

To analyze the samples a thermal hot stage was set at 300 C.  The nematic phase of 

the sample was reached and a water bath was used to eventually chill the system.  Lens 

having a magnification of 10X was used to take the photos along with a Cannon 

professional camera.  Samples were cut using a surgical blade from surface to inner 

sections in order to have a representative behavior of the whole composite. 

 

Scanning electron microscopy (SEM): 

 This technique consists in scanning the sample surface with a high energy beam 

of electrons which can reach scale lengths of approximately 15 Å.  The interaction of 

the electrons with the sample may provide information of surface topography and 

composition. 

Scanning electron micrographs were obtained using a JEOL-JSM-6930LV 

scanning electron microscope and employing an accelerating voltage of 5 and 10 kV.  
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Composite samples were randomly broken in order to obtain surface cracking and then 

were coated with gold in a spun coater for approximately 2 minutes as stated for low 

conductive samples.  Sample pieces were placed over a carbon glue grids and 

aluminum pan holders to study its cross sectional fracture plane. 
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4. EFFECT OF ROD-LIKE PARTICLE ON THE STRUCTURE AND 

THERMAL PROPERTIES OF THERMOTROPIC LIQUID 

CRYSTALLINE POLYMER NANOCOMPOSITES 

 

4.1 Introduction 

 

Liquid crystalline polymers (LCP’s) have been studied in the last decades for 

different engineering applications as potential matrices for the production of 

lightweight composites [89, 90].  Among this kind of polymers, thermotropic LCPs are 

considered as one of the high-performance engineering thermoplastics, especially for 

those that present the nematic structure at the melt state [91].  Nematic polymers have 

excellent mechanical properties and high-temperature stability [80].  These properties 

are related to the rigidity that the aromatic rings gives to its structure along with the 

ester linkages.  The combination of these characteristics promotes a low melt viscosity 

behavior at the melt state, which also makes them relatively easy to process.   

Nano and micron size particles are added in order to enhance the matrix, but 

this may also affect the anisotropic properties of the LCPs.  The fillers used in this 

section had a rod-like morphology in order to study the effect of these particles on the 

structure and thermal properties of extruded 60:40 mol % poly(4-benzoic acid-co-

ethylene terephthalate) composite strips with varying filler concentration.  It is our 
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belief that rod-like reinforcements will tend to orient more easily in the nematic phase 

and this could be related to a possible improvement in mechanical properties, as well as 

electrical and heat conduction along the flow direction, which will be the matrix/filler 

preferential direction.  These kinds of systems show a fibrillar behavior at the fracture 

surface when observed by the SEM technique; which is related to mechanical property 

enhancement as there is a resistance to crack propagation.  In addition, liquid 

crystalline structure was studied by the use of polarized optical microscopy (POM) in 

the nematic range and by small angle X-ray scattering (SAXS) to determine if there 

was any effect in the crystalline arrangement or lattice ordering which could be 

evidenced by differences in peak position or curve intensities.   

Liquid crystalline transition range showed to be reduced as isotropic-to-nematic 

characteristic temperature diminished while melting point remained almost constant for 

HNC and with a slight increment for MWCNT.  While temperature resistance or 

composite decomposition was mostly favored by HNC since decomposition 

temperatures for MWCNT composites remained almost unchanged. 
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4.2 Thermal characterization – TGA    

 

 Since PHBA/PET is a copolymer it has two weight loss stages during 

degradation, where the first major degradation occurs in the range from 300 to 350 C 

and the second one appears around 450 C.  The first stage of degradation is mainly 

due to the decomposition of the PET units while the second stage is attributed to the 

decomposition of the PHBA blocks.  During the first degradation it has been identified 

that CO, CO2, phenol and ethylene, among other aliphatic compounds, were 

evaporated.  At higher temperatures, near 600 C, great intensities of CO2, phenol and 

other minor components of HBA, such as benzoic acid have been reported [45]. 
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Figure 4.1. Thermogravimetric characterization of PHBA/PET and HNC 

nanocomposites. 
From 20 ºC to 600 ºC at a rate of 5 ºC/min under air atmosphere. 
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 Our results show that the incorporation of HNC improves composite thermal 

stability as an evident displacement of the degradation stages is observed in Figure 4.1. 

Clays are known for being good heat retardants having a thermal conductivity constant 

of 0.25 W/mK without moisture [92, 93].  Also these hollow-like clays act as good 

heat delayers and as physical barriers for decomposition products which try to escape 

when volatilized.  This behavior also suggests a good interfacial adhesion between filler 

and matrix since the thermal motion of the polymer molecules is evidently restricted; 

limiting polymer relaxation as temperature is increased; which translates as improved 

thermal properties.   

 

TGA analysis show that degradation temperatures, reported at 5 wt% (T5) and 

10 wt% (T10) of loss, as well as the temperature of maximum rate of weight loss (Tmd), 

are increased and for some cases (< 0.25 v%) by an approximated Δ of 10 C or more.  

A summary of results is shown in Table 4.1. 
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Table 4.1.  Effect of HNC fillers on the thermal stability of the PHBA/PET 

nanocomposite 

 

HNC  

(v %) 

   T5 
a

  

 (C)    

  T10
b

  

 (C)   

  Tmd 1
c
  

(C)   

  Tmd 2
d

  

(C) 

Neat 357.6 378.2 412.2 490.5 

0.10  367.1 386.9 421.2 521.2 

0.25  363.8 382.1 421.7 524.8 

0.50  385.2 402.2 433.4 513.8 

0.75  380.7 398.9 431.3 522.5 

1.00 373.8 385.9 428.8 518.7 

1.50 394.9 406.5 439.4 526.1 

a - Temperature at a weight loss of 5 %                     b - Temperature at a weight loss of 10 % 

c - Temperature at 1st maximum of 1st derivative       d - Temperature at  2nd maximum of 1st derivative 

 

 

 As evidenced, there is a thermal enhancement with addition of HNC since 

degradation temperatures are displaced to relatively higher values when compared with 

the neat matrix.  Degradation temperatures were displaced between 6 and 37 ºC and 

between 4 and 28 ºC for 5 & 10 % of weight loss respectively.  While the temperatures 

at the maximum degradation rate for the first and second stage were displaced between 

9 and 27 ºC and between 26 and 36 ºC, respectively.   
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Figure 4.2. Thermogravimetric characterization of PHBA/PET and MWCNT 

nanocomposites. 
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 In the case of MWCNT fillers, whose thermal conductivity constant is 

approximately 15 W/mK, the effect is slightly differen.  No clear tendency is seen in 

order to differentiate the neat matrix from the composites in the TGA curves as 

observed in Figure 4.2. 

 

 Addition of MWCNT does not seem to have any effect on T5 and T10 since they 

remain almost constant no matter what the filler concentration.  While Tmd1 decreases 

systematically as filler concentration increases, the maximum change in temperature is 

approximately 27 C (i.e. 1.5 v% vs neat).  In the case of Tmd2, there is also an 

increment in temperature as MWCNT are added but it is not systematic.  As shown in 

Table 4.2, Tmd2 reaches a peak at a concentration of 0.75 v% and then drops to a 

constant value of 505 C.  This behavior may suggest that MWCNT are not well 

dispersed at these higher concentrations or at least they are not as dispersed as in the 

lower concentrations since a systematical increase should be expected. Also, these 

results (specifically Tmd’s) show that there is a tendency of promoting the first stage 

degradation (i.e.PET rich phase), while the second stage still has an increasing trend.  

While a slightly different effect is observed for the MWCNT, when compared to the 

HNC, since no clear tendency is seen in order to differentiate the neat matrix from the 
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composites in the TGA curves.  Some researchers have reported that the 

decomposition of PET units occurs due to the rupture of ester linkages followed by the 

transformation of the carboxylic groups to olefinic ends by the transfer of H [84].  

HBA has a slightly acid environment which may be attractive for the MWCNT to link, 

this suggest an improvement of PHBA-rich phase while negatively affecting PET-rich 

phase.  On the other hand, it seems that the PET blocks are more likely to attract 

MWCNT since the carboxyl groups will easily interact with the polarized oxygens.  

This interaction may happen at the flexible side of the PET chain which may limit the 

molecule or bond flexibility, promoting rigidity which in fact will result in the “scission” 

or bond rupture of this link. 
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Table 4.2.  Effect of MWCNT fillers on the thermal stability of the PHBA/PET 

nanocomposite. 

 

MWCNT 

 (v%) 

T5
a 

(C) 

T10
b

 

(C) 

Tmd 1
c
 

(C) 

Tmd 2
d

 

(C) 

Neat 357.6 378.2 412.2 490.5 

0.10 356.7 375.8 410.7 500 

0.25  356.6 373.8 407.8 506.4 

0.50  356.8 368.8 407.3 496.1 

0.75  353.9 371.0 406.4 512.7 

1.00  353.8 373.7 405.0 505.2 

1.50  353.8 376.8 401.3 505.0 

a - Temperature at a weight loss of 5 %                     b - Temperature at a weight loss of 10 % 

c - Temperature at 1st maximum of 1st derivative       d - Temperature at 2nd maximum of 1st derivative 

 

 

 

4.3 Thermal characterization – DSC   

 

DSC experiments show that the PHBA/PET copolymer has three thermal 

transitions before degradation; these are at approximately 52 C (endothermic), 175 C 

(endothermic), and 300 C (exothermic) as shown in the DSC curves in Figure 4.3 and 

4.4 for MWCNT and HNC, respectively.  Other researchers [94, 95] report that 

temperatures around 50 to 70 C are attributed to a glass transition, while the one from 
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170 to 185 C are due to melting of crystallites, and the one in the range from 300 to 

360 C corresponds to the formation of a nematic phase [35, 85]. 
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Figure 4.3. DSC thermograms of PHBA/PET and MWCNT nanocomposites. 
From 20 ºC to 360 ºC at 5 ºC/min.  
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Figure 4.4. DSC thermograms of PHBA/PET and HNC nanocomposites. 
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. 

Addition of MWCNT slightly broadens the polymer transitions, but softens the 

DSC curves at transitions.  Which means that the abrupt changes are kind of masked 

when compared to the neat matrix.  In the case of HNC it is clearly seen that addition 

of these particles broadens and also softens the curves at the thermal transitions.  But 

most relevant, composite heat absorption is enhanced when compared to the neat 

matrix for both kinds of rod-like nanoparticles.  In order to quantify and have a better 

explanation of this behavior the thermal transitions of the DSC curves were studied to 

see how the enthalpies of every transition where changing and why this broad/softening 

behavior was taking place.   Tables 4.3 and 4.4 show how the enthalpy of transitions 

changed as a function of temperature and concentration for the MWCNT and HNC 

fillers, respectively.   
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Table 4.3.  Transition enthalipies for PHBA/PET MWCNT composites. 

 

MWCNT 

 (v %) 

      Hg   * 

 (J/g)  

      Hm   * 

(J/g) 

        HIN   * 

 (J/g)  

Neat 1.01 3.54 1.25 

0.1  0.607 3.69 1.20 

0.25 0.515 4.13 0.896 

0.5  0.589 4.66 2.06 

0.75  0.564 4.47 1.00 

1.0  0.307 4.55 0.926 

1.5  0.203 5.53 0.714 

Hg – glass transition                     Hm – melting point                   HIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

 

The energy requirement for the glass transition of MWCNT composite is 

reduced, by an amount of 0.807 J/g, comparing the 1.5 v% vs neat, which could be 

attributed to a better dispersion when compared with HNC.  The energy at the melting 

point is almost systematically increased as the MWCNT concentration increases.  At 

this stage of high molecular deformation, energy is absorbed by the polymer molecules 

as well as by the fillers.  For the glass temperature is different, since at this stage the 

change in volume as temperature changes is vigorous. 

 



 

56 

Table 4.4.  Transition enthalipies for PHBA/PET HNC composites. 

 

HNC 

 (v %) 

     Hg  * 

 (J/g)  

     Hm   * 

(J/g) 

       HIN   * 

 (J/g)  

Neat 1.01 3.54 1.25 

0.1 0.767 2.39 1.18 

0.25  0.978 3.21 1.08 

0.5  0.866 4.66 1.05 

0.75  0.723 4.85 0.883 

1.0  0.945 5.99 0.971 

1.5  0.800 6.42 0.961 

 Hg – glass transition                     Hm – melting point                   HIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

 

 The energy requirement to promote molecular relaxation at the glass transition 

only shows a slight decrease can be observed.  This decrease may be attributed, at these 

relatively low temperatures, to the presence of dispersed fillers which will contribute to 

the increment in molecular volume which also increases molecular deformation.  Glass 

temperature is when polymer molecules are undergoing some relaxation by changing its 

molar volume with a change in temperature.  A similar behavior is observed for the 

isotropic to nematic transition, but this transition is exothermic which means less 

energy is released as particle concentration increases.  This may be an indication of 

nematic phase promotion as rod-like fillers are added. 
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 The temperatures reported in Tables 4.5 and 4.6 are the temperatures at the 

minimum of the peak in the DSC curve for the first and second transitions (i.e. glass 

temperature and melting point, respectively).  These transitions need more energy 

absorption in order to promote some molecular re-ordering and crystal flow.  While the 

temperature of the third transition (nematic phase) is the maximum of the peak in the 

DSC curve, it is the maximum since this kind of transitions where some order or liquid 

crystallinity is promoted are characterized for being exothermic. 

Table 4.5.  Effect of MWCNT fillers on the glass, melting and I-N transition 

temperatures of the PHBA/PET nanocomposite. 

 

MWCNT  

(v%) 

  Tg  * 

 (C)   

   Tm   * 

 (C)   

    TIN  * 

 (C)   

Neat 52.5 184.2 330 

0.10  53.0 185.3 318.7 

0.25 53.0 192.4 301.0 

0.50 52.8 194.9 296.9 

0.75 53.2 186.2 293.1 

1.00  52.2 186.9 304.7 

1.50 53.5 191.0 306.7 

    Tg – glass transition                      Tm – melting point                   TIN – isotropic to nematic phase 

 

*Average values taken from a total of n=3 measurements. 
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 For MWCNT, the glass transition remains almost constant with a variation of 

approximately ± 2 ºC as shown in Figure 7.1, while the melting point seems to increase 

as a function of particle concentration but the temperature values remain inside the 

error range as shown in the same figure.  The isotropic to nematic transition is 

significantly reduced by approximately 23.3 ºC, but the values remain also inside the 

error range which could represent that there are no significant changes.  The range 

from glass transition to melting point tends to increase with the addition of MWCNT; 

increasing by 6 to 8 ºC which is not very attractive from a material processing point of 

view due to the energy consumption.  In the case of the isotropic to nematic transition 

range the temperature gap is reduced almost systematically as MWCNT concentration 

increases.   
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Table 4.6.  Effect of HNC fillers on the transition temperatures of the 

PHBA/PET nanocomposite. 

 
HNC  

(v%) 

    Tg   * 

 (C)   

   Tm  * 

(C)   

     TIN   * 

 (C)   

Neat 52.5 184.2 330 

0.10  52.4 184.2 322.0 

0.25  53.8 188.06 314.8 

0.50  53.2 185.5 314.1 

0.75  55.0 184.0 314.7 

1.00  54.5 178.9 311.5 

1.50  59.8 182.7 312.3 

Tg – glass transition                      Tm – melting point                   TIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

 

 Thermal transitions for HNC show an increment of approximately 7 ºC 

while the melting point tends to stay almost constant.  This is an indication of HNC 

adding or helping in the polymer chain relaxation at the early stages of heating.  This is 

a good signal for material processing since it translates into less energy requirement for 

composite production.  In the case of isotropic to nematic transition, the characteristic 

temperature is greatly reduced by approximately 18 ºC.  This is the same as saying that 

the isotropic to nematic range decreases as HNC concentration increases.  HNC 

particles help in promoting composite orientation, since they force polymer to adopt a 

flow direction as they do not deform and maintain a preferred uniaxial direction by its 
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natural rigidity.  Which sustains the claim that addition of rod-like particles promotes 

the formation of the nematic phase. 

4.4 Structure and morphology – POM  

 

 Micrographs in Figures 4.7 and 4.8 show that in fact, there is a nematic phase in 

the range around 300 ºC.  In the first picture at the left, which is the neat matrix, it is 

seen that there are multiple domains of the nematic phase since different colors can be 

distinguished.  In the case of MWCNT there is also the same behavior as a preferential 

direction is observed but also formation of some clusters can be identified.  It is 

important to mention that these clusters are seen as dispersed domains.  But when 

HNC are added this multiple domains are interrupted or forced to have the same 

average direction since there is no more multiple colors, instead there is only one 

dominant color. 

              

                                     neat                                                         0.10 v% MWCNT 

clusters 
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                    0.25 v% MWCNT                                                 0.50 v% MWCNT 

              

                           0.75 v% MWCNT                                              1.00 v% MWCNT 

 

 

1.50 v% MWCNT 

Figure 4.7. Micrographs of PHBA/PET and MWCNT composites. 
 

 

 

clusters 
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                             0.10 v% HNC                                                     0.25 v% HNC 

                 

                             0.50 v% HNC                                                     0.75 v% HNC 

                 

                              1.00 v% HNC                                                     1.50 v% HNC 

Figure 4.8. Micrographs of PHBA/PET and HNC composites. 
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4.5 Structure and morphology – SEM  

 

 SEM micrographs of the PHBA/PET – MWCNT system show fibrillar 

structures at the fracture surface for the complete range of particle loading.  These 

structures are shown in Figure 4.9 and seem to be present as small and distributed 

clusters, which is characteristic of an aggregated morphology.  The formation of these 

structures is a consequence of good interfacial adhesion due to the functionalized 

groups on the MWCNT surface, which increases the shearing forces between particle 

and matrix when stresses are applied.  As a result there is a resistance to fracture or 

crack propagation since the load is transferred from the matrix to the MWCNT through 

the interface, but when the limit force is reached the composite fails and these 

reinforcements are broken and/or peeled off, which is what is seen in the micrographs. 

 The sum of these characteristics, cylindrical morphology and functionalized 

surface, promote an apparent enhancement in the mechanical properties of the 

composite since the exerted stress of any load is transferred along the direction of the 

MWCNT particle and then dispersed within the whole network and small clusters. 
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                             0.10 v% MWCNT                                                 0.25 v% MWCNT 

               

                            0.50 v% MWCNT                                                 0.75 v% MWCNT 

               

                            1.00 v% MWCNT                                                  1.50 v% MWCNT 

Figure 4.9. Micrographs of PHBA/PET and MWCNT composites. 
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                                0.10 v% HNC                                                        0.25 v% HNC 

               

                               0.50 v% HNC                                                        0.75 v% HNC 

              

                                  1.00 v% HNC                                                      1.50 v% HNC 

Figure 4.10. Micrographs of PHBA/PET and HNC composites. 
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 In the case of PHBA/PET-HNC system, there is a rough and fibrillar behavior 

at the fracture plane surface for all the concentrations studied.  This behavior is typical 

from an intercalated morphology, particle-matrix arrangement, rather than an 

aggregated one, such as in the PHBA/PET-MWCNT system.  The formation of this 

intercalated morphology is promoted by the HNC galleries which tend to sandwich the 

matrix molecules.  While the fibrillar behavior is a result of particles being pulled off 

from the matrix, as shown in Figure 4.10. 

 

4.6 Structure and morphology – SAXS  

 

 Small angle X-ray patterns were recorded in order to study the effect of 

cylindrical shaped nanoparticles (i.e. MWCNT and HNC) on the LC structure of the 

matrix.  As shown in Figure 4.11 and Figure 4.12, there are no significant changes on 

the intensities of both curves.  The only difference is that HNC curve has a slight higher 

hump than the MWCNT curve, which may be related to the presence of more 

intercalated structures when compared to the MWCNT system. 
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Figure 4.11. Effect of MWCNT particles on the SAXS patterns of PHBA/PET 

comoposites. 

vMWCNT (%)  
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Figure 4.12. Effect of HNC particles on the SAXS patterns of PHBA/PET 

comoposites. 
 

 Cylindrically shaped particles does not change or significantly affect the 

structure of the matrix since they are oriented in the same direction of the matrix 

molecules as a result of the extrusion process, which forces a preferential direction but 

it does improves the percentage of LC domains. 

vHNC (%)  
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4.7 Conclusion 

 

 From the studies performed halloysite nanoclay seems to have a better 

performance than multiwalled carbon nanotubes when enhancing composite resistance 

to thermal degradation.  More than that, MWCNT does not significantly improve the 

thermal properties of PHBA/PET.  Instead of increasing the degradation temperatures, 

addition of MWCNT promoted faster degradation in some cases such as in T5, T10 and 

Tmd1.   

 Addition of rod-like nanoparticles lowered the energy requirement for reaching 

the glass transition and less energy liberation at the isotropic-to-nematic transition.  

This is attributed to an increment in volume between polymer molecules for the glass 

transition and evidence of more oriented structures at the isotropic to nematic 

transition.  This orientation is enhanced due to particle morphology which will add 

rigidity and restrict or limit molecular misalignment.  The major effect in energy 

reduction is observed with the MWCNT particles.  This behavior may be attributed to 

the higher rigidity of MWCNT which will give a more ordered structure.  For both 

particles the heat of fussion (ΔHm) is increased since at this point the sample 

components (matrix and particles) will require energy in order to flow freely.   

 The presence of nematic structures is confirmed with the POM technique at the 

range around the 300 ºC.  Also some multiple domains are observed at low 
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concentrations of HNC but disappear as concentration increases, which may be 

attributed to more orientation.  In the case of MWCNT some clusters are seen at 

different concentrations, which is evidence of a poor dispersion. 

 Rod-like particles promote the formation of fibrillar structures as shown by the 

SEM micrographs which is related to possible mechanical enhancement since it could 

represent a resistance to fracture or composite failure.  HNC composites show a more 

intercalated behavior since a more fibrillated surface at fracture plane is observed.   

 To summarize, rod-like reinforcements could promote mechanical 

improvements, but to confirm this more exhaustive mechanical tests need to be 

performed. In addition, no significant change in the liquid crystalline structure is 

observed for either MWCNT or HNC.  While HNC seems to promote better thermal 

enhancement than MWCNT and both nanoparticles reduce the liquid crystalline range.  
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5. EFFECT OF SPHERICAL SHAPED PARTICLE ON THE STRUCTURE 

AND THERMAL PROPERTIES OF THERMOTROPIC LIQUID 

CRYSTALLINE POLYMER NANOCOMPOSITES 

 

5.1 Introduction 

 

 Polymer composites have been studied in the last few decades for a wide variety 

of engineering applications [96-98].  Recently the interest has been focused on systems 

where filler size lie in the nanometer scale, or nanocomposites [99].  Great 

improvements on the mechanical and thermal properties, when compared to the neat 

matrix, have been demonstrated with just minute ammounts of nanoparticles [100, 

101].  The improvements in the physical and chemical properties are primarly due to 

the large surface area per unit volume of the fillers, which allow for enhanced 

interactions with the matrix molecules.    

Liquid crystalline polymers are composed of linear semi-rigid molecules which 

are capable of forming oriented or anisotropic structures.  Specifically polymers that 

show nematic structures are very attractive for polymer processing techniques such as 

extrusion, since they have low melt viscosity and can be easily oriented in the flow 

direction [102].  The interest in studying these systems resides in the potential 
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possibility of producing ligthweight components, while promoting excellent mechanical 

and thermal performance at lower production costs [103]. 

In this kind of composites, the formation of fibrillar structures is related to 

composite property enhancement.  While structures such as those reported by Quin 

[104], where ellipsoids and short fibrils were found on Rodrun LC 3000/PP 

composites, does not promote relevant property improvements.  In this chapter the 

effect of spherical silica nanoparticles inclusion, at loadings up to 1.5 v%, on the 

thermal transitions and structure of model thermotropic matrix 60:40 mol% poly(4-

benzoic acid-co-ethylene terephthalate) (PHBA/PET) uniaxial film nanocomposites 

produced by direct melt blending on a twin screw extruder was studied.  

5.2 Thermal characterization – TGA    

 

 As mentioned before, PHBA/PET degrades in two stages corresponding to 

each of its monomeric units, as shown in Figure 5.1.  

From the thermogravimetric analysis curves it can be deduced that the addition 

of silica nanoparticles improve composite thermal stability, since there is a displacement 

on the degradation stages toward higher temperatures when silica particles are added.   

A displacement toward higher values is observed in both cases.  This may be 

attributed to the formation of hydrogen bonds beteween the SiO2 and the carboxyl 
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groups of the PHBA and PET units.  This interfacial affinity between particle and 

matrix molecules may improve the thermal properties of the composites.   
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Figure 5.1. Thermogravimetric characterization of PHBA/PET and silica 

nanocomposites. 
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Table 5.1.  Effect of silica fillers on the thermal stability of the PHBA/PET 

nanocomposite. 

 

Silica 

 (v%) 

T5 
a 

(C) 

T10 
b 

(C) 

Tmd 1 
c 

(C) 

Tmd 2 
d

 

(C) 

Neat 357.6 378.2 412.2 490.5 

0.1 379.3 398.8 435.8 504.0 

0.25  372.3 396.5 438.8 519.9 

0.5  375.3 397.3 426.8 512.1 

0.75  374.2 393.3 424.4 509.4 

1.0  369.6 389.5 422.1 516.8 

1.5  370 389.6 431.3 520.2 

a - Temperature at a weight loss of 5 %                     b - Temperature at a weight loss of 10 % 

c - Temperature at 1st maximum of 1st derivative       d - Temperature at  2nd maximum of 1st derivative 

 

 

 Table 5.1 summarizes the degradation temperatures at 5 and 10 weight loss as 

well as at the two maximum degradation rate stages.  As it is seen, at weight loss of 5 

and 10 % temperatures are displaced by an average of 15.85 and 15.97 ºC respectively.  

While the first stage of degradation is increased by an average of 17.67 ºC.  For the 

second degradation stage, temperature is increased by an average of 23.23 ºC.  This 

suggests a thermal property enhancement as the composite degradation is being 

delayed to higher values which could be of important use for different applications 

were high temperature resistant components are needed.  Also, it can be observed that 

temperatures does not change significantly by varying concentration, which means that 
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with relatively low concentrations similar enhancements can be achieved, which is of 

great importance economically speaking and from a material production point of view.  

This behavior was consistent at all the studied degradation temperatures. 

 

5.3 Thermal characterization – DSC  

 

 DSC thermograms for the neat PHBA/PET matrix and composites, shown in 

Figure 5.2, show three thermal transitions.  The first transition appears around the 50 

C and is identified as the glass transition (Tg).  The second transition is around 180 C 

and corresponds to the melting of crystallites (Tm).  Finally above the 300 C, the 

temperature reaches a maximum peak, identified as the characteristic temperature for 

the isotropic-to-nematic phase transition (TIN).  The transition temperatures for the 

polymer matrix and nanocomposites are summarized in Table 5.2.  The characteristic 

temperatures for these transitions were obtained using the Universal Analysis software 

by taking the minimum peak temperature for the endothermic glass and melting 

transitions, and the maximum peak temperature of the exothermic isotropic-to-nematic 

transition. 
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Figure 5.2. DSC thermograms of PHBA/PET silica nanocomposites. 
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Table 5.2.  Effect of silica fillers on the transition temperatures of the 

PHBA/PET nanocomposite. 

 

Silica 

 (v %) 

  Tg * 
(C)   

  Tm * 
(C)   

   TIN   * 

(C)   

Neat 52.2 184.2 330.0 

0.10  53.0 182.4 302.3 

0.25  53.5 186.8 301.8 

0.50  52.5 198.2 300.9 

0.75  52.4 192.4 304.1 

1.00  54.8 193.0 307.0 

1.50 51.3 185.2 302.0 

Tg – glass transition                      Tm – melting point                   TIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

 

 

Addition of silica nanoparticles does not have a significant effect on the glass 

transition temperature since it remains almost constant, this behavior can also be seen 

in Figure 7.1.  While the melting point shows an increment from medium to high 

concentrations (0.5 – 1.0 v%), which may be attributed to the interactions between the 

polymer chains and the nanoparticles and to the reduction of macromolecular chain 

mobility around the nanoparticles, but as shown in Figure 7.1, the values may lie in the 

error region.  On the other hand, the temperature range, where the liquid crystalline 

phase lies seems to be supresed as the peak temperature (at nematic phase) decreases 
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from 330 C for the neat matrix to values ranging from 300 to 307 C, independently 

of loading.  Again, values lie in the error region which could mean that no significant 

changes are promoted. 

 

Table 5.3.  Transition enthalipies for PHBA/PET silica composites. 

 

Silica 

 (v %) 

      Hg   *  

 (J/g)  

     Hm   * 

(J/g) 

       HIN   * 

 (J/g)  

Neat 1.01 3.54 1.25 

0.10  1.17 2.40 11.12 

0.25  1.29 1.78 19.12 

0.50  0.447 4.35 12.22 

0.75  0.590 3.59 12.89 

1.00  0.311 2.89 12.74 

1.50  0.495 1.94 12.48 

Hg – glass transition                     Hm – melting point                   HIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

 

Comparing the transition enthalpies, summarized in Table 5.3, determined as 

the area under the curve obtained using the Universal Analysis software of TA 

Instruments, it can be deduced that addition of silica nanoparticles lowers the enthalpy 

of the glass transition.  This may be attributed to the imperfections caused by the 



 

79 

particles on the semicrystalline lattice of the matrix, which increases the volume 

between polymer molecules.  The latter translate into a lower energy requirement in 

order to pass from a solid state to a more relaxed system, since some disorder has been 

introduced to the system by the spherical fillers.  This effect is more evident as particle 

concentration was increased, but at lower particle loadings (i.e. 0.1 & 0.25 v%) thermal 

stability was promoted. 

The heat of fusion (i.e. enthalpy at the melting point) does not show a trend 

with the addition of silica.  Reproducibility values in Figure 7.2 show that the heat of 

fusion diminishes from 0.1 v% to 0.5 v% but increases from 0.75 v% to 1.5 v%.  For 

the enthalpy associated with nematic phase transition a significant change, at least a 

factor of 10, was observed as the amount of silica increases.  This behavior can also be 

seen in Figure 7.2.  A higher attraction between the silica surface and the polymer 

distorts the liquid crystalline ordering, but remaining nematic regions may be confined 

between particle agglomerates.  This behavior deviates from the rod-like nanoparticles 

since this time more energy is being liberated at the isotropic to nematic transition.   
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5.4 Structure and morphology – POM  

 

 POM confirmed nematic ordering of the composites within the range 

determined by DSC.  Figure 5.4 shows sample micrographs of the neat polymer and 

some silica nanocomposites around the 300 C.  The reported photos were taken at the 

approximate range where the nematic-to-isotropic phase transition peak is observed 

using the DSC technique.  Furthermore, there was neither significant change as particle 

concentration increased nor evidence of particle percolation.  Yet, the formation of 

multiple spherulites is evident, which may be attributed to the silica acting as a 

nucleating agent.  In this melt state the deformation of molecules near particle surface 

is known to show this behavior [92].   

 

                             

                                       neat                                                               0.10 v% silica 
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                               0.25 v% silica                                                       0.50 v% silica 

                  

                                   0.75 v% silica                                                       1.00 v% silica 

 

1.50 v% silica 

Figure 5.4. Micrographs of PHBA/PET and silica composites. 
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5.5 Structure and morphology – SEM  

 

 Another analysis performed on the composite was the study of the fracture 

planes by SEM, as shown in Figure 5.5.  No fibrillar surfaces were identified; this is 

attributed to the spherical morphology of the particles which does not promote 

preferential orientation over the polymer molecules.  Instead, the formation of circular 

structures (voids) and a smooth film surface were observed.  These types of structures 

are related to poor mechanical properties, since the particles do not provide resistance 

to failure or crack propagation. 

               

                                0.10 v% silica                                                        0.25 v% silica 

               

 0.50 v% silica                                                        0.75 v% silica 
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     1.00 v% silica                                                        1.50 v% silica 

Figure 5.5. Micrographs of PHBA/PET and silica composites. 

 

5.6 Structure and morphology – SAXS  

 

SAXS difractograms are shown in Figure 5.6.  No differnce in peak position 

was observed within the studied particle loading range.  Thus, no change in the LC 

ordering is promoted by the silica nanoparticles.  Yet, the small changes in intensity 

might suggest an increment in the ammount of crystal domains distribution. 
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Figure 5.6. Effect of silica particles on the SAXS patterns of PHBA/PET 

comoposites. 
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5.7 Conclusion 

 

 Addition of silica nanoparticles significantly enhances composite thermal 

properties, especially at low amounts of particle loading.  All degradation temperatures 

studied were increased by at least 10 ºC but the most significant values were obtained 

at 0.1 and 0.25 v% of concentration.  This result may be very attractive to those 

applications were components with high temperature resistance need to be produced 

without sacrificing or also improving other parameters such as weight. 

 In the case of transition temperatures silica does not significantly affect the 

values at which glass and melting point are reached.  This could be an effect of particle 

morphology since a spherical shape does not promote a preferential orientation.  The 

only effect that addition of these particles will cause is an increment in the volume 

and/or space between polymer molecules without disturbing their deformation.  While 

for the isotropic to nematic transition a significant decrease is observed when silica is 

added.  But temperatures remain almost constant, with just little variations as function 

of particle loading.  This cannot be confused with liquid crystalline phase promotion, 

instead this may be attributed to the thermal properties of silica, which are dispersed in 

a nematic phase acting as efficient temperature delayers. 

 The energy at glass and melt transitions decreases when comparing the different 

concentrations with the neat matrix, the reason why this occurs was explained in 
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Chapter 3 and 4.  Since there is a disturbance on the molecular ordering induced by the 

spherical particles who do not promote a preferential orientation; polymer molecules 

now need to liberate more energy in order to reach an equilibrium state of orientation. 

 The formation of dispersed spherulites is observed in some of the POM 

micrographs.  But no significant difference is observed in the nematic phases as particle 

concentration changes.  While for the SEM micrographs no fibrillar structures were 

observed at the fracture plane which could be related to poor mechanical properties, 

but further tests need to be performed in order to conclude this.  Liquid crystalline 

phase range was diminished as TIN was reduced while Tm did not had a significan 

change. While SAXS patterns show that a possible increment in the crystal distribution 

domains could be a reason for the widened curve/peak shape.  
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6. EFFECT OF PLATELLET SHAPED PARTICLE ON THE 

STRUCTURE AND THERMAL PROPERTIES OF THERMOTROPIC 

LIQUID CRYSTALLINE POLYMER NANOCOMPOSITES 

 

6.1 Introduction 

 

 Polymer clay nanocomposites have attracted great attention since with a small 

addition of particles they offer a large interfacial area which gives them many properties 

such as: increased mechanical properties, gas permeability and fire retardant properties 

among others [105].  Mechanical property enhancement is related to the formation of 

fibrilar structures and type of dispersion [106], while thermal/fire retardant properties 

are related to a barrier formed by clays galleries which act as a labyrinth impeding or 

delaying the mass transport of degrading polymer species. 

 Addition of MNC showed to improve matrix thermal stability as the 

degradation temperatures studied (T5, T10, Tmd1 & Tmd2) where displaced to higher 

values as particle concentration increased.  DSC analysis showed that glass temperature 

does not seem to be affected since temperature values remained almost constant.  

While for the melting point, particle concentration showed an effect at concentrations 

higher than 0.5 v% as temperature values started to decrease.  In the case of isotropic-

to-nematic transition a decreasing trend can be identified. 
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 Liquid crystalline phases were identified at the different concentrations studied, 

demonstrating that MNC does not affect liquid crystallinity.  Fibrillar structures are 

observed in the SEM micrographs, which are related to possible mechanical 

enhancement.  Also, internal structure of composite was studied using SAXS, where 

the intensities increased almost as a function of particle volume. 

6.2 Thermal characterization – TGA   

 

 Thermogravimetric analysis was performed on the MNC composites to study 

their effect as particle concentration varied.  Figure 6.1 shows the TGA curves for the 

different composite loadings.  

From Figure 6.1 it is seen that addition of MNC systematically increases 

composite degradation resistance as a function of concentration.  Addition of MNC 

improves thermal stability of composites since T5 has an average increment of 15.68 ºC 

while T10 increases by an average of 14.67 ºC as it can be seen from Table 6.1.  The 

temperatures that define the two major degradation stages, Tmd1 and Tmd2, are displaced 

by an average of 12.85 ºC and 36.53 ºC, respectively.  This temperature resistance is a 

great advantage that could be exploited in a wide variety of applications since the 

composite can be exposed to a more hostile and high temperature environment than the 

neat matrix.  The thermal enhancement is a consequence of the montmorillonite gallery 
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structure which helps in the deviation of heat through them instead of going exclusively 

through the matrix.  
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Figure 6.1. Thermogravimetric characterization of PHBA/PET and MNC 

nanocomposites. 
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Table 6.1.  Effect of MNC fillers on the thermal stability of the PHBA/PET 

nanocomposite. 

 

MNC 

 (v%) 

T5 
a 

(C) 

T10 
b

 

(C) 

Tmd 1 
c 

(C) 

Tmd 2 
d

 

(C) 

Neat 357.6 378.2 412.2 490.5 

0.10 363.3 383.9 422.8 511.4 

0.25  369.2 390.7 428.7 527.5 

0.50  376.8 397.1 426.0 520.1 

0.75  377.8 395.8 424.6 527.5 

1.00  373.0 391.7 419.7 529.0 

1.50  379.6 398.0 428.5 546.7 

a - Temperature at a weight loss of 5 %                     b - Temperature at a weight loss of 10 % 

c - Temperature at 1st maximum of 1st derivative       d - Temperature at  2nd maximum of 1st derivative 

 

 

6.3 Thermal characterization – DSC  

  

Composite thermal transitions were studied by obtaining the characteristic 

temperatures and enthalpies of each transition.  Figure 6.2 shows the thermal behavior 

of MNC composites at different concentrations, but the specific values of temperature 

and enthalpy for each phase are collected on Table 6.2 and Table 6.3 respectively.  
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Figure 6.2. DSC thermograms of PHBA/PET MNC nanocomposites. 
 

 The glass transition temperature remained almost constant; increments of just 2 

ºC were observed for some of the concentrations.  Glass temperature values have small 

deviations (~3 ºC) as shown in Figure 7.1 may lie within the error range. The later 
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implies that polymer molecules may be exfoliated between the platellete-like particles 

since their addition does not represent or induces a significant change in intermolecular 

(specific) volume.  In the case of melting point interestingly temperature values are 

reduced.  But looking at the Figure 7.1 the melt temperature values have relatively 

small variations and it can be stated that the values remain almost inside the same 

temperature range for low to medium concentrations.  But for concentrations higher 

than 0.5 v% temperature values drop.  This is an advantage from the processing point 

of view since energy is saved.  But may be a negative effect for some applications since 

composite will melt easily.  This behavior may imply that the effect of MNC partile 

loading as a thermal property enhancer is more effective as particle concentration is 

increased.  On the other hand, the isotropic-to-nematic characteristic temperature is 

also decreased by an average amount of 54.7 ºC.  This means that the isotropic phase 

can be reached at lower temperatures with increasing MNC concentration.  For low to 

medium concentrations temperature values remain almost in the same values while at 

concentartions from 0.75 v% to 1.5 v%, temperature values drop considerably.   
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Table 6.2.  Effect of MNC fillers on the transition temperatures of the 

PHBA/PET nanocomposite. 

 

MNC 

 (v %) 

  Tg  * 
(C)   

   Tm  * 
(C)   

    TIN   * 

(C)   

Neat 52.2 184.2 330 

0.10  53.5 178.8 297.6 

0.25  54.9 171.4 287.8 

0.50  53.0 177.7 291.9 

0.75  53.7 158.6 252.0 

1.00  53.6 156.1 264.1 

1.50 54.6 166.3 258.3 

Tg – glass transition                      Tm – melting point                   TIN – isotropic to nematic phase 

*Average values taken from a total of n=3 measurements. 

Table 6.3.  Transition enthalipies for PHBA/PET MNC composites. 

 

MNC 

 (v %) 

      Hg   *   

 (J/g)  

      Hm   *  

(J/g) 

       HIN   * 

 (J/g)  

Neat 1.01 3.54 1.25 

0.10  0.929 2.79 4.35 

0.25  1.60 1.21 5.49 

0.50  0.656 10.7 0.927 

0.75  0.792 0.564 0.866 

1.00  1.17 0.623 4.40 

1.50  1.24 4.66 6.33 

Hg – glass transition                     Hm – melting point                   HIN – isotropic to nematic phase 
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*Average values taken from a total of n=3 measurements. 

 

 

The energies for each transition have a random behavior but a decreasing 

behavior can be identified as shown in Figure 7.2.  Less energy is required in order to 

promote a change in volume.  Melt transition energies show a trend of lowering as 

particle concentration increases except for the 1.5 v%.  Initial values reamain within the 

error range.   

6.4 Structure and morphology – POM  

 

               

                                  0.10 v% MNC                                                        0.25 v% MNC 

                 

                                  0.50 v% MNC                                                        0.75 v% MNC 
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                                 1.00 v% MNC                                                        1.50 v% MNC 

 

Figure 6.3. Micrographs of PHBA/PET and MNC composites. 
 

 The technique of POM microscopy was used to confirm the presence of the 

nematic phase at the range of 300 ºC previously identified with the DSC technique.  

Figure 6.3 shows the micrographs for the MNC composites micrographs where 

nematic structures can be identified as well as the appearance of multiple spherulites 

which implies good particle dispersion or the presence of exfoliated structures. 
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6.5 Structure and morphology – SEM  

 

              

                                 0.10 v% MNC                                                        0.25 v% MNC 

              

                                 0.50 v% MNC                                                        0.75 v% MNC 

              

                                 1.00 v% MNC                                                        1.50 v% MNC 

Figure 6.4. Micrographs of PHBA/PET and MNC composites. 
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 SEM micrographs show a fibrillar behavior at the fracture plane for all the 

studied concentrations.  As previously mentioned, this could be related to failure 

resistance and crack propagation.  The amount of fibers in the composite and the 

surface of the fracture plane suggest the presence of exfoliated structures. 
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6.6 Structure and morphology – SAXS  
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Figure 6.5. Effect of MNC particles on the SAXS patterns of PHBA/PET 

comoposites. 

 

 

 SAXS analysis shows a spread range of intensities for the different MNC 

concentrations but no difference in the characteristic peak or angle position, which 

vMNC (%)  
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means that liquid crystalline phase, is not affected.  Also a more flattened peak is 

observed, if compared with the other particles SAXS, which may be related to the 

presence of different sized crystal domains. 

6.7 Conclusion 

 

 Addition of MNC particles significantly enhances composite thermal properties, 

almost systematically with the amount of particle loading.  All degradation 

temperatures studied were increased by at least 16 ºC and a significant temperature 

enhancement was evidenced as T5 increased by more than 20 ºC.  This result is very 

attractive for applications were components demand a high temperature resistance. 

 In the case of transition temperatures MNC does not significantly affect the 

glass temperature.  This could be an evidence of an exfoliated particle dispersion 

induced by its morphology and structural arrangement.  The melting point decreased, 

which is not desirable for thermal applications.   

 The formation of spherulites is observed in all of the POM micrographs, which 

is a possible evidence of exfoliated or very well dispersed particles.  But no significant 

difference is observed in the nematic phases as particle concentration changes.  While 

for the SEM micrographs fibrillar structures were observed at the fracture plane which 

indicates that MNC can enhance composite mechanical properties.  Liquid crystalline 



 

100 

phase was not affected by the MNC as no significant difference was found between the 

neat matrix and the composites but evidence of exfoliated structures was found since 

the peak intensities varied and peak area was increased at different particle loadings.  

 MNC could be forming exfoliated structures, which also promote the formation 

of fibrillated structures.  These particles enhance matrix resistance to temperature 

degradation but causes melting point to be diminished with the increment of particle 

amount.  To conclude, addition of MNC affect liquid crystalline phase as evidenced by 

the POM and SAXS techniques since a flattered peak is observed, which could be 

evidence of the formation of different domain sizes.   
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7. DISCUSSION AND CONCLUSIONS 

 

Films containing different shaped particles (i.e. cylindrical, spherical and 

platelet) were produced at six different concentrations using a liquid crystalline polymer 

matrix with the goal of evaluating the effect of particle morphology on the liquid crystal 

phase.  These effects were studied by monitoring the behavior of the composite thermal 

transitions, liquid crystalline structure and thermal stability.  The selection of a liquid 

crystalline matrix relied on the advantageous properties that these materials may 

provide due to their anisotropy.     

In this work, the effect of particle shape and concentration on thermal 

transitions and composite thermal stability was studied.  As shown in Figure 7.1, no 

effect of particle shape is observed at the Tg transition with varying concentration since 

there is no statistical difference.  In the case of Tm and TIN no effect was observed as a 

function of particle loading for the MWCNT, HNC and silica systems. On the other 

hand for MNC both Tm and TIN were displaced to lower values after reaching a 

concentration of 0.5 v% and higher, but remained independent of particle concentration 

after the step-like decrease. 
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Figure 7.1. Composites Transition Temperatures Phase Diagram. 

 

 

 The temperature range where the liquid crystalline region lies was decreased for 

the systems (i.e. MWCNT, HNC, MNC and silica) by 31.7 ºC, 14.8 ºC, 38.7 ºC and 

32.45 ºC, respectively.  These values are the difference between the neat polymer and 

the average for all systems concentrations, which are summarized in Appendix I. 
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Figure 7.2. Composites Transition Energies Phase Diagram. 

 

 

Transition energies were collected to see if there was any change in the energy 

requirement for each phase to be reached.  All transition energies (ΔH) remain inside 

the statistical error, which means that no significant changes on the transition enthalpies 

can be ensured. Figure 7.2 shows the behavior of all transition energies where it is 

clearly seen that for the first and second thermal transitions (i.e. glass and melt 

respectively) all values remain inside the error range despite their individual tendencies 

of increasing or decreasing.  As it can be seen, the isotropic-to-nematic transition for 
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silica concentrations ranging from 0.1 v% to 1.0 v% had the higher energy values 

which could be attributed to the greater heat absorption from silica which is then 

released at this exothermic transition.   
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 Figure 7.3. Composites Thermal Stability for early degradation. 

 

 

From the studied systems, MWCNTs showed the less thermal stability 

enhancement as shown in Figure 7.3 and Figure 7.4.  Figure 7.3 shows the thermal 

stability at 5 and 10 % of weight loss, which in practical terms gives information of 

how good a material with this composition will be for high temperature applications.  
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The systems composed by clays and minerals (i.e. HNC, MNC & silica) are the most 

temperature resistant, which is attributed to the intrinsic properties of these particles 

and their structural conformation which makes them heat retardant materials.   
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Figure 7.4. Composites Thermal Stability for Major Degradation. 

 

 

 Composites thermal stability or temperature resistance for the particle-matrix 

interactions is summarized in Figure 7.4, since this figure shows the behavior of all 

systems at the two major degradation stages and how the interactions of these particles 

affect the characteristic degradations of the co-polymer components.  The same particle 
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order in terms of thermal stability is maintained as HNC again has the higher 

temperature trend for the first degradation stage, which corresponds to the degradation 

of the flexible (PET) domains of the co-polymer.  Temperature enhancement could be 

attributed to the formation of hydrogen bonds with PHBA/PET through the hydroxides 

present in MNC and HNC structures.  Also the gallery arrangement in clays is a factor 

that helps in composite thermal stability since there will by a high surface area for the 

energy to be dissipated or retarded.  In the case of MWCNT, the first stage is not 

favored since it has a slight decrease as particle loading increases, which could be due 

to the increment in rigidity on the flexible side of the co-polymer as part of the 

increment in MWCNT concentration.  This increment in concentration can make the 

PET molecules more confined, restricting its movement as temperature rises in order to 

find a better conformation which will translate in the faster degradation of this domain. 

For the second degradation stage MNC particles showed the better temperature 

resistance.  In this case MWCNT system show a slight increment in their temperature 

resistance, this could be related to the migration of MWCNT to the acidic region of the 

co-polymer (HBA rich domains) since MWCNT like acidic regions.  In the case of 

silica, thermal stability could be related to the bond formation between silica and CH3 

groups. 
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In the case of liquid crystalline structure, no negative effect was found as the 

characteristic peak was present and unaffected in all SAXS patterns with the difference 

that for silica and MNC particles a flattened peak was observed.  This widening could 

be related to the presence of larger distribution of crystal domains which will increase 

the distribution of scattered rays.  The SEM results showed that systems containing rod 

and platellet-like nanoparticles will maintain the fibrillar nature of the matrix while 

spherical shaped particles will interfere with the formation of fibrillar structures.  

Addition of the nanoparticles at the low concentrations studied does not have a 

significant effect on the thermal transitions since all values remain inside the 

experimental error, except for medium to high concentrations of MNC.  Liquid 

cristallinity was maintained throughout the whole range of concentrations and particle 

shapes as evidenced by POM, but the range was reduced.  Furthermore, no significant 

change seems to be promoted on the liquid crystalline structure for rod-like 

nanoparticles.  But large molecules such as that of MNC with irregular shapes as well 

as particles which does not impart a preferential orientation could extend or disperse 

throughout domains.  While thermal stability was better promoted with clays and silica 

than with MWCNT.  Other properties such as the thermal stability were mainly affected 

by the intrinsic properties of the particles and not by their shape or concentration.  In 
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conclusion, at these low loadings particle shape does not have a significant effect on the 

liquid crystalline structure or thermal transitions of our model LC polymer. 
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APPENDIX I 

 

Summary of thermal propeties: 
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