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Abstract 

The Research reported in this thesis was carried out thanks to a strong partnership between 

the laboratory of 2D nanomaterials at the University of L’Aquila and R&D laboratory of Elantas 

Europe Srl site in Ascoli Piceno. 

 

This work focuses on the inclusion of montmorillonite and reduced graphene oxide (2D 

nanomaterials) in polyamide-imide matrices.  The challenge was to find specific methods to 

obtain a polymer nanocomposite with better and/or alternatives features compared to the 

standard polymer. Polyamide imides in general exhibits properties which can be attributed to 

the class of high-performance enamels. The effect of the nanomaterial inclusions on chemical 

resistance, thermal, mechanical and electric properties was investigated after a specific 

industrial application: magnet wire coating. For this purpose, nanocomposites were coated on 

the surface of copper wires and cured to form an electrical insulation film.  2D nanomaterials 

are considered to be the thinnest nanomaterials due to their thickness and dimensions. These 

nanomaterials have a layered structure with strong in-plane bonds and weak van der Waals 

between layers and contrary to bulk materials have a high aspect ratio (surface area to volume 

ratio). In recent years, 2D nanomaterials have attracted a lot of attention due to their 

satisfactory properties and widespread uses in several applications including composite 

materials. In literature, several methods for a variety of polymer systems were widely 

investigated, except for polyamide-imide, on which there has been little research. 

Furthermore, the use of nanomaterials in polymeric matrices for copper wire applications still 

remains an unexplored field.   

In order to obtain polymer nanocomposite, two different methods have been used in this 

work: the solvent casting method and in situ polymerization. After the characterization of the 

2D nanomaterials and the polymer, the first part of this thesis dealt with the nanocomposites 

synthesis of polyamide-imide (PAI) and montmorillonite (MMT) modified with cationic 

surfactants of alkylammonium type [benzyl (hydrogenated tallow alkyl) dimethyl ammonium].   

Surfactants provide an organophilic character to the silicates through a surface 

functionalization able to provide a good interaction with hydrophobic polymers. The 

introduction of groups characterized by a greater steric hindrance also has the advantage of 

spacing the platelets, facilitating the subsequent incorporation of the macromolecules. The 

physical separation of the silicate layers is an aspect of extreme importance, since only when 
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completely exfoliated, nanocomposite can offer all its peculiar properties.  In situ 

polymerization was performed by swelling MMT intergalleries with trimellitic anhydride 

(TMA) monomers followed by addition of MDI and subsequent polymerization to PAI within 

the intergalleries.  The solvent casting method is based on swelling MMT intergalleries with 

solvent where the polymer is soluble (NMP in this case). Mixing of polymer and layered 

nanomaterial solutions results in intercalation of polymer chains and displacement of the 

solvent within the interlayers of silicates. With the approach of in situ polymerization, a new 

level of exfoliated particle concentration could be reached but in comparison, the solvent 

casting method turned out to be simpler and faster. 

In the second part of this work, reduced graphene oxide (rGO) was used instead of organoclay. 

The two methods previously described were also used for the synthesis of rGO-PAI 

nanocomposites. With in situ polymerization, a novel approach toward PAI-PE-rGO hybrid 

system (where PE indicates polyester) was developed. For this purpose, first rGO was 

covalently linked to the polyester (through the reaction with a dialcohol and a diacid in a 1:2 

ratio, obtaining a polyester with terminal acid groups), then the PAI component was 

synthesized using these groups for the amide formation by reaction with MDI 

(methylenediphenyldiisocyanate). The success of covalent linking between rGO and polymer 

matrix was confirmed by the analysis of the acid number using the potentiometric method 

and FTIR. The MMT-PAI and rGO-PAI resins were then applied to the copper wire on which 

the control tests were performed.  

The last part of this dissertation focused on the synthesis of PAI-rGO nanocomposites (by 

solvent casting method) at different concentrations in order to obtain a light conductive resin. 

Even if a typical property of this kind of polymer is a good electrical insulation, it could be 

useful, for some applications, obtaining conductive properties.  Subsequently, the varnishes 

were applied by means of a film applicator on tin-plate sheets and observed through an optical 

microscope and SEM.  
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1 2D Nanomaterials                       

1.1 Introduction 

Dimensional classification is one of the methods for classifying nanomaterials: the same 

chemical compounds can exhibit extraordinary different properties when they are configured 

in a zero (0D), one (1D), two (2D), and three (3D)-dimensional crystal structure1. Materials 

with one dimension confined in the nanoscale are called 2D nanomaterials.  Due to their 

unique planar structure (transverse dimensions larger than 100 nm and thickness typically less 

than 5 nm), high aspect ratios (surface-area-to-volume ratio) and surface charge, 2D 

nanomaterials exhibit excellent physical, chemical, optical and biological properties, different 

from those of their bulk counterparts2. 

As the thinnest materials, 2D nanomaterials have the highest specific surface areas among all 

known materials, which means they have many atoms on their surface. These atoms have a 

different function than internal atoms, and so the increase in the number of surface atoms 

leads to a change in the behaviour of 2D nanomaterials. 

Due to these different behaviours, 2D nanomaterials have attracted increasing interest and 

attention from various scientific fields (from fundamental physical sciences to materials 

engineering), including optoelectronic, catalysis, sensors, supercapacitors, energy storage, 

composites, biotechnology (drug/gene delivery systems, multimodal imaging, biosensing, 

antimicrobial agents and tissue engineering)3 and so on. 

In addition to graphene and silicate clays (which will be discussed in this thesis), researches 

have been focusing on other 2D nanomaterials with quite different properties such as 

boron nanosheets (B NSs), hexagonal boron nitride (h-BN), transition-metal-dichalcogenides 

(TMDs), layered double hydroxides (LDHs), transition metal oxides (TMOs), black phosphorus 

(BP), graphitic carbon nitride (g-C3N4), antimonene (AM) and tin telluride nanosheets (SnTe 

NSs). The schematic structures have been illustrated in Fig. 1. 

Although the composition and crystal structures of all 2D nanomaterials are significantly 

different, they still can be categorized as layered 2D nanomaterials and non-layered 2D 

nanomaterials. In layered nanomaterials, atoms on the plane are connected by strong 

chemical bonds in each layer, while layers stack together to form bulk crystals through a weak 

van der Waals interaction4. Although the ideal state is a single layer, but often these 
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nanosheets are composed of few layers (less than ten layers). A typical representative of 

layered materials is graphite5. Other layered materials include silicate clays, LDHs, TMDs, 

TMOs, BP, g-C3N4, h-BN, AM, B NSs and SnTe NSs. By contrast, non-layered nanomaterials 

crystallize in three dimensions through atomic or chemical bonds to form bulk crystals, such 

as polymers and metal oxides/chalcogenides6.  

 

 

Fig. 1: Schematic illustration of 2D nanomaterials including carbon-based nanomaterials, silicate clays, 
LDHs, TMDs, TMOs, BP, g-C3N4, h-BN, AM, B NSs and SnTe NSs3. 

 

For layered nanomaterials, many reliable methods for preparing ultrathin 2D nanosheets have 

been developed, which can be classified into top-down and bottom-up approaches. The top-

down method relies on driving forces to break the weak van der Waals interaction between 

layers and exfoliate layered 2D crystals into single or few-layer nanosheets, such as 

mechanical cleavage, sonication-assisted liquid exfoliation, ion-intercalation, and exfoliation. 

The bottom-up method is based on direct synthesis of ultrathin 2D nanosheets from different 
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precursors by chemical reactions under certain conditions, including wet-chemical synthesis 

(templated synthesis, hydro/solvothermal synthesis, self-assembly of nanocrystals and soft 

colloidal synthesis) and chemical vapor deposition (CVD)3. 

While 2D nanomaterials initially attracted academic interest mainly, in the past decade, they 

have attracted considerable industrial interest and have shown great potential for application 

in advanced technology7. 

One of the major problems with 2D nanostructures is to achieve a large-scale synthesis 

method for producing high quality, large surface area, high crystallinity, and free from any 

impurity nanosheets. At present, many studies focus on improving the synthesis methods of 

these nanosheets.  

After successful performance of graphene in many applications and industry, it is expected 

that other two-dimensional materials will also have this capability. However, the use of other 

two-dimensional materials requires more time and effort8. 

In the search for 2D nanomaterials, significant work has been over and furthermore research 

needs to run in future. 

In this work reduced graphene oxide and an organoclay were used. Therefore, a focus on 

graphene and clay minerals (synthesis, properties, and applications) is important before 

analysing their behaviour as fillers in polymeric composite materials.  

 

1.2  Clay Minerals 

Clays represent the youngest members of the family of minerals in the Earth’s crust. Being 

formed from different parent rocks under variable conditions (physical, chemical, and 

biological forces, including anthropogenic effects), clay minerals vary in chemical composition, 

structure, and modes of occurrence.  

Clays and clay minerals are two terms which are easily confused, especially by people who do 

not work in the field of clay science or are newcomers to the field. Clay should not be used as 

a mineral term, a natural clay is not composed of one clay mineral only; the clay fraction of 

soils and sediments often contains other minerals and/or amorphous materials (non-

phyllosilicate minerals), such as carbonates, feldspars, and quartz together with the 

hydroxides of iron and aluminium. The distinction between clay and clay mineral must always 
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be kept in mind. Nevertheless, the literature often uses the term ‘clay’ for ‘clay mineral’ 

because the former is shorter and less cumbersome.  

The presence of associated minerals in natural clay deposits also reduces the commercial 

value of the resource. For this reason, much effort has been expended in purifying raw clays 

and in synthesizing ‘pure’ clay minerals. Purification is also required for studying the 

properties of clay minerals. A common method for obtaining purified clay minerals is 

fractionation by sedimentation after removal of carbonates, hydroxides and organic materials 

by chemical treatments.  

Due to their wide availability, not particularly sophisticated extraction technologies, relatively 

low cost, low environmental impact and their extraordinary properties, clay minerals have 

been studied and developed for various applications. It is the material of many kinds of 

ceramics, such as porcelain, bricks, tiles, and sanitary ware as well as an essential constituent 

of plastics, paints, paper, rubber, and cosmetics. Clay is non-polluting and can be used as a 

depolluting agent; the optimization of adsorption properties, swelling behaviour, colloidal and 

rheological properties open prospects of using clay minerals as a pollution control and 

environmental protection. Of great importance is the potential of some clays to be dispersed 

as nanometric-size unit particles in a polymer phase, forming novel nanocomposite materials 

with superior thermomechanical properties9. 

Clay minerals may be either natural or synthetic and have no size connotation. The structures 

of phyllosilicates are all based on a tetrahedral (T) and an octahedral (O) sheet that may 

condense in either a 1:1 or 2:1 proportion to form an anisotropic TO or TOT layer.  

A diagram of different phyllosilicates groups and subgroups is shown in Fig.2. 

The 1:1 layer structure consists of the repetition of one SiO4 tetrahedral sheet and one Al-

based octahedral sheet, while in the 2:1 layer structure two tetrahedral Si-based sheets are 

sandwiching one octahedral Al-based sheet. When the tetrahedral and octahedral sheets are 

joined in a layer, the resulting structure can be either electrically neutral, negatively charged 

or essentially uncharged. Permanent charge is introduced as a result of isomorphous 

substitution . Common examples os substitution are Al for Si in the tetrahedral sheet and Mg 

for Al in the octahedral sheet. This charge variability is recognized as one of the most 

important features of 2:1 phyllosilicates, because it induces occupancy of the interlayer space 

by exchangeable cations of which Ca2+, Mg2+, K+ and Na+ ions are the most common. The 

chemical nature of these exchangeable cations (i.e., effective ionic radius, hydration energy, 
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hydrolysis constant) determines many of the important chemical and physical properties of 

clay minerals. A common feature to these cations is that they all have appreciable enthalpies 

of hydration, with values ranging from -300 to -1500kJ mol-1. 10 

 

 

Fig. 2: Classification of phyllosilicates11. 

 
As a result, these cations are capable of acquiring complete or partial hydration shells, the 

effect of which is to impart an overall hydrophilic nature to the clay mineral. 

Fig.3 reports a classification of the different clays subgroups basing on their stacking 

sequences. In detail, 1:1 structures constitute the kaolinite serpentine subgroup. The units 

forming these 1:1 structures are usually held together by hydrogen bonding between stacked 

layers or by means of water molecules. On the contrary, 2:1 structures are divided into six 

principal subgroups, depending on both the atomic substitution and the species at the 

interlayers. Analogously as for the kaolinite-serpentine subgroup, the pyrophyllite-talc one 

have no net layers’ charge. Since the oxygen atoms forming the basal surfaces are not 
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protonated, weaker secondary forces (such as van der Waals and/ or dipolar interactions) held 

them together, favoring a loss in cohesion between layers. Vermiculite subgroup, instead, is 

made by platy-sheet silicates where both octahedral and tetrahedral sheets are partially 

substituted, thus creating a net negative charge in both sheets. In vermiculites, two oriented 

water layers and magnesium cations are forming the interlayers, giving a limited expansion 

capacity. In the case of mica subgroup, the Si(IV) atoms forming the tetrahedral sheets are 

partially replaced by Al(III) atoms, giving a charge deficiency in the tetrahedral sites. This 

strong negative charge is balanced by the presence of potassium cations forming the 

interlayer between sheet units. In the case of chlorites, the 2:1 laminar structure is retained, 

but the interlayer is constituted by hydroxide sheets mostly made by brucite Mg(OH)2.  

 

 

Fig. 3: Schematic representation of 1:1 (inset) and 1:2 clays structures, with a classification of the 
different subgroups of clays based on their stacking sequences. The difference in term of interlayers 
distance between the different subgroups of clays is comparable with the real one and depends on the 
species involved at the interface between the layered unit12. 

 

Obviously, the presence of hydroxyl functionalities at the interface between the tetrahedral 

sites and the hydroxide sheets at the interlayer induce the formation of hydrogen bonds that 

lock the structure. Palygorskite and sepiolite are fibrous clay minerals characterized by ribbons 

of 2:1 layered silicates presenting a periodic inversion of the apical oxygen atom in tetrahedral 

layers extending parallel to the layer’ directions. The main characteristic of these complex 
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structures is the presence of nanometric channels filled by water molecules weak bound to 

the Mg(II) ions from the octahedral layer.12 

Lastly, Smectite subgroup is formed by 2:1 layer minerals. The structure of smectites is derived 

from the one of the pyrophyllite-talc subgroups. The octahedral sheet may either be 

dominantly occupied by trivalent cations (dioctahedral smectites) or divalent cations 

(trioctahedral smectites). A wide range of cations can occupy tetrahedral, octahedral, and 

interlayer positions. Commonly Al3+, Fe3+, Fe2+, Mg2+, Ni2+, Zn2+, and Li+ occupy octahedral sites 

while Si4+, Al3+, and Fe3+ are found in tetrahedral sites. Substitution of R3+ for Si4+ in tetrahedral 

sites creates an excess of negative charge on the three basal oxygens and the apical oxygen. 

This negative charge requires to be balanced by the presence of miscellaneous cations (Na+,K+, 

Ca2+, and Mg2+) occupying the interlayers together with water molecules. This interlayer 

enhances the affinity toward water, favoring the hydraulic delamination and expansion, and 

the ionic exchange capacity (CEC). 

At broken edges are located hydroxyl groups. These so-called ‘terminal OH groups’, are under-

coordinated and carry either a positive or negative charge depending on the type of metal ion 

and the pH of the ambient aqueous solution. Because these terminal OH groups have either a 

partial positive or partial negative charge, these sites are more reactive than the charge-

neutral OH groups on basal surfaces. 

Due to its excellent properties, such as high cation exchange capacity, swelling behaviour, 

adsorption properties and large surface area, smectites (montmorillonite in particular) have 

been extensively used in several applications. 

In montmorillonite (MMT) the two-dimensional layers are made up of two tetrahedrally 

coordinated silicon atoms fused to an edge-shared octahedral sheet of either aluminium or 

magnesium hydroxide. The layer thickness is around 1 nm, and its lateral dimensions may vary 

from 300 Å to several µm, depending on the nature of the silicate (Fig.4). 

The basal plane surface of montmorillonite covers a specific surface area of 760 m2/g. 

Depending on the particle size the edges contribute 40 – 50 m2/g, thus the total surface area 

is about 800 – 810 m2/g. The effect of different degrees of delamination in solution permits to 

define the specific surface area how the surface which is exposed to the solution. If complete 

delamination occurs, this value equals the total surface area. 
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Fig. 4: Crystal structure of MMT (2:1 layer silicate) mineral13. 

 

A comprehensive discussion of the specific surface area of clays requires recognition that 

there are different ”specific surface areas” for one clay sample. 

The existence of several types of surfaces (external basal and edge surfaces as well as 

interlayer surfaces), and the ease with which these surfaces can be modified (by adsorption, 

ion exchange, or grafting) allows these materials to interact with a wide range of chemical-

physical systems and therefore be used in different fields.  

Silicate clay minerals modified by the introduction of organic molecules into the mineral 

structure are known as organoclays. 

 

1.2.1 Organoclays  

1.2.1.1 Synthesis and structure 

The studies on the interaction between clay minerals and organic compounds have been 

conducted from the beginning of the XX century increasing in number and in topics. The 

research of intercalation of organic molecules into the interlayer space of clay minerals started 

in the 1920s, after the introduction of X-ray diffraction in 1913.14 

The synthesis of organoclays is based on the mechanisms of the reactions that the clay 

minerals can have with the organic compounds. 
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The organoclays are generally prepared in solutions by cation exchange reaction or by solid-

state reaction. Only the 2:1 clay minerals that provide the silanol and aluminol groups on the 

edge surface react with organic agent by grafting reactions.15 

Cation exchange has been used for five decades. As previously mentioned, because of 

isomorphic substitution within the layers (Al3+ replaced by Mg2+ or Fe2+, or Mg2+ replaced by 

Li+ in the octahedral sheet; Si4+ replaced by Al3+ in the tetrahedral sheet), the clay layer is 

negatively charged, which is counterbalanced by cations in the interlayer space. The interlayer 

distance of the d (001) plane of the clay, which has not been organically modified, is relatively 

small, and the interlayer environment is hydrophilic. Cationic organic molecules replace the 

inorganic exchangeable cations in the interlayer space. As a result, the surface of smectite 

particles becomes hydrophobic, losing its tendency to bind water. Intercalation of organic 

surfactants between layers of clays not only changes the surface properties from hydrophilic 

to hydrophobic, but also greatly increases the basal spacing of the layers.16 The technique 

consists in exchange interlayer cations of the clay mineral generally by quaternary 

alkylammonium cations in aqueous solution (Fig.5). In some cases, other kinds of organic 

compounds have been used.  

 

Fig. 5: Development of organoclay treated with quaternary salt17. 

 

Organic molecules can be also intercalated in dried clay minerals by solid-state reaction 

without the use of solvents. The absence of solvents in proceeding the preparation is 

environmentally good and makes the process more suitable for industrialization but it has 

been much less employed than cation exchange.15 

The propensity of smectites for sorbing cationic species from solution is given as the cation 

exchange capacity (CEC). CEC values are expressed in centimole of positive charge per 
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kilogram of dry clay mineral (cmolc/kg) which is numerically equal to the traditional unit of 

milliequivalents of element per 100g of dry clay (meq/ 100g). 

The CEC is determined by four factors: the amount of organic matter, the amount of clay, the 

type of clay and the pH. The influence of solution pH on CEC is especially important because 

the relative number of negatively charged sites increases, and number of positively charged 

sites decreases, with increasing pH (and visa-versa). 

The orientations of organic chains in clay minerals were initially deduced by Lagaly and Weiss 

(1969). Depending on the layer charge and the chain length of the alkylammonium ions, 

different arrangements of organic molecules between the layers can be formed (Fig.6). The 

geometry of the surface and the degree of exchange can also influence.  

 

Fig. 6: Influence of layer charge and alkyl chain length on the arrangement of alkylammonium ions.  
n = number of carbon atoms in the n-alkyl chains10. 
 

As illustrated in Fig.7 the organic ions may lie flat on the silicate surface as a monolayer or 

bilayer or, depending on the packing density and the chain length an inclined paraffine type 

structure can be formed. In the pseudo-trimolecular layers, some chain ends are shifted above 

one other, so that spacing is determined by the thickness of three alkyl chains. 

The term pseudo is used because the positive surfactant groups are attached on the silicate 

layers whereas the alkyl chains assume a trimolecular arrangement by formation of kinks. 

Paraffin-type arrangements in the interlayer space of smectites are formed by quaternary 

alkylammonium ions with two or more long alkyl chains.  
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Fig. 7: Orientations of alkylammonium ions in the galleries of the layered silicates: a) Monolayer b) 
Bilayer c) pseudo-trimolecular layers d) paraffin-type arrangements with different tilting angles of the 
alkyl chains15. 

 

X-Ray Diffraction (XRD) has proven to be a useful technique for the study of surfactant 

configurations between clay layers via d (001) basal spacing. XRD can give the basal spacing 

information of the organoclays which is very important for explaining the intercalation and 

configuration of organic surfactant into the clays. The various models proposed for the 

molecular conformation of the surfactant intercalated differ on the basis of XRD results: 

monolayers have characteristics basal spacing at 13,6 Å. This is often observed for short 

alkylammonium ions. The typical basal spacing of bilayers is 17,6 Å. The basal spacings of 

pseudo-trimolecular layer and Paraffin-type layers are respectively about 22 Å and greater 

than 22 Å. Changes in basal spacings are often an indication that organic surfactant has been 

intercalated within the interlayers of organo-clays (Fig.8). 

 

Fig. 8:  Variation of basal spacings of alkylammonium montmorillonites with chain length (where nc is 
the number of carbon atoms in the chain) due to formation of monolayers, bilayers and pseudo-
trimolecular layers of alkylammonium ions in the interlayer spaces15. 
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1.2.1.2 Physical-chemical properties and applications 

The surface properties of organoclays depend on many factors including chemical 

composition, nature of the surface atoms, extent and type of defect sites, layer charge 

(permanent charges on the faces, pH-dependent charges at the edges),  and the type of 

exchangeable cations.  

Because of all these features organoclay have good sorption for a number of substances.  

The swelling of the organoclays was studied in several organic liquids and liquid mixtures. The 

degree of solvation depends on at least three factors: 1) the extent of the surface coating of 

the clay particles by organic matter; 2) the degree of saturation of the exchange capacity of 

the clay mineral by organic cations; and 3) the nature of the organic liquid.15 

Regarding the nature of the organic liquid, the possibility of introducing organoclays strongly 

depends on the solubility parameter and surface energy of the solvents18. It can be found that 

when the surface energy of the solvent is close to or higher than that of organoclay, (i.e., γ 

solvent ≧ γ organoclay), it is difficult to introduce the organoclay into the solvent whereas the 

organoclay with γ organoclay > γ solvent is easier to be introduced into the solvent. For 

example, when introducing these samples into xylene, with a higher surface energy, a very 

slow sediment happens, and a gel is formed. Likewise, the polar character of the solvent is a 

key parameter for interlayer swelling of the introduced organoclay. Integration of the swelling 

and basal spacing measurements indicates that the swelling factor (S) and the basal spacing 

variation (Δd001) are two independent parameters. The gel results from the percolation of 

stacked platelets in tactoids, keeping the initial interplatelet distance, rather than from the 

expansion and exfoliation of clay platelets. Furthermore, it is believed that the interlayer 

swelling of organoclays depends not only on the physical-chemical properties of organic 

solvents and the surfactants but also the property of the clay minerals.19 

An important thing is the stability of surfactant within the organoclay interlayer space in 

various media, which definitely affects the surface property and structure of organoclay when 

they are laid in the corresponding media. 

In recent years surface modifications of clay minerals have attracted great attention because 

it allows the creation of new materials and new applications. The main focus of surface 

modification of clays is materials science, because organoclays are essential to develop clay-

based nanocomposites; in literature, approximately 55% of the papers modified the clay 
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minerals for polymer nanocomposites.15 Modified clays are also used in other applications 

such as adsorbents of organic pollutants in soil, water and air; rheological control agents; 

paints; cosmetics; refractory varnish; thixotropic fluids, etc.20 

The clay–organic complexes of greatest industrial importance are the organoclays prepared 

from smectites and quaternary ammonium salts.  

The quaternary alkylammonium salts are cationic surfactants and the most used organic 

compounds to prepare organoclays. They are synthesized by complete alkylation of ammonia 

or amines. For practical and industrial uses, quaternary alkylammonium ions are preferred to 

primary alkylammonium ions because hydrolysis (alkylammonium/alkylamine equilibrium) is 

absent, and desorption of free alkylamine is strongly reduced. A further advantage is that the 

large amount of organic material (30–40%) reduces the density of the dispersed particles21. 

Currently, there is a significant amount of research on modification of clay minerals with 

several kinds of quaternary alkylammonium salts (bromides or chlorides) in laboratory scale. 

In the case of the organoclays for polymer nanocomposites the kind of quaternary 

alkylammonium salt influences the affinity between the clay mineral and the polymer. For 

apolar polymers as polypropylene and polyethylene the clay minerals are modified with dialkyl 

dimethylammonium halides, while for polar polymers as polyamide the clay minerals are 

modified with alkyl benzyl dimethylammonium halides or alkyl hydroxyethylammonium 

halides. Modifications of clay minerals also have been performed with quaternary 

alkylammonium salts associated with other organic compounds. 

 The well-known commercial organoclays have been used to produce polymer 

nanocomposites. Organoclays are less expensive than other nanomaterials, because the basic 

materials come from readily available natural sources and because they are produced in 

existing, full-scale production facilities.22 

Commercial suppliers include Laviosa Chemica Mineraria, Nanocor, Southern Clay Products, 

Süd Chemie and Elementis Specialties. In Table 1, are summarized the commercial lines and 

applications of some commercial organoclays. Southern Clay and Nanocor are the major 

producers of organoclays for polymer nanocomposites. Laviosa Chemica Mineraria, Southern 

Clay Products and Elementis Specialities only have been produced organoclays based on 

quaternary ammonium salts and montmorillonite.  
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Table 1: Commercial organophilic clays: suppliers, commercial lines and applications15. 

 

1.3 Graphene and its derivatives 

Graphene is the most famous two-dimensional material. It is composed of carbon atoms 

positioned on a flat hexagonal lattice with a C-C bond length of 1.42 Å. Each carbon atom is 

bonded to three neighbouring carbon atoms sharing sp2-hybridized bonds. The remaining pz 

orbitals form π bonds, which contribute to the resonance structure of graphene (Fig.9). Since 

these π electrons are delocalized throughout the structure, graphene has good electron 

mobility.7,8 

 

Fig. 9: sp2-hybridized graphene lattice structure. The sp2-orbitals form σ-bonds, the rest pz-orbitals 
form π-bonds7.  
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Graphene is also the most representative 2D nanomaterial and the most important member 

of the multidimensional carbon material family that is formed by putting together carbon 

atoms and which included fullerene as the zero-dimensional nanomaterial (0D), carbon 

nanotubes as a one-dimensional nanomaterial (1D), and graphite as a three-dimensional 

nanomaterial (3D) (Fig. 10). Graphene can therefore be described as a single layer of carbon 

present in a graphite crystal, in which the various planes have a gap of 0.335 nm and are held 

together by Van der Waals forces. 

 

 

Fig. 10: Different forms of graphitic carbon23. 

 

To date, various synthetic methods have been developed for the preparation of graphene and 

its derivatives, not only to achieve high yield of production, but also for easy processing of the 

material.24 Like carbon nanotubes and other nanomaterials, the vital challenge in synthesis 

and processing of bulk-quantity of graphene sheets is to prevent aggregation. Unless well 

separated from each other, one-atom-thick planar sheets of graphene tend to form 

irreversible agglomerates, or even restack to form graphite through van der Waals 

interactions. The prevention of aggregation is essential because most of the unique properties 

of graphene sheets are only associated with individual sheets.25 
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Synthetic methods have been developed in two possible directions: large-scale growth, or 

large-scale exfoliation.26 As a two-dimensional carbon nanomaterial, these methods for 

graphene synthesis can be divided into “bottom-up” and “top-down” approaches according 

to the classification of the synthesis method of nanomaterials (Fig.11).24 

The bottom-up approach involves the direct synthesis of graphene from carbon sources using 

chemical vapour-deposition (CVD)27 or epitaxial growth on SiC28, solvothermal reaction29, and 

organic synthesis.30 The advantage of the “bottom-up” is its ability to produce high quality 

pristine graphene for fundamental studies of transport physics and other properties. Its 

disadvantage is the limitation of large-scale uniformity when up-scaling.31  

The “top-down” technique uses graphite as the starting material and include mechanical 

exfoliation (the scotch tape method27), liquid-phase exfoliation32, chemical reduction of 

graphene oxide (GO)33, thermal reduction of GO34, photothermal reduction of GO35 and 

electrochemical reduction of GO.36 

 

 

Fig. 11: “Top-down” and “bottom-up” synthesis methods of graphene: GIC, CVD, and PAH correspond 
to graphite intercalation compounds, chemical vapour deposition, and polycyclic aromatic 
hydrocarbon, respectively. 
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Since the first appearance in 2004 when graphene was isolated by Andre Geim and 

Konstantine Novoselov through mechanical exfoliation of graphite, graphene and its 

derivatives have attracted considerable attention in different fields and created a revolution 

in materials science and condensed matter physics. The status of graphene has changed from 

an unknown to a superstar in a few years. 37  

It has been actively studied because of its amazing unique physical and chemical properties 

such as compatibility, excellent thermal conductivity (above 3000W/m K), high electron 

mobility at room temperature (2.5x105 cm2/V s) and electrical conductivity (108 S/m).8,38  

Single-layer graphene is also considered as one of the strongest materials (Young’s modulus 

of 1TPa and intrinsic strength of 130GPa), it is 200–300 times stronger than steel and is even 

harder than diamond, however, it is very light and flexible. Given these mechanical properties, 

more applications in nanocomposite and coating industries are expected to be opened.37  

Graphene nanosheets are demonstrated to exhibit high transparency in UV-Vis and IR 

radiation (it absorbs ≈ 2.3% of the incident white light) and could be used to produce 

transparent electrode in solar cells and screens.39  

Graphene has a good ability to functionalize with different functional groups in the form of 

covalent and noncovalent which leads to its dispersion in different solvents. On the other 

hand, the high surface area of graphene (2630 m2 g− 1) provides a lot of area for loading of 

functional groups, which leads to reach a higher-level loading of targeting group in the surface, 

so graphene is considered as a suitable agent for drug delivery40 .   

Fig.12 shows the main properties of graphene. With these features, graphene could be called 

supermassive, and it is expected that this material will create a revolution in the electronic, 

transistor, composite, coating, and sensor industries.8 

The fact that all of these properties are found within a single material has stimulated great 

interest in graphene. In spite of this, it is still only at the early stages of commercial 

development as a number of challenges need to be addressed.  

The first of these has been a lack of scalable synthetic routes to produce graphene in the 

quantities required for industrial applications.  

The second problem relates to the difficulties in processing graphene, in particular graphene’s 

poor stability in most common solvents. Harnessing the exceptional physical properties of 

graphene often requires its dispersion into aqueous or organic media. Dispersion must be 
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achieved at a concentration and stability appropriate to the final application. However, the 

strong interaction between graphene sheets means it disperses poorly in all but a few high 

boiling organic solvents.  

 

Fig. 12: Graphene properties  

 

 

“Graphene” is often used to refer to a family of materials including the following:  pristine 

graphene(G), graphene oxide (GO), reduced graphene oxide(rGO). These materials can be 

further subdivided by the method of production, in particular graphene. However, 

nomenclature for graphene and its derivatives is varied with some terms being used to 

describe a range of materials. A formal nomenclature has been proposed by Bianco et al. but 

is not universally used and so care must be taken in interpreting results.41 

In the context of dispersion graphene is nearly always produced by solvent or surfactant 

assisted graphite exfoliation, although exceptions exist. Unfortunately, the dispersibility of 

graphene and its derivatives is almost inversely proportional to its physical properties. As a 

simple guide, dispersibility follows the trend GO > rGO > G. Chemical functionalisation of these 

materials can improve dispersibility but can also increase their defectiveness and have a 

negative impact on properties. 42 
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1.3.1 Reduced graphene oxide (rGO) 

1.3.1.1 Synthesis and structure 

Reduced graphene oxide (rGO), a substitute for pure graphene, can be easily produced by 

removing most of the oxygenated groups from GO. GO, in fact, contains not only sp2 bonds 

but also sp3 bonds, offering rich surface chemical properties owning to the existence of 

oxygenated groups.43 Meanwhile, this further increases the type of interactions that can occur 

on GO surface. In contrast with GO, rGO has more sp2 carbon, exhibiting a higher absorbance 

in the near-infrared region (NIR).44 Nevertheless, since rGO still retains some oxygen 

functional groups after reduction, its concentration of structural defects is higher than that of 

graphene.45  Fig.13 shows the structure of graphene and its derivatives GO and rGO. 

 

 

Fig. 13: Structure of (A) Graphene, (B) graphene oxide (GO) and (C) reduced graphene oxide (rGO)46. 

 

The most common and widely studied method adapted for large-scale production of graphene 

and GO is based on “top down” approaches using physical and chemical exfoliation of graphite 

pioneered by Hummers et al. using strong acids and oxidants.47,48 This method requires 

extensive oxidation of aromatic structure in order to weaken van der Waals interactions 

between graphene sheets followed by their exfoliation and dispersion in solution.49 The 

resulting graphene oxide (GO), which generates homogeneous colloidal dispersions in water, 
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alcohol, and organic solvents, possesses oxygen-containing polar functionalities such as 

carbonyl, hydroxyl, epoxides, and carboxyl groups.48,50 The epoxide and hydroxyl groups are 

located in the basal plane of the graphene sheets while the carbonyl and carboxyl groups are 

located at the edges.51 The oxidation process can be reversed by reducing GO; several 

reduction methods have been introduced to produce rGO. These reduction methods include 

thermal, microwave, photo, chemical, hydrogen plasma and solvothermal techniques.38   

Reducing agents that are generally used for the reduction of organic ketones, carboxylic acids, 

and epoxy functional groups can be used for the reduction of pure GO or functionalized GO.52 

Chemical methods include using reductants such as hydrazine,53 dimethyl hydrazine54, 

hydroquinone55, and sodium borohydride.56 Thermal heating at temperature between 300°C-

2000°C and under various atmospheres (vacuum, Ar, H2, NH3) reduces GO as the oxygenated 

functional groups are removed during the release of gas molecules such as steam, carbon 

dioxide, and carbon monoxide.57 Reduction of GO can also be achieved by electrochemical36 

or photocatalytic means.35 The different techniques used to functionalize graphene are 

summarized in several review articles.58 

 

1.3.1.2 Physical-chemical properties and applications 

Graphene derivatives have been widely exploited and show unique properties which made 

them attractive for many physical and chemical applications.  

As it was mentioned in the above section, rGO is commonly obtained by reducing GO. The 

reduction process causes drastic changes in mechanical strength, stability, dispersibility and 

reactivity of GO. These changes are directly related to the elimination of the oxygen containing 

compounds in the GO structure and restoration of the sp2 structure after the reduction 

process. As the C/O ratio increases rGO structure and properties become more similar to 

pristine graphene. One of the most important effects of GO reduction process is the increase 

of electric conductivity and high mobility of 320 cm2V-1s-1. Upon reduction, the electrical 

conductivity of GO can be greatly improved and can be tuned over several orders of magnitude 

with conductivities ranging from (~0.1 S m-1)59 to (2.98x104 S m-1).60 Even after reduction, the 

rGO contains residual sp3 bonded carbon to oxygen, which disturbs the movement of charge 

carriers through the rest of the sp2 clusters. Electrical transport in rGO occurs primarily by 

hopping, which differs from that of mechanically exfoliated graphene.61 
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The surface area of rGO also increases during the reduction process because of a substantial 

restoration of the original sp2 bonding character. RGO sheets show strong mechanical 

strength, however, one drawback of reduced GO is that during the process lattice defects are 

incurred and this drops the modulus to approximately 220 GPa.62 As opposed to GO, reduced 

graphene oxide acquires a hydrophobic behaviour due to the increased C/O ratio of the 

structure.  

The presence of functional groups (including hydroxyls, epoxides, carbonyls, quinones, and 

carboxylic acids) on the rGO surface allows further chemical functionalization. 63 However rGO 

can also be assembled via non-covalent interactions (van der Waals forces and p-p stacking) 

to effectively adsorb drug or biomolecules.3  

Interesting properties of rGO are used in several different applications. Nanocomposites of 

rGO are commonly used in energy storage applications64, sensors65, biosensors, 

photoluminescence66, biomedical application, solar cells, supercapacitors and catalysis.67 The 

high surface area is a major advantage for all of these application fields.  

 

Although significant progress has been made, many challenges still need to be addressed for 

full incorporation of rGO into industrial applications. Even though the current synthetic 

pathways are encouraging for the generation of large-scale production of the materials, the 

control and refinement of particles with the same properties need to be further explored. 

While on average the properties can be improved through the various methods outlined, 

uniform properties will be key to the development of real-world applications as industrial 

products need to be highly reproducible.61 

Thus, in addition to the challenges already outlined, from a commercial or industrial 

perspective additional challenges exist; namely cost, stability, safety, and end of life. The cost 

of producing a dispersible graphene and then dispersing it must be competitive. Stability 

during storage and transport must also be considered; the dispersion must be stable for a 

sufficiently long period of time to be useful. This stability must also extend to temperature, 

during transport and storage. Avoiding toxic and highly flammable solvents would be desirable 

and, in some applications, necessary. Additionally, transporting large volumes of solvent is 

costly, so an ability to concentrate the dispersions for transport then dilution on site would be 

advantageous. Finally end of life and disposal must also be considered.42 



 

22 

 

2 Polyamideimide (PAI) 

2.1   Properties and Applications 

The polymer matrix chosen for this study is polyamide-imide (PAI). Poly(amide-imide) resins 

are versatile high-performance polymers and are known for its outstanding thermal 

performance (high continuous use temperatures, high glass transition temperature, inherent 

flame resistance), excellent strength and stiffness, wear resistance, chemical and abrasion 

resistance, and low coefficient of friction.  Fig.14 illustrates an example of the repeating unit 

containing characteristic amide and imide groups of PAI.   

 

Fig. 14: Repeating unit of Polyamide-imide 

PAIs have been developed as an alternative material for PIs and PAs with a promising balance 

of thermal stability with processability. These polymers combine the superior mechanical 

properties associated with the amide group, and the high thermal stability and solvent 

resistance of the imide ring in the same material, thus making the material even stronger. 

These properties enable PAI’s general use as insulation coatings for e.g. magnet wires, foils 

and circuit boards.68,69 They can be also used in applications like filtration and biomedical 

applications (surgical instruments and instrument components and parts that require tight 

tolerances and dimensional stability).70 

Other typical uses include advanced applications, such as in the electrical, aerospace, 

automotive, microelectronics, telecommunications and energy fields in the form of adhesives, 

composite and coating materials.71 

One of the first successful patents for the synthesis of PAI was published by Frosch 69. He 

synthesized polymers by reacting 1,2,3-benzenetricarboxylic acid and aliphatic diamines, 

which results in the formation of poly (amic acid) first, followed by thermal cyclization to form 

PAI. Since the thermal stability of these polymers was lower due to the aliphatic diamine 

precursors, these materials were unnoticed, until the development of aromatic PAIs by 
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DuPont in 1945. Later in 1970s they became commercially available from Standard Oil of 

Indiana (Amoco Chemicals; now Solvay Advanced Polymers) under the Torlon trade name. The 

polymer possessed high strength, stiffness, creep resistance and displayed good performances 

at moderately high temperatures. 

With the development of new kinds of polymers in the commercial market, a lot of structural 

modifications have been reported for the synthesis of PAIs. In the past, many review articles 

have dealt with PIs and PAs, but very few have discussed the synthetic progress of PAIs.69 

 

2.2   Methods of Synthesis 

The chemistry of PAIs itself is an exciting field, comprising a large variety of existing monomers 

such as anhydrides, carboxylic acids, diacyl chlorides and diamines, and diverse synthetic 

procedures. The physical, chemical, and mechanical properties of these materials can be 

greatly modified by slight variations in the chemical structure of the monomers or the reaction 

conditions. Several approaches have been successfully applied for the preparation of PAIs 72,73, 

however aromatic PAIs are commercially exploited mainly by the only two following routes: 

trimellitic acid chloride and the diisocyanate route.  

The acid chloride route gives the opportunity to use this resin in a system of aqueous 

solvents,74 however it has long process flow, and the storage stability of the product is poor. 

The diisocyanate route is based on the work of Hitachi Chemical Corp. and today most 

common for preparation of PAI resins. This route is simple, but the subsequent high 

temperature curing affects the properties of the material. In fact, the properties of PAI not 

only depend on its synthesis, but also curing process. However, there are little reports and 

publications about synthesis and curing process. It limits the application and development of 

PAI.71 

 

2.2.1 Acid chloride route 

PAIs derived from trimellitic acid chloride route are prepared from trimellitic anhydride 

chloride and various aromatic diamines such as 4,4-oxydianiline (ODA) 

and methylenediphenylamine (MDA). The stoichiometric reaction yields a poly (amideamic 

acid) resin. A general scheme of reaction is provided in Fig.15. 
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Fig. 15:  Simplified synthesis scheme of Polyamide-imide via acid chloride route 

 

 

Reactions are carried out at temperatures between 0-50 °C in an aprotic polar solvent such as 

N-methylpyrrolidone (NMP), dimethylacetamide (DMAc), or dimethylformamide (DMF). Low 

moisture levels are required to avoid early chain termination by hydrolysis and achieve 

sufficient molecular weight. These are typically in the range of 10000-50000 Dalton. Tertiary 

amines are commonly added to remove hydrogen chloride generated from the system.74 The 

formation of imide structures is obtained either due to dehydration of the acid intermediate, 

addition of tertiary amines or anhydrides.70 

The above method produces viscous poly(amic acid) as an intermediate. During the 

imidization of the poly (amic acid), water is released as the by-product, which can result in low 

yields of polymers due to the hydrolysis of the poly(amic acid). Its synthesis requires very pure 

monomers and extremely anhydrous reaction (low moisture) conditions to achieve high 

molecular weight so that early chain termination by hydrolysis is avoided. To overcome these 

drawbacks, many research groups used diisocyanates as a substitute for diamines. 

 A more detailed scheme of the synthesis is shown in following Fig.16. 
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Fig. 16: Reaction scheme of PAI synthesis from acid chloride route. 

 

The acid chloride route also gives the opportunity to use this resin in a system of aqueous 

solvents. Use of a base, such as dimethylethanolamine, allows water solubility without use of 

organic solvents such as NMP or DMF.  

 

2.2.2 Diisocyanate route 

The diisocyanate route used in this study based on the work of Hitachi Chemical Corp. and 

nowadays is the most common for preparation of PAI resins.68  A polyisocyanate, preferably a 

diisocyanate, reacts under heat with 1,2,4benzenetricarboxylic acid anhydride (TMA) in N-

methylpyrrolidone (NMP) or other aromatic solvents. Careful heating allows for carbon 

dioxide evolution prior to viscosity build.74 The general reaction scheme is shown in Fig.17. 
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Fig. 17: Synthesis scheme of Polyamide-imide via diisocyanate route 

 

A reaction scheme of amide formation is shown in Fig.18. The amide structure arises from 

reaction of free carbon acid with respective isocyanate of diisocyanate (Fig.18.1). This leads 

to a N-carboxyanhydride intermediate (Fig.18.2). In the last step, carbon dioxide’s 

characteristic amide group is formed by decarboxylation (Fig.18.3). The presence of a catalytic 

amount of water or amine is crucial for this reaction. 

 

Fig. 18: Formation of amide bonding via reaction of TMA and MDI in (1) over Ncarboxyanhydride 
shown in (2) followed by decarboxylation to amide structure (3). 
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While the reaction between isocyanates and carboxylic acids to form the corresponding amide 

is well documented75, the mechanism of imide formation based on anhydrides and free 

isocyanates is not fully explained and understood.  

A scheme of a possible mechanism is shown in Fig.19. 

 

 

Fig. 19: Reaction scheme of imide ring formation during isocyanate route of PAI synthesis. 

 

Ring-opening of anhydrides can take place directly with water or with aromatic amines during 

reaction. In case of opening of anhydrides due to water, following reaction occurs with free 

isocyanate under formation of a mixed anhydride with adjacent carboxyl group. 
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Decarboxylation of this mixed anhydride leads to stable amic acid. By reaction of the acid 

group with further isocyanate, activation of carbonyl carbon atom takes place which facilitates 

cyclization of neighbouring nitrogen of amide.76 From following decarboxylation another 

amine can be released which can undergo further reaction with an anhydride directly to imide.  

It is of interest to note that even though the PAI reaction is at low temperature, imide 

formation is essentially complete during the reaction of TMA and diisocyanate.74  The 

formation of imide group is about 10 times faster than amide part.77 

Model experiments have shown that imide formation is decisively influenced by catalytic 

amounts of water, without whom the reaction would be slow and at low conversion rates.78  

Variations to the diisocyanate route include the use of blocking agents during the synthesis. 

Blocking agents such as phenol, chlorophenol and other hydroxyl components have been 

studied.79 The isocyanate group is reformed upon thermal reversion of the carbamate group 

upon heating. The isocyanate group can then react with TMA to form the amide-imide 

polymer. The blocking is believed to allow better reaction control by moderating the impact 

of exothermic reaction between isocyanate and acid groups.74 
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3 Polymer nanocomposites  

3.1  Introduction 

Polymer nanocomposites are a particular kind of hybrid materials, having filler particles with 

at least one of the dimensions in the nanometer range. Initially, fillers were used to reduce 

the cost of the polymeric products. However, with time, fillers became an integral part in many 

applications. Traditional fillers include talc, glass fibers, carbon black, and calcium carbonate 

particles in the micrometer range. However, most micron sized traditional fillers require high 

loading for modest property enhancement, causing problems in melt flow and processing due 

to the high viscosity of the filled materials. Furthermore, the high density of traditional fillers 

also leads to heavier composites; research has shown that nanofillers in the range of 3%–5% 

by weight achieves the same reinforcement as 20%–30% of microsized fillers. 80 

The transition of the length scale from micrometer to nanometer in filler particles can yield 

significant changes in mechanical, electrical, and thermal properties since these particles 

provide a larger surface area over a given volume. Furthermore, although van der Waals forces 

are considered to be weak intermolecular forces, due to the large surface area of 

nanomaterials, they become significant at the nanoscale. 

One notable example for polymer nanocomposites was the successful commercialization of 

nylon/organoclay nanocomposites, developed by Toyota. Since then, nanocomposites 

containing other types of nanoscale fillers in different polymer matrices (thermoset and 

thermoplastic) have been documented extensively. From these studies, it is clear that there is 

a close relationship between the microstructure of the fillers and macroscopic properties of 

the composite. Very often, the maximum property enhancement can only be achieved by the 

homogeneous dispersion of nanoscale fillers. However, such a state is difficult to achieve, as 

the filler dispersion is dependent on many filler properties, such as the size, area, aggregate 

structure, surface chemistry and interaction with the polymer matrix.81 The dispersion of 

nanoparticle in the matrix to the point where individual particles are coated by the polymer is 

extremely critical. Increased dispersion help achieve good load transfer to the nanofiller 

network, resulting in more uniform stress distribution. The mismatch between the properties 

of nanoparticle and polymer is mitigated by the increased interfacial area between the filler 

and matrix, leading to improved strength. Bonding between the filler and the polymer is 
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essential to allow the external stress applied to the composite to be transferred to the 

nanofillers, enabling them to bear most of the applied load. Hence, nanoparticles are often 

functionalized to improve their dispersibility, and enable their interactions with polymers. 

Therefore, to utilize the reinforcing capability of the nanomaterial and maximize the 

mechanical properties of the composites, strong interfacial bonding is necessary. If the 

interfacial region is stronger than the matrix, the matrix will yield. However, if the interfacial 

region is weaker than the matrix, de-bonding may initiate along the interface. As described in 

chapter 1, nanofillers can be categorized on the basis of their dimensions: two dimensional 

which include nanotubes and nanowires 82,83, one dimensional such as nanoclays84 and 

graphene85, and zero dimensional such as spherical86 and cubical nanoparticles.87 Regarding 

plate-like nanofillers, they are often used to enhance varying properties in polymers.88 

However, these properties depend not only on the choice of the nanomaterial but also on its 

concentration and on the synthesis method. 

 

3.2  Synthesis methods 

The ultimate properties of the nanocomposite are dependent on the processing methods and 

processing conditions.  Polymer matrix nanocomposites are fabricated by chemical and 

mechanical process. Uniform and homogeneous dispersion of nanoparticles in the polymer 

matrix is one of the major problems encountered in polymer nanocomposites fabrication. The 

nanofillers have a tendency to aggregate and form micron size filler cluster, which limit the 

dispersion of nanoparticles in the polymer matrix thereby deteriorating the properties of 

nanocomposites. Researchers have made many attempts to disperse nanofillers uniformly 

and homogeneously in the polymer matrix by chemical reaction, complicated polymerization 

reactions or surface modification of filler materials. 

Most composites can be processed using one or more of the following methods: (a) melt 

blending; (b) solution blending or solvent casting; (c) in situ polymerization; (d) 

electrospinning; and (e) layer by layer (LBL) assembly.80,81 

However there are three major synthesis procedures for polymer/nanoclay composites 

including the melt-blending method, solution-blending method and in-situ polymerization 

method.89 

Melt blending is one of the most economical and environmentally friendly methods of 

fabricating composites and for this reason it is the processing method of choice for most 
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industries. The compounding is generally achieved in a single or twin-screw extruder where 

the polymer and the nanoparticle mixture are heated to form a melt.  

Melt blending of clay with polymer has met with great success. There is a body of literature 

on melt compounding of clay and polymer. A wide range of polymers such as PS, polyolefins, 

polycarbonate, PCL, lactides, PMMA, polyamide, ABS, and PEO have been successfully melt 

compounded with clay to obtain various degrees of exfoliation.80 

On the other hand, as regards the melt blending of graphene and polymers, there are limited 

studies. The low thermal stability of most chemically modified graphene and the low bulk 

density of graphene makes the use of melt processing difficult; high shear forces can cause 

buckling, rolling or shortening of graphene sheets90, thus reducing its aspect ratio.  

Although the melt blending method is widely used, only the other two methods will be used 

in this work: solvent casting and in situ method.  

Solution mixing or solvent casting method is based on the dispersion of the nanomaterial in a 

solvent where the polymer is soluble.  Mixing of polymer and layered nanomaterial solutions 

results in intercalation of polymer chains between the nanomaterial layers which displace the 

solvent before the evaporation. It is described as an entropy driven process where the loss of 

entropy due to polymer intercalation is overcompensated by desorption of solvent.68 Upon 

solvent removal, the intercalated/exfoliated structure remains, resulting in polymer 

nanocomposites. Both thermoplastic and thermosetting materials have been produced 

through this method. The lower viscosity of the polymer in solution coupled with agitation by 

mechanical stirrer or ultrasonication, aids in better dispersion of nanoparticles in the 

polymeric matrix. Different solvents, from aqueous to organic can be used.  

Several studies have used this technique to achieve high degree of interaction and dispersion 

between the layered silicates and polymer matrices. Solution blending produces relatively 

uniform nanoclay dispersions and a number of polymer/nanoclay composites have been 

produced to date. Composites involving modified graphene and polymers such as PVA, PMMA, 

PP, PS, LLDPE, nylon, epoxy, PANI, and PU, have been also prepared using the solvent casting 

method.91 

In situ polymerization, on the other hand, is a versatile technique that has received increased 

attention. In situ method involves the swelling of the nanofillers within either a liquid 

monomer or a monomer solution since the low molecular weight monomer can easily seeps 
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in between layers. This step is followed by polymerization within interlayer galleries thereby 

forming either exfoliated or intercalated nanocomposites.  

The in-situ method can be used with the possibility to attach the polymer to the grafted 

surface through linking groups (coupling agents), which optimize the interface bonding and, 

consequently, the mechanical properties. In the case of graphene oxide and reduced graphene 

oxide the functional groups act as a base for polymer chain formation, leading to good 

interfacial interaction between the filler and the matrix.92 

This approach is common and has been conducted for several polymer systems. 
 

3.3 Clay polymer nanocomposites  

The MMT stacks can be dispersed in a polymer matrix as fillers/additives to form polymer-

nanoclay composites with remarkable improvement of polymer properties when compared 

with untreated polymer or conventional micro- and macro-composites. These improvements 

include mechanical, chemical, barrier and thermal properties and reduces cost in some 

cases.93 For this reason, clays can be found in applications such as mechanical strength 

enhancement, flame-resistance material, thickening and gelling agents, wastewater 

treatment and gas permeability modification. 94–97With relatively low concentrations (< 6 wt%) 

of nanoclay, it is possible to achieve significant reductions in permeability to both gases and 

water vapour.98 Furthermore, typically, organoclays replace talc or glass fillers at a 1:3 ratio. 

For example, 5% of an organoclay can replace 15– 50% of a filler like calcium carbonate 

reducing cost and improving mechanical properties. 15,22  

However, the combination of inorganic nanocharges dispersed in polymeric matrices does not 

always guarantee the realization of nanocomposites with interesting properties. In order to 

synthesize a nanocomposite from components of different nature, it is necessary to intervene 

on polymer-charge compatibility. For polymer clay nanocomposites, either the polymer or the 

clay needs to be modified. Clays are capable of modification through cation exchange, silane 

grafting and adsorption of polar polymers.99 Natural clay is hydrophilic and can readily interact 

with polar polymers like PVA, PEO, and PEG. The interaction happens due to the formation of 

hydrogen bonds between the hydroxyl groups in PVA and PEG, or oxyethylene groups in PEO.80  

The surface functionalization of nanoclays is a practical method to provide an organophilic 

character to silicates through a surface functionalization able to promote intimate mixing with 
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hydrophobic polymers. This functionalization is generally carried out through ion exchange 

processes, capable of replacing the hydrated cations of the surface of the crystals with cationic 

surfactants such as primary, secondary, tertiary, and quaternary alkylammonium or 

alkylphosphonium cations. These surfactants can provide functional groups on the clay that 

react with the polymer matrix, or in some cases initiate the polymerization of monomers to 

improve the strength of the interface between the inorganic and the polymer matrix.80 

The introduction of groups with a greater steric hindrance also has the advantage of distancing 

the plates, facilitating the subsequent incorporation of the macromolecules. The clay 

exfoliation is an aspect of extreme importance, since only when completely exfoliated the 

nanocomposite is able to offer all its peculiar properties.   

 

Depending on the nature of the components (layered silicate, organic cation and polymer 

matrix), the method of preparation and the strength of interfacial interactions between the 

polymer matrix and the layered silicate (modified or not), three different combinations of 

polymer matrix and nanoclays may be obtained.100 When the polymer is unable to intercalate 

between the silicate sheets, a phase-separated composite (Fig.20a) is obtained, the nanoclay 

dispersion aggregates within the polymer matrix and the polymers are separated from the 

clay layers leading to properties similar to those of traditional micro-composites. This can be 

caused by reassembly of intercalated or exfoliated structures due to hydroxylated edge–edge 

interaction of the silicate layers or could be related to incompatibility between polymer matrix 

and clay. This kind of composite is often obtained by directly mixing the powder with the 

polymer. On the other hand, in intercalated nanocomposites, (Fig.20b) the insertion of a 

polymer matrix into the layered silicate structure occurs in a crystallographically regular 

arrangements, regardless of the clay to polymer ratio. A well-ordered multilayer morphology 

built up with alternating polymeric and inorganic layers is generated. This alternation includes 

variation in the stacking mode of the layers, modification in interlayer spacing, and diminishing 

the electrostatic forces between the clay layers, which lead to an expansion of the interlayer 

spacing. Normally, only a few molecular layers of polymer can be intercalated in these 

materials.  

Nanoclay stacks are fully separated by polymer chains in the exfoliated structure (Fig.20c). 

This results in a loss of the parallelism of the stacks which are randomly oriented to each other. 
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Individual clay layers are separated in a continuous polymer matrix by an average distance 

that depends on clay loading.101 

 

Fig. 20: clay-polymer nanocomposite morphology102. 

Actually, intercalation and exfoliation as they have been presented are extreme, ideal cases, 

fully exfoliated structure is rarely seen in practice. In general, a polymer layered silicate 

nanocomposite will be a mixed intercalated/exfoliated structure.68 

 

Due to their unique properties, in recent year, polymer/nanoclay composites have attracted 

great interest, both in industries and academia and have been used in a number of industrial 

applications: construction (building sections and structural panels), automotive (gas tanks, 

bumpers, interior and exterior panels), chemical processes (catalysts), pharmaceutical (as 

carriers of drugs and penetrants), aerospace (flame retardant panels and high performance 

components), food packaging and textiles.103 Limitations in fossil resources and an urgent 

need to protect the environment have led to new generations and applications of 

polymer/nanoclay composites. Innovative bioinspired polymer/nanoclay composite materials 

are expected to find applications in various scientific and technological fields. Novel 

applications of advanced polymer/nanoclay composites have emerged in recent years. 

Approximately 75–80% of the polymer/nanoclay composites are implemented in the 
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automotive, aeronautical, and packaging industries. Companies are investing billions of euros 

per year in developing novel polymer/nanoclay composite materials.89 

 

3.4 Graphene-polymer nanocomposites 

In recent years composites based on graphene and its derivatives has attracted much interest 

in physics, chemistry, and materials domains. Graphene derivatives (GO, rGO, GQDs) have 

proven to be effective fillers in polymer nanocomposite materials thanks to their ideal 

material properties and dispersibility in polymer matrices; the introduction of graphene in 

polymer significantly increases Young’s modulus104, electrical105 or thermal conductivity106 and 

reduced permeation of gas molecules in polymer composites. Moreover, some special 

properties of the polymer composites such as shape memory107, chemiluminescence108 and 

microwave absorption109 may emerge, resulting from the interaction between graphene and 

polymer.89 

Numerous reviews on polymer nanocomposites exist which compile many instances of barrier 

property improvements by graphene derivatives as fillers.110,111 As in the rest of research done 

in the field of high-gas-barrier properties of polymer nanocomposites, it is generally regarded 

that 2D fillers can be oriented in a polymer matrix to create a “tortuous” path for gas 

molecules (Fig. 21). This involves GO and rGO nanosheets aligned in a nacre-like structure, 

taking advantage of the fillers' high aspect ratio and surface functionalization by oxygen 

groups.  

 

 

Fig. 21: Comparison of gas molecule passing through a neat polymer film (left) and a polymer film 
containing a high concentration of well-aligned impermeable nanosheets (right)112. 

 

Furthermore, thanks to their 2D morphology and high chemical inertness graphene 

derivatives show promise for anti-corrosive polymer coatings. Polymers alone are permeable 
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to chloride, sulfites, water and other chemicals that would be harmful to substrate metals, but 

graphene and its derivatives could be used as fillers to prevent the diffusion of harmful 

materials to a metal surface or even promote the generation of a passivation layer.61 

In recent years, a variety of processing routes have been reported for dispersing both 

graphene and GO-derived fillers into polymer matrices. Many of these procedures are similar 

to those used for other nanocomposite systems, although some of these techniques have 

been applied uniquely to graphene-based composites. Among other factors, the nature of the 

bonding interaction at the interface between the filler and matrix has significant implications 

for the final composite properties, and most dispersion methods produce composites that are 

non-covalent assemblies where the polymer matrix and the filler interact through relatively 

weak dispersive forces. However, there is a growing research focus on introducing covalent 

linkages between graphene-based filler and the supporting polymer to promote stronger 

interfacial bonding, as will be illustrated in the following section.113 

Graphene without functionalities interacts with polymer through van der Waals force, π-π 

stacking, and hydrophobic interactions.114 These interactions are, however, weak. Functional 

groups can be inserted by oxidizing graphite, often using the Hummers method.47 The 

resulting graphene oxide (GO) possesses oxygen-containing polar functionalities such as 

carbonyl, hydroxyl, epoxides, and carboxyl groups.48,50 This can be reversed by reducing GO 

by different techniques that are summarized in several review articles.58 However, rGO is 

almost never completely reduced; a certain percentage of functional groups remain on the 

basal plane and on the edges. These functional groups open the possibility of interaction with 

polymer during processing. Polymer chains can be also grafted to the surface of GO/rGO 

increasing interfacial interaction between the polymer and the nanomaterial through covalent 

bonding. 

Graphene is increasingly making more space in the composite polymer materials industry. 

However, until recently the graphene industry was a bit of a “wild frontier”, it was very difficult 

to compare different products because there was no agreed way of measuring them. It is really 

an important issue for any business looking to reap the benefits of graphene in their products. 

Often using the wrong material can either have no benefit at all, or even make product 

performance worse. If a poor-quality graphene material is used it can cause parts to fail 

instead of providing the improved strength expected.  
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3.5 PAI-clay and PAI-graphene composites 

In literature, the study of composite materials formed by PAI and organoclays is not very 

extensive and the papers concerning PAI-graphene are even more limited.  

In almost all the studies on PAI-organoclay composites, the solvent casting method was 

used115–118 although the PAI, the organoclays, and sometimes the solvents used, were 

different from which used in this work. For example, Mallakpour et al. used a PAI synthetized 

through the acid chloride route and a MMT clay modified with protonated L-isoleucine amino 

acid. Samani et al. prepared the nanocomposites by blending the appropriate amounts of the 

PAI and organoclay (Cloisite 20A) in DMAc as a solvent.  

For what concern the PAI synthesis, Briesenick et al were the only ones to carry out an in-situ 

method.68 At the same time, they were the only ones to use the diisocyanate route. However, 

the method adopted by Briesenick et al. was the same used by Chen and Ho which investigated 

a PAI synthesis derived from MDI which was blocked by p-chlorophenol (PCP) avoiding in this 

way the problem of high reactivity of the isocyanate monomer.79 

PAI- graphene composites except for Yucel et al. which presented real-time drying of GO-filled 

soluble Polyamide imide (PAI) cast films using a series of GO loadings to investigate their 

effects on drying behaviour and optical birefringence.119 

Therefore, there is still a lot to discover in this field. Furthermore, no studies have yet been 

done on the application of PAI-organoclay and PAI-graphene composites on copper wire. 
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4 Wire enamel  

4.1   Introduction  

Thanks to the collaboration with Elantas, this thesis focused on wire enamel.  

ELANTAS is a specialist for liquid insulation materials for the electrical and electronics industry. 

Their commitment to Innovation, Sustainability and Safety in combination with the world-

wide network of production sites, research facilities and their global customer intimacy makes 

them market leader in developing and manufacturing of wire enamels, impregnating resins, 

and casting materials. ELANTAS products can be found in applications such as electric motors, 

generators, transformers, capacitors, computers, PCB’s, power electronics, sensors 

contributing significantly to safety, reliability, and long life of such devices. With their 

expertise and innovation spirit, they are serving various market segments as automotive, 

power generation & distribution, industrial, consumer, wind energy and many others with 

highly technical solutions.  

Modern life would not be as comfortable without electric motors as well as the generators 

and transformers that supply them with electricity: electrical engines power the windows of 

modern cars, help adjust the seats, mirrors, and headlights. They pump the gasoline into the 

engine, and power the windshield wipers as well as the pump for the wiper fluid. The ignition 

coils produce the high voltage needed for the spark plug and the alternator transforms the 

kinetic energy from the engine into electricity. In private households, electrical engines power 

washers, dryers, and dish washers, and all the kitchen appliances as well as the compressors 

of fridges, freezers, and air conditioning units. Transformers convert the standard 110- or 220-

volt (V) alternating current (AC) into low direct current (DC) voltage needed for computers and 

home entertainment devices. In industry, large transformer units convert the high currency 

from power plants into standard AC voltage and the kinetic energy obtained by traditional 

power plants as well as by wind turbines into electricity. The Maxwell equations form the 

theoretical basis of our understanding of electromagnetic fields, the underlying principle 

behind the transformation of electricity to kinetic energy and vice versa. In order to generate 

electromagnetic fields, electrical devices require tightly wound wire coils in which the 

individual wires are insulated against each other in order to prevent electrical short-circuits. 

This is called primary insulation. Coating methods and chemistry to obtain these insulated 

wires as well as the main performance indicators will be the topic of this chapter.   
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Wire enamels are mixtures of oligomeric structures diluted in a solvent system with latent 

catalysts, cross-linkers, and special purpose additives, characterized basically by a specific 

solid content and viscosity ratio. They are used to coat the wire and make it electrically 

insulated, therefore able to work by creating the magnetic field necessary to make the electric 

device which contains it work. During enamelling, under heat action, solvents evaporate, 

oligomers react with each other and cross-link into insoluble macromolecules, forming a cured 

film on the wire. The resulting film, or better conductor-coating system is characterized by 

specific properties, depending on the chemical nature of applied enamel and on the 

enamelling conditions (Fig.22).  

 

 

Fig. 22: Enamelled wire for primary insulation 

During use, an electrical device is also exposed to friction, abrasion, humidity, and often 

rotational forces. Without any further treatment the lifetime of such a part would in most 

cases be very limited. This is the field of secondary electrical insulation. To protect the 

electrical devices, impregnation varnishes both solvent-based or in water based are applied 

with the effect to eliminate all the air contained inside the wire windings. These impregnating 

varnishes provide mechanical support, protect against excessive movement, improve heat 

transfer and thermal endurance, seal insulation against destructive environments and provide 

a composite dielectric structure. Impregnating varnishes are generally based on alkyl, 

phenolic, epoxy or unsaturated polyester resins dissolved in solvents. The impregnation 

process can be performed via different processes: dipping, trickling, dipping roll (Fig.23), hot 

dipping UV, Vacuum Pressure Impregnation (VPI) are the most used one.  
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Fig. 23: Dipping Roll process 
A short history of wire enamels 

The history of electro insulating coatings starts in the 19th century, when cotton was used to 

wrap wires of the first dynamo-machines invented by Siemens. Cotton, like paper and silk had 

the big problem to be hygroscopic so that the isolation properties were dramatically reduced 

after moisture absorption. Later on, at the very beginning of 20th century, other materials 

were adopted to prevent such problem, like oil bitumen giving rise to the so called “black 

enamel”, followed by copal originating the so called “blond enamel”. Such products were 

natural materials; therefore, the consistency of batches was poor. The next step, taken 20 

years later, was the introduction of synthetic resins like phenolics together with wood-oil 

which besides optimized thermal and chemical properties could guarantee consistent quality. 

Few years later, with dramatic improvements in the physical properties demanded by the 

motor manufacturers, proper resins were synthetized which could be directly enamelled on 

the wire like polyvinylformales, followed by polyamides, polyurethanes and terephthalic acid 

polyesters. 

Polyesterimides were for the first time developed in the early 60’s of the last century by Dr. 

Beck & Co. GmbH and were born with the intent to merge the good mechanical properties of 

terephthalic acid polyesters, used as copper wire coatings since the middle 50’s, with the 

excellent thermal resistance of polyimides, introduced as wire coating by DuPont during the 

same years, avoiding processing limitations connected with polyimides. 

Polyimides were made from aromatic diamines and the tetracarboxylic anhydride pyromellitic 

anhydride in highly polar solvents (eg. DMF, DMAA, NMP, etc.). In the same years, a particular 
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branching agent was introduced by Schenectady, which could further improve mechanical and 

thermal properties of resulting polymer: tris-(2-hydroxyethyl) isocyanurate (THEIC). 

The new generation of THEIC modified polyesterimides was born, which is still nowadays the 

top performing version of polyesterimides. 

 

4.2   Enamelling technology: From liquid to cured enamel 

The processing of liquid enamel is important as the whole of other properties for its 

commercial success. The viscosity of a material (the measure of its resistance to flow) depends 

on a number of parameters, among which the most important are the temperature, the 

molecular weight of the polymer, the presence of fillers or fibers and the velocity gradient 

(shear rate). A good workability presupposes the availability of materials with rheological 

characteristics, and in particular with a viscosity, appropriate to the chosen processing 

technology. Talking about “enamel” properties, actually, means talking about “enamelled 

wire” properties.  A liquid enamel, in fact, as it is before application, has no intrinsic properties 

being an oligomeric mixture of big molecules diluted in a solvent system with latent catalysts, 

cross-linkers, and special purpose additives, characterized basically by a specific solid content 

and viscosity value. Fig.24 shows a rotational viscometer generally used for the analysis of this 

kind of enamels.  

 

Fig. 24: Image of a rotational viscometer  

 
The liquid enamel is cured on the wire into an enamelling machine, which is an oven where 

the wire passes thorough more than one time, each time taking a small portion of enamel able 
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to release solvents before the complete polymerization of the resin and related cross-linking 

occurs, in order to prevent bubble, blisters, and generally bad coating cosmetics.  

The ovens’ temperatures range from 500 to 700°C. In the first part of the oven solvents are 

allowed to evaporate before the concomitant reactions of polymerization and cross-linking 

are completed. In Fig. 25 are shown the images from liquid to cured enamel. 

 

 

 

Fig. 25: images from liquid to cured enamel 

 

 

Applying the wire enamel to the conductor has a different approach from the standard 

enamelling engineering, by the moment it is impossible to obtain the overall enamel build-up 

by one or two enamel coatings. Several passes (usually in the range from 5 to 15) are needed 

in order to get proper evaporation of solvents which would not be guaranteed for a thick layer. 

Each individual enamel coat must be cured blister free prior to a new coating and this is only 

possible in a relatively thin layer with high-speed enamelling cycles. 

Once the enamel has been properly applied and cured to the wire, it can be checked for quality 

characteristics. 

 

Today’s enamelling machines are the result of many optimisation steps made by the oven 

manufacturers. Vertical and horizontal ovens (Fig.26) were developed to coat larger-sized wire 

by the use of dies. Fine wires could not be coated by conventional die application and needed 

another technique. Felt applications was found the be the preferred method to coat fine wire, 

where the wire enamel is wicked from the felt to cover the copper wire. 
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Fig. 26: Horizontal enamelling machine 

The modern enamelling machines use the fuel value of the solvents to balance the thermal 

yield of the electrically heated ovens. Incorporating the drawing process of the bare copper 

wire from copper bars into the enamelled wire manufacturing process further increases the 

economics of the whole process. Fig.27 demonstrates the construction of a typical wire 

enamelling oven as they are in use today.   

 

 

Fig. 27: Wire enamelling machine. 1) Enamel applicator where the copper wire is coated 2) 
Blower motor for air circulation 3) Oven for curing the wire enamel 4) Heat exchanger pipes 5) 
Heat exchanger 6) Heater for the catalyst 7) Catalyst for the evaporated solvent oxidation 8) 
Waste air blower 9) Fresh air intake 
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4.3   Main properties of enamelled wires 

Enamels are mixtures of polymeric molecules dissolved in solvents and characterized basically 

by solid content and viscosity. Once the enamel is cured on the wire, the resulting film or 

better conductor coating system is characterized by specific properties, depending on the 

enamel applied and on the enamelling conditions. Once the enamel has been properly applied 

and cured, it can be checked for quality characteristics. Properties of enamelled wires have 

been standardized by international standardization commissions, like IEC (International 

Electrotechnical Commission), UL (Underwriters Laboratories), ISO (International 

Organization for Standardization), IEEE (Institute of Electrical and Electronic Engineers) and 

many national standards organizations like NEMA (National Electrical Manufacturers 

Association), DIN, EN, BS, CEI, NF, AS, JIS, IS etc. Among these, the most widely accepted 

International Standards are those ones developed and approved by IEC. 

According to the standard commissions, the properties of enamelled wire can be divided into 

four main types:  Mechanical, Thermal, Electrical and Chemical properties. 

 

4.3.1 Mechanical properties 

Mechanical properties describe the behaviour of enamelled wire under the influence of 

different mechanical stresses.  Typical tests covered in the industry include elongation, 

split/twist/peel, flexibility, abrasion (unilateral and repeated scrape), and coefficient of 

friction (static and dynamic).76 Mechanical properties are very important in electrical 

insulating materials. Copper is a very malleable metal that can undergo significant 

elongation. For example, upon motor winding the copper wire can stretch up to 10%. The 

insulating resin must be able to tolerate this elongation and still maintain adequate adhesion 

and electrical properties. According to the International Electrotechnical Commission (IEC 

60317), these properties can be summarized into: 

➢ Elongation: the increase in length expressed as percentage of the original length. 

➢ Springiness: the recoil measured in degrees after the wire is wound in the form of a 

helical coil or bent through an angle. 

➢ flexibility and adhesion: the potential of the wire to withstand stretching, winding, 

bending, or twisting without showing cracks or loss of adhesion of the insulation. 
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After a given amount of elongation (5 to 25%) applied through «elongation to break test» 

(Fig.28a), the wire is wound around a mandrel (Fig.28b) with stepwise defined diameters (1 

to x times the wire diameter). The appearance of cracks and loss of adhesion are visually 

checked. These characteristics are directly related to the strain applied to the wire during 

the automatised winding of an electrical machine.  

 

 

Fig. 28: Wire elongator (a) and Mandrin (b) 

Another way to test adhesion is through peel test (Fig.29): in this test one half of the enamel 

coating is removed with a knife. The wire is then twisted until the enamel peels from the 

copper surface. The number of revolutions required for delamination is recorded. The test is 

typically run-on wire before and after thermal aging. 

  

 

Fig. 29: Wire twister 
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➢ Abrasion resistance: the maximum force which can be sustained when a needle 

scrapes along the wire under a progressively increasing force. 

Tested both with «unilateral» and «bidirectional» tester (Fig.30). In both cases the wire is 

peeled off at one end while the other one is kept under stress. A needle is permitted to go in 

one or both directions (according to the test type) scratching the enamel until it reaches the 

bare copper. The test is repeated on 3 sides of the specimen. 

 

 

Fig. 30: Bidirectional Abrasion tester 

 

4.3.2 Thermal properties 

Thermal properties are related to the capacity of the enamel to maintain its structure at high 

temperatures. Typical wire tests are: 

➢ heat shock: the potential of mechanically stressed wire to withstand hot 

temperatures. 

In the heat shock test, the same test sample used to determine the flexibility is heated (e.g.to 

200°C) in an oven and then cooled to ambient temperature. No cracks must be visible. This 

property is related to the capability of the winding to resist against thermal shocks.  

➢ cut through: thermoplasticity of the enamel at high temperature (Fig.31). 

In this test two specimens of the wire are placed into a hot plate and set in a perpendicular 

cross section so that they touch each other in one point where a standard weight is placed. 

The temperature is progressively increased. The test consists in determining the maximum 

temperature at which the two metal parts of the wires do not get in contact (short circuit) in 
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less than 2 minutes. This test demonstrates the flow capability of the enamel under pressure. 

Modern enamels with a thermal class of 200 have cut-through temperatures higher than 

320°C. This value allows an estimation of the existing safety margin of a winding in case of a 

hot spot. 

 

 

Fig. 31: Cut-through tester 

 

➢ thermal endurance: expressed as a “temperature index”, the maximum temperature 

at which wire can be used for 20000 hours.  

Three sets of specimens are put in an oven at respectively three different temperatures 

according to the expected value and time (at least for one point more than 5000 hours are 

required). Electrical life is recorded for all sets and plotted in a graph, from which the 20000 

hours point is extrapolated, obtaining the temperature index. 

➢ loss of mass: expressed as a percentage of the original mass of conditioned enamel, 

after 1h at 130°C. 

➢ high temperature failure test indicates the performance of wire coating at 

temperatures up to 450°C where overload conditions in respect of voltage stress may be 

encountered. 
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4.3.3 Electrical properties  

Electrical properties are related to the capacity of the enamel to withstand electrical field 

(electrical resistance, dielectric loss tangent) and voltage (breakdown voltage, continuity of 

covering). According to the International Electro-technical Commission (IEC 60317), they can 

be summarized into: 

➢ electrical resistance: the resistance of the wire expressed as the d.c. resistance at 20°C, 

this property is directly related to the standardized copper quality. 

➢ breakdown voltage (BDV): resistance to an a.c. voltage with a nominal frequency of 

50 Hz or 60 Hz. A wire twist pair is prepared as specimen and put in the tester. The voltage is 

increased until total breakdown (Fig.32). 

 

 

Fig. 32: Breakdown voltage tester and a detail of the instrument 

➢ continuity of covering: uniformity of coating measured under a specified potential 

difference. 

➢ dielectric loss tangent (tangent delta): steep rise of the dielectric loss showing the 

correct curing of the insulating film. 

The tangent is an indication of the loss of dielectric properties and is related to the glass 

transition temperature. It is used as a measure of cure for magnet wire production.  
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Wire is covered with graphite in order to create a condenser where the enamel represents the 

dielectric. (Fig.33).   

 

Fig. 33: Tangent delta test 

 

The dissipation factor (the ratio of the resistive component of the current to the capacitive 

component) is plotted vs. the increasing temperature. (Fig.34).   The intersection point at the 

tangents of the obtained curve gives the correspondent temperature (indicated as «tangent 

delta») at which the material stops retaining a low dissipation factor. 

 

Fig. 34: Tangent delta determination of a wire enamel 

4.3.4 Chemical properties 

Chemical properties are related to the capacity of the enamel to withstand attack by chemicals.  

According to the International Electrotechnical Commission (IEC 60317), they can be 

summarized into 
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➢ resistance to solvents: the capacity of the wire to retain its hardness after remaining 

in a specified solvent mixture. 

The wire is put into a solvent mixture (e.g. butanol, white spirit and xylene) at a specific 

temperature for a given time, after which the wire undergoes a hardness test by scratching it 

with different pencils at decreasing hardness. The resistance is given by the code of the pencil 

at which the enamel resists. For solvents like ethanol, a visual check of eventual microrings 

formation on the wire coating is checked at the microscope (Fig35). The latter test does not 

belong to the IEC standards. 

 

Fig. 35: Microscope (visual check)  

 

➢ resistance to refrigerants: expressed as percentage of retained mass after treatments 

with refrigerants like Freon R22, R134 etc. 

➢ resistance to transformer oil: breakdown voltage and loss of adhesion of enamel after 

the wire has been heated in wet transformer oil in a sealed system. 

Three specimens of the wire are placed into a calorimetric bomb containing oil normally used 

in transformers and kept at a specific temperature (e.g. 150°C) for a given time (from few days 

to several weeks). The wires are then checked for appearance and retained BDV. 

➢ Solderability: the seconds needed to remove the covering dipped in a solder bath 

containing a metal alloy at a given temperature (e.g. 320°C or 370°C). Solderability is a 
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chemical process in so far as the molecules are broken, however this is due to heat and not 

under the influence of chemicals; Therefore, solderability could be more a thermal than a 

chemical property. 

 

Other properties:  

➢ Cosmesis: the first quality checks are related to the «look» of the enamelled wire. 

Wire must be considered acceptable before testing any property. Usually the «cosmetics» of 

the enamelled wire refers to the absence of defects like blisters and pinholes, the proper 

levelling on the conductor (no waviness), the proper smoothness and the homogeneous 

distribution around the wire («eccentricity»). The colour of the enamel is also observed, 

giving a preliminary indication on the curing level of the enamel: if the colour of the 

enamelled wire is lighter than standard, it could mean a lower curing level (under-cured), 

vice versa (overcured) for darker tones. 

➢ Slipperiness: For special enamels, like self-lubricated polyamideimides, the 

slipperiness of the coating is tested by inserting the enamelled wire among two plates able 

to slip one on the other. The resistance of the wire to the movement is measured for a 

significant number of cycles and the related mean coefficient of friction is calculated. 

 

4.4    PAI as wire enamel 

Poly(amide-imide) resins are versatile high-performance polymers used as primary electrical 

insulation. The largest proportion of the PAI enamelled wire demand is used in a dual-coat 

system with PE or PEI as a base coat for cost reasons (Fig.36). 

 

 

Fig. 36: images of a copper wire in a dual-coat system (a) and its microscopy image taken at cross 
section(b) 
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A base coat of PES or PEI is utilized at around 60–80% of the total thickness with a topcoat of 

20–40% comprised of PAI. This combines the flexibility, adhesion and low cost of PES or PEI 

resins with the abrasion resistance, chemical resistance, and thermal properties of PAI. PAI 

wire enamels are more expensive in part because NMP is much higher in price than the cresol 

solvent system used for PE and PEI.  

These wires are used mainly in transportation, automotive applications (starters, generators, 

and small motors), household appliances (white goods such as washing machines, freezers, 

etc.), hermetic motors (non-impregnated motors for small electric tools such as drills, saws, 

etc. Power transformers, generators and distribution transformers, in which the wire size is 

bigger than 1.50mm, also make us of dual-coat magnet wire.120 

Other insulating materials include modified polyesters, poly (ester imides), polyurethanes and 

polyimides.  

Aliphatic poly(amide-imide) resins were first reported by Frosch in 1942 but the low thermal 

properties of the resulting PAI resin never allowed commercial utilization. DuPont was granted 

the first patent utilizing aromatic monomers and Amoco chemists were the first to 

commercialize PAI resins in the 1960s. The initial application was in the electrical insulation 

market. 

At first, the polyamideimides obtained by trimellitic acid chloride method typically was thin 

film evaporated to yield a yellow powder with trace levels of chloride ion.  The resin could 

then be re-dispersed in N-methylpyrollidone (NMP) at roughly 20-40% solids with viscosities 

of 500-6,000. Unfortunately, in electrical insulation, chloride ions are notorious for copper 

surface modification, leading to poor adhesion between the polymer and copper metal. 

The high commercial costs of trimellitic acid chloride, removing the chloride ions and re-

dispersing the resin was not acceptable to the electrical insulation market. A second route 

that was cost effective was pursued in synthesizing PAI resins.  Hitachi Chemical pioneered 

the diisocyanate route for making PAI resins. This method is today the most common route 

for making PAI resin solutions for wire enamels.120 

 Methylenediphenyldiisocyanate (MDI) and trimellitic anhydride (TMA) were observed to 

condense together to yield the PAI resin. Although the exact mechanism is not fully 

understood, many key steps are well characterized.74 

Patents by Nexans, Phelps Dodge and others included various permutations to the above 

formula. This includes the use of adipic acid, isophthalic acid and other diacids as a fractional 
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molar replacement of TMA.  Changes to the backbone also include substitution of some to all 

of the MDI with alternate diisocyanates.120 

Poly(amide-imide) resins as electrical insulating materials are sold as solvent based solutions. 

Cost is a major factor in the determination of solvents used but typically most are 50:50 to 

80:20 NMP/aromatic hydrocarbon. The molecular weight varies according to manufacturer 

and application. High speed wire applicators/ curing ovens require lower viscosity due to film 

build and evaporation profile of the solvents. Older generation coating equipment is more 

tolerant of higher viscosity and solids content. Most primary insulation materials are sold at 

15–40% solids at viscosities of 50–5000 mPa·s. The vast majority used in industry are 25–35% 

solids content at viscosities of 1000–3000 mPa·s at room temperature.   

Wire properties are shown in Table 2 and compared to alternate wire enamels utilized in the 

marketplace. These are comparative properties on copper wire. The first column is THEIC 

modified polyester (PE) wire enamel, which has the lowest cost and lowest thermal properties. 

The next column is THEIC modified polyesterimide (PEI), which is favoured in Europe, and the 

final column is the poly(amide-imide) resin, which is highest in cost. PAI resins show generally 

much more abrasion resistance, chemical resistance, and the highest thermal values (thermal 

class 220). Adhesion to copper and flexibility are somewhat diminished compared to PE or PEI 

enamels. 

 

Table 2: Wire insulation properties74. 
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One of the most important attributes of PAI resins is its electrical properties. The dielectric 

strength is the maximum electric field strength that it can withstand intrinsically without 

breaking down – that is, without experiencing failure of its insulating properties. This property 

is thickness and material dependant. PAI resins maintain very good dielectric properties 

compared to other materials used for copper wire insulation even at elevated temperatures. 

About future trends, cost considerations are always critical in the development of coatings for 

the electrical insulation market. There will be continued efforts to achieve PAI coatings in 

alternate solvent systems to NMP. Furthermore, the introduction of the hybrid car gives some 

opportunities for PAI resin in the future as well.  Improvements in cut-through and thermal 

properties for under the hood applications will be needed.120 
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5 Experimental part  

5.1   Reagents and materials  

The clay used in this study is a montmorillonite (MMT) modified with a cationic surfactant 

(Fig.37) and was obtained from Elementis Specialties. 

The montmorillonite sample was used without further purification.  

 

  

 

Fig. 37: surfactant benzyl (hydrogenated tallow alkyl) dimethyl ammonium where the alkyl chain length 
distribution is: ~65% C18; ~30% C16; ~5% C14. 

 

Reduced graphene oxide was purchased from Hygraner SRL and used as received without 

further chemical modification. The powder was exfoliated in solution to form (monolayer) 

reduced graphene oxide or partially exfoliated to form few layers reduced graphene oxide.  

N-Methylpirrolydone (NMP 99,9%), Trimellitic Anhydride (TMA 98,5%), Methylene diphenyl 

diisocyanate (MDI 99,9%), Formic acid (99%), Adipic acid (99,8%), 1,6-Hexanediol (97,5%) 

were purchased from Elantas regular qualified suppliers. 

 

5.2   Characterization of MMT 

The organoclay used in this work was chosen based on its high compatibility with the polymer 

and the solvent used. The structure of organoclays has been characterized extensively using 

techniques such as X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, 

thermogravimetric Analysis (TGA) and Optical Microscopy. 

Investigation of surfactant configuration, vibrational spectroscopy, and morphology of 

organoclay is of great importance to understand its role in nanocomposite.  
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5.2.1   XRD Characterization 

X-ray diffraction (XRD) is the most important tool for qualitative analyses of clay mineral 

samples. It is easy and fast to carry out and provides a large amount of information such as 

the study of surfactant configurations between clay layers via d(001) basal spacing.  

The various models proposed for the molecular conformation of the surfactant intercalated 

differ on the basis of XRD results: monolayers have characteristics basal spacing at 13,6 Å. This 

is often observed for short alkylammonium ions (cn<8). The typical basal spacing of bilayers is 

17,6 Å. The basal spacings of pseudo-trimolecular layer and Paraffin-type layers are 

respectively about 22 Å and greater than 22 Å.   

Changes in basal spacings are often an indication that organic surfactant has been intercalated 

within the interlayers of organoclays.100 Generally, an increase of the interlayer distance leads 

to a shift of the diffraction peak toward lower angles.93 

From the XRD pattern shown in Fig.38, it has been verified that the interlamellar distances 

(calculated by Bragg equation) of montmorillonite used in this work was 1.96 nm which 

corresponds to 2θ=4,51°. This value is consistent with results reported in literature concerning 

similar quaternary ammonium surfactant.15 Furthermore, it is a sufficiently large value for its 

potential as reinforcement in a polymer nanocomposite.93 Based on the interlayer distance 

calculated, it can be said that the structural conformation of the surfactants between the 

layers is pseudo-trimolecular. 

 

Fig. 38: Diffraction pattern of the organoclay used in this work 
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The pseudo-trimolecular layer consists of three alkyl chains in which the nonpolar chain ends 

are shifted one above the other by the formation of kinks.121 

A large basal spacing result in the formation of better intercalated or exfoliated polymer clay 

nanocomposite with improved physical and chemical properties. The initial basal spacing in 

the organoclay is an important parameter for the determination of the potential for polymer 

intercalation and clay mineral delamination. Organoclays with smaller interlayer distances 

have reduced probabilities for polymer intercalation.93 

 

5.2.2 ATR-FTIR Characterization 

Attenuated total reflection -Fourier transform infrared (ATR-FTIR) spectrum of the organoclay 

powder is presented in Fig.39. It was found to coincide well with those reported in the literature for 

similar materials.122 The intense band at 1008 cm-1 was attributed to the Si-O-Si stretching 

vibrations. The other weak band at 916 cm-1 was assigned to the bending vibrations of Al-Al-

OH hydroxyl group on the edges of the clay. The bands at 2919 cm-1 and 2850 cm-1 correspond 

to antisymmetric and symmetric stretching of the C-H bonds. The stretching vibration (ν CN) of 

alkylammonium surfactant was present at 1468 cm-1 . Vibrations due to OH moieties in the lattice structure 

of montmorillonite exhibit a clear absorption band at 3628 cm-1. The absence of the adsorbed water 

stretching peak at approximately 3400 cm-1 can be clearly observed. 123This is due to the presence of 

surfactants which replace the exchangeable inorganic cations making the clay surfaces hydrophobic. 

 

 

Fig. 39 : ATR spectrum of Montmorillonite organo-modified 
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This tecnique can be usefull also to valuate the order/disorder of the alkyl chains of surfactants 

and their relative concentrations; at low concentration of surfactant, the alkyl chains are 

highly ordered, similar to a crystalline ordering. This is reflected in the position of the CH2 

stretching vibration at 2925cm–1. At higher concentration (>10ppm) the alkyl chains are 

disordered and the position of the CH2 stretching is shifted to lower wavenumber.10 In this 

case the band at 2919 cm-1 is an evidence of the alkyl chains disorder.  

 

5.2.3 TGA Characterization 

Thermogravimetric analysis (TGA) has been used to study the thermal decomposition of 

montmorillonite modified with benzyl (hydrogenated tallow alkyl) dimethyl ammonium. 

Samples were heated from 30°C to 850°C at a heating rate of 10°C/min under air atmosphere 

(20 ml/min) (Fig 40). Thermal decomposition of the organic layer silicates is conveniently 

considered in four regions. Briefly, evolution of absorbed and intercalated water and gaseous 

species occurs below 180 °C (region I). Organic substances evolve from 200 to 500 °C (region 

II). The loss of structural hydroxyl groups of the aluminosilicate from within the clay occurs 

from 500 to 700 °C (region III) and evolution of products associated with residual organic 

carbonaceous residue occurs above700 °C (region IV).124 

 

Fig. 40: TGA pattern of Montmorillonite in Air 30-850 
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The amount of free and interlayer water in the organic-modified montmorillonite, 

corresponding to the slight mass loss (2,2 wt.%) in the range of 30 – 180°C, depends on 

surfactant-packing density within the montmorillonite galleries. Normally, there are two 

distinct types of water present in natural montmorillonite. Type I is adsorbed water owing to 

the large specific surface area, which possesses great mobility and is easy to lose. Type II 

constitutes the hydration shell around the exchangeable cation and its presence depends on 

the number of hydrated cations residing in the interlayer.100 The low value, related to the 

amount of free and interlayer water, results from the replacement of hydrated cations by 

surfactant and the improvement of the hydrophobic property of surfactant-modified 

montmorillonite. This value is consistent with ATR-FTIR analysis. 

Through this technique it is also possible to evaluate the amounts of physically adsorbed and 

intercalated surfactants and their decomposition temperature.16  

Previous studies have shown that there are three different molecular environments for 

surfactants within organoclays: 

1) surfactant cations intercalated into the clay interlayers through cation exchange and bound 

to surface sites via electrostatic interaction. 

2) surfactant (cations and/or molecules) physically adsorbed on the external surface of clay. 

3) surfactant molecules located within the clay interlayer.  

Thermal analyses have demonstrated that the decomposition temperature for the surfactants 

with different molecular environments is different from each other. In other words, the 

decomposition temperature for the three kinds of surfactants decreases as the order of 

intercalated surfactant cations, interlayer adsorbed surfactant molecules and external-surface 

physically adsorbed surfactant. Obviously, an increase of external-surface physically adsorbed 

surfactant content in organoclays will decrease the thermal stability of organoclays and the 

resultant composites.100 

The thermogravimetric analysis shows also different thermal decompositions of organoclays 

based on the surfactant concentration. When increased loading of the concentration of 

surfactant making value of the percent weight loss increased due to molecules of surfactant 

desorbed from the silicate layer. It is noted that the utilization of thermogravimetric analysis 

allows distinguishing between different concentrations of surfactant modifying clay 

properties.  
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For the surfactant used in this thesis TG curve (Fig. X) shows that there is 24,9% (wt%) of mass 

loss corresponding to about 1,5 CEC.16 

Dehydroxylation of clay minerals occurs at relatively well-defined temperatures (550-

600°C),125as also shown in Fig.X for the organoclay used in this work. For poorly crystallized 

clay minerals, dehydroxylation occurs at lower temperatures. For example, in synthetic 

kaolinites the temperature shifts from 550 to 420°C.126  

 

5.2.4 Optical Microscopy Characterization 

Optical metallographic microscopy was used to detect the particle size distribution of 

organoclays.  The analyses were performed on a tin sheet after deposition (through drop 

casting method) of an organoclay-NMP solution previously sonicated (Fig41). 

 

Fig. 41: Optical microscopy images of organoclay at different magnification a)10x b)20x c)50x d)100x 

 
Microscopic observations are useful for investigating clay minerals as they directly provide 

shape and geometric dimensions within the inherent instrumental uncertainties. 
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The analysis revealed MMT particles with a broad distribution, particles may be as large as 3-

4 µm and as small as 0.1µm, with average sizes of about 1-2 µm although some studies reveal 

that their length and breadth can reach few tenths of a micron .10,127 In addition, mostly the 

particles are of irregular shape. 

 

5.3    Reduced graphene oxide (rGO) Characterization  

Reduce graphene oxide was characterized by microscopy, spectroscopic and thermal 

techniques. Short accounts of these characterization techniques are discussed here. 

5.3.1 XPS Characterization 

Chemical investigation (the type and the level of oxygenated species) of rGO sample was 

performed using the XPS technique. The rGO solution was spin coated on 100 nm Au(100)/Si 

(111) substrate in order to perform XPS analysis. The XPS core level spectra were acquired 

with a pass energy of 11.75 eV, corresponding to an overall experimental resolution of 0.25 

eV. XPS investigation of the gold substrate prior to the rGO deposition indicates negligible 

residual C and O contamination, accordingly the C1s core-level spectrum determined in the 

XPS experiment on the rGO/Au(100) films are inherently related to rGO and the influence of 

contaminants can be ruled out. 

For the analysis of the rGO, at first an acquisition on the entire energy spectrum was 

performed, which gives an overview of the elements present in the sample (Fig42).  

 

  

Fig. 42: XPS spectra of rGO/Au(100).  
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From the analysis of the areas under the peaks, the total content (%) of carbon and oxygen 

was obtained, which was respectively 79,95 % and 20,05%, so the C/O ratio can be calculated.  

The C/O ratio gives an indicative measure of the oxidation degree of the sample but do not 

give information about the carbon-oxygen bond. 

 

Thus, the attention was focused on the regions concerning the carbon peaks. A detailed 

analysis of the C 1s core level spectrum brings a great deal of information (Fig.43).  

The C 1s spectrum was fitted by the sum of four components related to the following carbon 

functional groups: aromatic rings and hydrogenated carbon (C=C/C-C, C-H, 284.6-284.9 eV), 

hydroxyl groups (C-OH, 285.8 eV), epoxy groups (C-O-C, 286.7 eV) and carbonyl/carboxyl 

groups (C=O /C=O(OH) 288.1-289.3 eV).52,128 

 

 

 

Fig. 43: C 1s XPS core level spectrum of rGO. The fitting analysis reports the various components in the 
spectrum assigned to different typical functional groups of rGO  

 

The above assignments of the different C components were checked on a quantitative basis. 

The spectral weight of the different components was: C=C/C-C 71,9%, C-OH12,6% C-O-C 6,2%, 

C=O /C=O(OH) 9,3% (The relative abundances of each component of the C 1s spectra are also 

summarized in Fig.43). 
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5.3.2 TGA Characterization 

Thermogravimetric analysis (TGA) is an analytical technique used to determine thermal 

stability of a material and its fraction of volatile components by monitoring the change in 

weight that occurs as a specimen is heated. TGA is also a tool to analysis and to quantify 

organic species between the graphene layers and probing the effectiveness of oxidation and 

reduction reactions. TGA analysis was conducted to test the thermal stability of rGO sheet as 

shown in Fig.44. The measurement is conducted in air atmosphere and the weight is recorded 

as a function of increasing temperature. rGO displays high thermal stability, it starts losing 

mass (about 1%) below 100°C due to the evaporation of volatiles and adsorbed water 

molecules in the rGO sheet layers.129 The major mass loss occurs above 500°C and may be due 

to the presence of small quantities of residual oxygen groups present even after reduction (as 

shown also by XPS analysis) and other small defects on the rGO sheets. The residue after 850°C 

is around 83% which depicts the good thermal stability of rGO in N2 atmosphere.130 

 

Fig. 44: TGA pattern of rGO in Nitrogen 30-850 

  

 

 

5.3.3 FTIR Characterization 

Infrared spectroscopy was used to analyse the powder sample that was combined with KBr 

and pressed into pellets. The FTIR technique provides important information about chemical 
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bonding of many materials. Fig.45 displays the resulting FTIR spectrum of rGO sample in 

transmittance. 

 

 

Fig. 45: FT-IR spectrum of rGO 

 

A wide band at 3446 cm-1 represents the stretching vibration due to the presence of hydroxyl 

group (O-H stretching). Two peaks are present regarding C-H bonds: the peak at 2921 cm-1 

(due to stretching of C-H) and the peak at 2851 cm-1 (due to stretching of C-H2 group). The 

bands at 1637 cm-1 and 1578 cm-1 are attributed to the aromatic stretching vibration of the 

large sp2 carbon lattice (C=C). The water absorptions at ≈ 3285cm-1 and 1640cm-1 could also 

overlap the bands of other components. These bands were assigned according to the 

literature. 131,132 

All the characteristic absorption bands of oxygen-containing groups (C=O, and C-O-C) are 

substantially weak or absent129although they were detected trough XPS analysis in percentage 

of about 5%. 

 

5.3.4 Optical Microscopy Characterization 

Optical Microscopy can provide a direct image of reduced graphene oxide. The analyses were 

performed on a tin sheet after deposition (through drop casting method) of an rGO-acetone 

solution previously sonicated. 
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Fig. 46: Optical microscope images at 50x magnification of rGO flakes on a tin sheet 

 

The rGO flakes show in Fig46 are characterized by an irregular morphology. It is possible to 

see a distribution of different particle dimensions, from less than a micron to a few tens.  

 

 

5.4     Polyamideimide (PAI) 

In order to have more information about the PAI synthesis process it was decided to carry out 

a detailed work during the condensation reaction of a conventional PAI by taking 20 small 

amounts (about 20 g each one) and analysing them using different characterization 

techniques: viscometry, rheometry, ATR, GPC. 

Furthermore, this part of the work has the purpose to correlate ATR spectra (the information 

on the functional groups present) to the respective data obtained by the other techniques 

(viscosity and molecular weights distribution).  

 

5.4.1 Synthesis 

Polyamide-imide was synthesized via diisocyanate route with 1,2,4-benzenetricarboxylic acid 

anhydride (TMA) and 4,4'-methylene diphenyl diisocyanate (MDI) in N-methyl-2-pyrrolidone 

(NMP) as solvent. The method used in this thesis for the PAI synthesis is the same generally 

used by Elantas. This method has the advantage of being more sustainable than the acid 

chloride route, as it does not use MDA which is considered a potential carcinogen. 

PAI synthesis was performed considering a final yield of 4Kg, hence 1501.5 g of NMP and 586.8 

g of TMA were introduced in a 5L glass reaction vessel. The mixture was left under stirring and 
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heated to 50°C until TMA was completely dissolved. After about 30 minutes, formic acid 

(15.9g) and MDI (772 g) were added. Formic acid was used as chain regulator. According to 

the regular synthesis of PAI77, the reaction temperature was increased stepwise from 50 to 

85, 95, 105,115 and finally to 130 °C. At the first stage most of the reaction that happened was 

concerned with the formation of imide groups.79 Therefore, the high molecular weight 

polymers cannot be obtained until more amide groups were formed at high temperature 

(120°C) from the condensation of acid group with isocyanates. The unreacted MDI behave like 

chain extender which combined the polyimide oligomers through the formation of amide and 

increased the molecular weight. CO2 is the by-product of these reactions and can be observed 

in small bubbles in the system. During the reaction from 80 °C to 130 °C a highly viscous dark 

red to brown solution of PAI was obtained. The reaction scheme for this synthesis is provided 

in Fig.47. 

Once the condensation viscosity was reached, the solution was cooled down to 90°C and 730 

g of NMP were added. Thus, the blend was stirred for 1h. In order to confirm that the synthesis 

was successful, it was enamelled in the horizontal oven MAG HEL4/5 owned by Elantas.  

 

 

Fig. 47: Schematic synthesis of PAI via diisocyanate route. (1) Reaction of MDI and TMA to (2) diimide 
oligomer. (3) Further MDI reacts with oligomers under 120°C to polyamide-imide 
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5.4.2 Characterization 

Each sample was analysed at first by measuring the viscosity with the rheometer at 25 °C and 

then with the viscometer at 20 °C after dilution with NMP in which the ratio NMP/Resin was 

6/9. The results obtained are shown in the table 3. 

 

Sample 
Viscosity (cPs) at 

20°C  (6NMP/9 RES) 
Viscosity (cPs) at 

25°C (Rheometer) 

C1 5-10 200 

C2 15-20 513 

C3 67-70 2220 

C4 125 5305 

C5 172 10116 

C6 205 12843 

C7 225 15077 

C8 225 15506 

C9 245 16451 

C10 245 17280 

C11 245 17736 

C12 280 19231 

C13 280 19446 

C14 312 23019 

C15 328 25966 

C16 341 27624 

C17 370 30998 

C18 410 35912 

C19 495 48408 

C20 555 51948 

Table 3: Viscosity values of a PAI measured by viscometer (left column) and rheometer (right column) 
during the condensation reaction.  

 

As can be seen, the data obtained by using a rheometer in the adopted method are 

continuous, contrarily from the data obtained by the viscometer on the blend, where small 

variations on the condensation grade were not evidenced. However, the two trends of 

viscosity are very similar. In Fig.48 the viscosity (calculated by viscometer) as a function of the 

reaction time and temperature was reported. 
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Fig. 48: Viscosity values (measured with viscometer) as a function of the reaction time and temperature. 

 

The first sample (C1) was taken after 1 hour since the temperature had reached 85°C.  As it 

can be seen, the curve rises in the first 5 hours, until the temperature reaches 95°C. This is the 

first stage of reaction, where most of the MDI reacts with TMA according to the scheme below. 

After the plateau, when the temperature was increased to 120°C, the curve rises again until 

the viscosity of condensation (parameter of control of synthesis grade, whose final range is 

indicated in the product specifications given by the producer) is reached.  

 

Fig. 49: Formation of amide bonding via reaction of TMA and MDI in (1) over N-carboxyanhydride 
shown in (2) followed by decarboxylation to amide structure (3). 
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At this stage decarboxylation of N-carboxyanhydride occurs, more amide groups will be 

formed and along with the formation of amide, the molecular weight of the polymers will 

increase rapidly. This stage is shown in Fig.49. 

The samples were also characterized by FTIR-ATR and GPC. For the ATR analysis about 4 g of 

material of each amount were precipitated in acetone. This solvent allows a quick 

precipitation of the polymer together with the possibility of being removed at low 

temperatures (b.p. :56°C) avoiding further reactions possibly occurring during the time before 

the analysis. The samples were then filtered, dried, and analysed. An overview from 700 to 

4000 cm-1 of the samples from C2 to C6 is provided in Fig.50 (a). In the right side, Fig50 (b), 

focuses on characteristic NCO peaks of free MDI.  

 

 

Fig. 50: Overview ATR-FTIR spectra from 700 to 4000 cm-1 of five samples of PAI obtained during 
polymerization is shown on left side. Focus on NCO stretching vibrations of MDI between 2100 and 
2400 cm-1 on right side. 

 

ATR characterization was useful to evaluate the disappearance of the NCO band at 2265 cm-1 

related to the still unreacted MDI.133 Since the absence of –NCO stretching vibration occurs at 

C6, this means that most of the MDI will have reacted during the first stage of the reaction.  

In order to evaluate the presence of other evident variations in the ATR spectrum of the PAI 

during the synthesis, the spectra between C1 and C20 were compared. Five of these spectra 

were provided in Fig.51.  
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Fig. 51:PAI spectra (samples C3, C8, C11, C15, C20) focused on wavenumber between700 to 2400 cm-1 

 

Nevertheless, apart from the disappearance of the NCO band and a slight decrease in the 

anhydride bands (symmetric and asymmetric stretching of C=O, respectively at 1850, 1774) 

there are no other important changes in the PAI spectra during the condensation.   

Fig.51 shows also the other characteristic peaks of the PAI: C=O stretching vibrations of imide 

at 1777 (asymmetric) and 1713 cm-1(symmetric) as well as C=O amide vibration located at 

1655 cm-1. 

 

Gel Permeation Chromatography (GPC) was conducted to determine resulting molecular 

weights distribution. Fig.52 shows the molecular weights distribution during the synthesis. 

Five of the twenty analysed sample (C4, C5, C13, C17 and C20) are shown. The GPC analysis 

was carried out using samples at a concentration of 50mg/ml. The eluent mixture was a blend 

DMF and THF (50:50) containing a LiBr and H3PO4 buffer, able to properly solubilized PAI 

samples preventing tailing effects of the chromatogram. The GPC chromatograms obtained 

confirm the progress of the synthesis until the desired grade of polymerization.  
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Fig. 52: GPC chromatograms of five samples (C4, C5, C13, C17 and C20) of PAI obtained during 
polymerization. 

 
From Fig.52 it is noted that there is almost the same difference between the C4- C5 and C5-

C13 samples, although the reaction time was very different (samples were taken every half 

hour). This behaviour reflects the trend of the viscosity values which remain almost constant 

from C6 to C10. For further confirmation, the chromatograms of the samples from C6 to C10 

were shown in Fig.53. As can be seen, the chromatograms are almost overlapping. 

 

 

Fig. 53: GPC chromatograms of five samples (from C6 to C10) of PAI obtained during polymerization. 
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As it is evident from the chromatograms in fig.54, monomers and small oligomers are still 

present in the first three samples, confirming the ATR spectra where the presence of free 

MDI was still seen in the first samples. 

 

 

Fig. 54: GPC chromatograms of three samples (from C1 to C3) of PAI obtained during polymerization. 

 

5.5    PAI-MMT Nanocomposites (Synthesis and application) 

In this section a critical evaluation of PAI-MMT-nanocomposite synthesis via two different 

approaches of in situ polymerization and solvent casting method were provided. The aim is to 

evaluate its properties after application on copper wire. Mechanical, electrical, thermal, and 

chemical properties of the enamelled wires were investigated using the techniques described 

in the paragraph 4.3. The analysis methodologies adopted for the nanocomposites were the 

same generally used for the analysis of the enamelled wires with conventional PAI.   

 

5.5.1 In situ method 

For the preparation of nanocomposites via in situ polymerization TMA, NMP and organo-

modified MMT with varying concentration (cMMT = 0.1, 0.5 and 1.0 wt-% in dry composite 

film) were added to a glass reactor and heated to 50 °C. The mixture was stirred until TMA 

was completely dissolved. Subsequently, formic acid and then MDI was added. The following 

polymerization was performed by increasing temperature profile (until 130 °C) analogous to 

the conventional synthesis of PAI. 
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The choice of using these concentrations was based on the fact that exfoliated composites 

were obtained in literature until a limiting MMT concentration of about 1.0 wt-%.68 

At in situ polymerization the layered silicate is swollen within a monomer solution (TMA-NMP) 

followed by polymerization within interlayer galleries of MMT when MDI was added. This 

process, shown in Fig.55, force intercalation or exfoliation to take place.98  

 

 

Fig. 55: Diagram of a nanocomposite synthesis by in situ polymerization; first step consists of mixing 
phyllosilicate and monomer which penetrates the interlayers of the organoclay (second step) and 
subsequently promotes the polymerization reaction, so that the growing polymer is already inside the 
galleries (third step) 

 
Unfortunately, for the diisocyanate route of PAI-polymerization there is the problem of high 

reactivity of the isocyanate monomer. The strategy of Briesenick et al. was to solve this 

problem by protection of the -NCO groups with p-chlorophenol (PCP). However, in electrical 

insulation, chloride ions are notorious for copper surface modification, leading to poor 

adhesion between the polymer and copper metal.  Furthermore, other blocking agents could 

remain in the mixture during application with the risk of forming aggregates thus damaging 

the cosmetics of the wire and therefore its electrical properties. For these reasons, in the 

present work the classical diisocyanate route was used for in situ synthesis, which had not yet 

been investigated in the literature in the presence of organoclays. 

 

 

5.5.1.1 ATR-FTIR Characterization 

In order to verify success of the PAI-MMT synthesis via in situ polymerization, a sample was 

taken and precipitated in acetone. The samples were then filtered, and infrared spectroscopy 

(ATR-FTIR) was conducted. An overview from 700 to 4000 cm-1 of the resulting spectrum is 

provided in Fig.56.   



 

74 

 

 

 

Fig. 56: ATR-FTIR spectra of PAI standard and PAI-MMT  

 

As can be seen, C=O stretching vibrations of imide at 1777 cm-1 (asymmetric) and 1713 cm-1 

(symmetric) as well as C=O amide vibration located at 1655 cm-1 were present. Taking the 

absence of –NCO stretching vibration at 2265 cm-1 into account, conversion of isocyanate was 

complete. Apart from the disappearance of the anhydride band (symmetric stretching of C=O 

at 1850 cm-1) there are no other important changes in the PAI-MMT spectrum compared to 

conventional synthesized PAI. Derived from these results evidence of successful PAI-MMT 

synthesis is provided.   

Resulting FTIR spectra showed that during in situ polymerization the same characteristic 

amide and imide structures were formed. 

 

5.5.1.2 Application as wire enamel 

 

Mechanical, electrical, and thermal properties of the enamelled wires were investigated using 

the techniques previously described. PAI-MMT solutions were enamelled on copper wire 

(0,5mm diameter) through horizontal enamelling machine at a speed of 42m/min. However, 

due to the lack of adhesion during the application of enamels, it was necessary to decrease 

the oven speed by 10% (38m / min). 
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Table4 show how PAI modification with three different concentrations of organoclay affects 

properties of an enamelled wire. At this purpose, they are compared with typical 

specifications of a standard enamelled PAI.  

 
 

Viscosity 
(cPs_23°C) 

Solid Residual 
(1g/180°C/1h) 

Mandrel Test 
(%elongation) 

Tangent-delta 
(°C ) 

Cut-through  
(°C ) 

PAI (Typical) 1500-2500 36±1% ≥ 15% ≥270 ≥ 350 

PAI-MMT 
(0,1%wt) 2430 36,55% 10% 257 390 

PAI-MMT  
(0,5%wt) 2150 36,85% 0% 258 390 

PAI-MMT  
(1%wt) 2250 36,33% / 255 400 

Table 4: properties of wires enamelled with PAI-MMT (0,1%-0,5% and 1%wt) and typical specifications 
of a standard enamelled PAI (enamelling speed -10%). 

 

From the data show in the table, it is noted that the biggest difference is in the elongation 

percentage which decrease with increasing concentration of the organoclay. Furthermore, 

even the PAI-MMT at 0,1%wt is below the optimal typical value of the PAI.  

Probably the interaction of the polymer with MMT does not allow the mobility of the chains 

during the curing process, resulting in a low degree of crosslinking and an increase in the 

stiffness of the material. This is confirmed by the absence of adhesion during the application 

of enamels in the standard enamelling conditions. 

 

In this test, after a given amount of elongation applied through «elongation to break test», 

the wire is wound around a mandrel. The appearance of cracks and loss of adhesion are 

visually checked. Three tests are performed for each percentage.  

 

The tangent delta is an indication of the loss of dielectric properties and is related to the glass 

transition temperature. It is used as a measure of cure for magnet wire production.  

Wire is covered with graphite to create a condenser where the enamel represents the 

dielectric. The dissipation factor (the ratio of the resistive component of the current to the 

capacitive component) is plotted versus the increasing temperature. The intersection points 
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at the tangents of the obtained curve gives the correspondent temperature (indicated as 

«tangent delta» in the table) at which the material stops retaining a low dissipation factor. 

The values related to the three samples containing MMT, obtained via tangent-delta analysis, 

result lower than the typical values of the conventional PAI. This confirms the probable 

interaction of the polymer with MMT which does not allow the mobility of the chains during 

the curing process, resulting in a low degree of crosslinking. 

The thermoplasticity of the enamelled wire at high temperature was also measured. In the 

cut-through test two specimens of the wire are placed into a hot plate and set in a 

perpendicular cross section so that they touch each other in one point where a standard 

weight is placed. The temperature is progressively increased. The test consists in determining 

the maximum temperature at which the two metal parts of the wires do not get in contact 

(short circuit) in less than 2 minutes. This test demonstrates the flow capability of the enamel 

under pressure.  

The values obtained reflect the characteristic values of the standard PAI.  

The differences in viscosity and solid residual between the 3 samples shown in the table, not 

affect the processability of the enamel. Important variations (far outside the range of a typical 

PAI) can instead create problems on the cosmetics of the applied coating.  

 

5.5.2 Solvent casting method 

The solvent casting method is based on swelling MMT intergalleries with solvent where the 

polymer is soluble. It is therefore necessary to choose the proper solvent that can dissolve the 

polymer and spread into the clay to obtain samples with good dispersion. Mixing of polymer 

and layered nanomaterial solutions results in intercalation of polymer chains and 

displacement of the solvent within the interlayers of silicates (Fig.57). The solvent then 

evaporates, and the stacks come together again, trapping the polymer inside them, and 

forming an ordered multilayer structure. As it was shown by Ranade et al.117 exfoliated PAI-

MMT-composites can be obtained via solvent casting method by premixing MMT with xylene 

followed by adding to a PAI solution. However, as for Briesenick et al., the strategy of solvent 

casting in this study bases on the solely usage of NMP for the swelling process which is also 

solvent of the PAI solution.  
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Fig. 57: Diagram of the nanocomposite preparation by intercalation of the solution polymer.    Black 
dots are NMP molecules. 

 
For the synthesis of PAI-MMT through solvent casting method, at first synthesis of polyamide-

imide was performed via reaction of MDI and TMA, as described in 5.4.1. Once the viscosity 

was reached, PAI was diluted with NMP containing MMT previously swollen by sonication 

process.  The same procedure was performed for each concentration of MMT (0.5%, 1% and 

1.5% wt). The two solutions are then mixed. During enamelling process desorption of solvent 

molecules within the layers of MMT is assumed to take place, while PAI chains interpenetrate 

the intergalleries forming an ordered multilayer structure.  A scheme of the reaction is shown 

in Fig.58. 

 

 

Fig. 58: Scheme of PAI-MMT synthesis throug solvent casting method 
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5.5.2.1 Application as wire enamel 

Mechanical, electrical and thermal properties of the enamelled wires were investigated using 

mandrel test, cut-through, tangent-delta and breakdown voltage (BDV). PAI-MMT solutions 

were enamelled on copper wire (0,5mm diameter) through horizontal enamelling machine. 

Table5 show how PAI modification with three different concentrations of organoclay affects 

properties of an enamelled wire. At this purpose, they are compared to the properties of an 

enamelled standard PAI.  

 
 

Viscosity 
(cPs_23°C) 

Solid Residual 
(1g/180°C/1h) 

Mandrel Test 
(%elongation) 

Breakdown voltage 
(V) 

Tangent-
delta (°C ) 

Cut-through 
(°C ) 

PAI (Range) 600-900 32±1% ≥ 15% ≥ 9000 260-280 ≥ 350 
PAI 670 31,61% 15% 10951 276 430 

PAI-MMT 
( 0,5%wt) 620 30,72% 20% 12309 275 430 

PAI-MMT 
(1%wt) 810 32,40% 20% 10740 278 430 

PAI-MMT 
(1,5%wt) 900 32,32% 25% 10549 277 430 

Table 5: properties of wires enamelled with PAI and PAI-MMT (0,1%-0,5% and 1%wt) 

 

The analysis methodologies adopted for this method were the same used for the in-situ 

method. The breakdown voltage test was also performed in this study. Breakdown voltage 

(BDV) consists in resistance to an a.c. voltage with a nominal frequency of 50 Hz or 60 Hz. A 

wire twist pair is prepared as specimen and put in the tester. The voltage is increased until 

total breakdown. Generally, for a standard PAI, values of BDV test fall between 9000 and 

13000. Based on this, it can be said that the BDV value, corresponding to PAI-MMT 0,5%wt, is 

only a common oscillation due to the polymer and not deriving from organoclay. Thus, from 

the results shown in the table it is evident that the presence of organoclay up to 1.5% 

(introduced through solvent casting method) does not involve substantial changes in the 

properties of the copper wires compared to the properties of standard PAI.  Even the 

percentage of elongation, which for the in-situ method was lowered with the increase of the 

organoclay concentration, in this method seems to have a slight increase.   
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Considering the good results deriving from the tests on the enamelled wires, it was decided 

to investigate another property of organoclays already observed in literature:134 the resistance 

to solvents. 

At this purpose two wires (derived from enamelled PAI standard and PAI-MMT (1,5%wt) were 

wound around a mandrel and placed in a beaker with NMP at 70°C. The images in Fig.59. show 

how the enamelled wire with PAI-MMT (unpeeled) is resistant to the solvent unlike the 

enamelled wire with standard PAI which results peeled off.  

 

 

Fig. 59: Images of negative (PAI) and positive (PAI-MMT 1,5%) solvent resistance results  

 

This test proves that the presence of organoclay can even preserve the wire from the attack 

of an aggressive solvent such as NMP which is able to remove the coating from the wire. 

 

5.6 PAI-rGO Nanocomposites (Synthesis and application) 

As for PAI-MMT nanocomposites, two methods were also used for the synthesis of PAI-rGO 

nanocomposites: solvent casting and in situ methods.  

A hybrid polymeric system consisting of PAI and polyester (PE) was used for in situ synthesis. 

The use of PE is essential for chemically binding rGO and PAI.  

Solvent casting method was used for the synthesis of five nanocomposites PAI-rGO at different 

rGO concentrations (0,1% -0,25% -0,4% -0,55% and 1%wt in dry composite film). 

Also in this case the aim was to evaluate its properties after application on copper wire. 

Mechanical, electrical, and thermal properties of the enamelled wires were investigated using 

the techniques previously described. The analysis methodologies adopted for the 

nanocomposites were the same generally used for the analysis of the enamelled wires with 

conventional PAI. For nanocomposites synthesized by solvent casting method a further 
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application was investigated: PAI-rGO as antistatic coating. For this purpose, the electrical 

properties of rGO have been exploited.  

Since research on PAI-rGO nanocomposites is still an unexplored field, this makes this part of 

the work rather innovative, also considering its industrial character. 

 

5.6.1 In situ method 

For the preparation of nanocomposites PAI-rGO (0,025%wt) via in situ polymerization, initially 

a synthesis of rGO-PE composite was performed. In order to obtain a PE-rGO composite 

capable of binding PAI, rGO and 1,6 Hexanediol were mixed. At 50°C the hexanediol was liquid, 

in this way it could be also used as a solvent to disperse rGO.  Then, adipic acid was added and 

temperature was increased until it reached 190°C. At this temperature distillation of water 

took place and polyester was formed. It is important to have dialcohol and diacid in a 1:2 ratio 

to obtain a polyester with terminal acid groups, because the PAI component was then 

synthesized using these groups for the amide formation by reaction with MDI. The following 

polymerization was performed by increasing temperature profile (until 130 °C) analogous to 

the conventional synthesis of PAI. A scheme of the reaction described above is displayed in 

Fig.60.  

 

 

Fig. 60: Schematic synthesis of PAI-PE-rGO system 

 



 

81 

 

5.6.1.1 PE-rGO Characterization  

The success of the reaction between rGO and polymer matrix was confirmed by acid number 

and FT-IR. The method used generally to calculate the acid content was the manual titration 

with KOH solution as titrant and phenolphthalein as indicator. However, in this case was 

impossible to use this method because of the solution was black (due to the presence of rGO). 

For this reason, the potentiometric method was used. A synthesis of a polyester without rGO 

was performed to have a reference. Both were analysed through potentiometric method. The 

results are shown in Fig.61. 

 

 

Fig. 61: Potentiometric titration curves of PE (a) and PE-rGO (b) 

 

For each titration, a pre-addition of 5ml of KOH was performed. After the analysis, the total 

ml of KOH were obtained, and the acid numbers calculated: 

PE:  6,39 mL KOH which corresponds to an acid number of 351,2 mgKOH/g  

PE-rGO:  6,05 mL KOH which corresponds to an acid number of 343,9 mgKOH/g          

 

Since the acid number for the PE-rGO composite was lower than PE, it is supposed that more 

acid had reacted. Furthermore, since the diol was in a 1:2 ratio with the diacid, it is assumed 

that the decrease in the acid number with respect to PE was due to the reaction with the OH 

groups of the rGO.  This hypothesis was confirmed by the FT-IR analysis (Fig.62). 
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Fig. 62: FTIR spectra of PE (blue), PE-rGO (green) and Adipic Acid (red) focused on wavenumber between 
700 to 1950 cm-1 

 

The PE-rGO sample has a lower acid content than the reference as evidenced by the 

comparison with the adipic acid bands at 1695 cm-1(C=O stretching), 1408 cm-1 and 1428 cm-1 

(C-O in-plane bending) 1260 cm-1 (C-O stretching) and 915 cm-1 (O-H out-plane 

bending).135,136The higher polyester content, due to the bond with rGO, was further confirmed 

by the band at 1720 cm-1, related to the stretching vibration of C=O of the ester, which results 

more intense than PE without rGO.137,138 

 

 

5.6.1.2 PAI-PE-rGO Characterization 

The DSC thermograms of PAI-PE-rGO and PAI-PE (as reference) are shown in Fig.63.  

Tg was determined from the midpoint of the step-change in the specific heat of each sample. 

The Tg of PAI-PE and PAI-PE-rGO were 271.3 and 271.1, respectively. 

This analysis suggests that 0,025% rGO do not induce significant changes in Tg of PAI-PE 

polymer. 
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Fig. 63:DSC Thermograms of PAI-PE (blue) and PAI-PE-rGO (red) 

 

5.6.1.3 Application as wire enamel 

After the synthesis, the enamels were applied to the wire on which the control tests were 

performed. The results are shown in Table 6. 

 
 

Viscosity 
(cPs_23°C) 

Solid Residual 
(1g/180°C/1h) 

Mandrel Test 
(%elongation) 

Breakdown 
voltage  

(V) 

Tangent-
delta (°C ) 

Cut-
through 

(°C ) 

PAI-PE 715 34,5% 20% 10339 276,6 390 

PAI-PE-rGO 
(0,025%wt) 

730 33,68% 20% 8742 273,8 410 

Table 6: properties of wires enamelled with PAI-PE and PAI-PE-rGO (0,025% wt) 

 

The tangent delta is an indication of the loss of dielectric properties and is related to the glass 

transition temperature (Tg). It is used as a measure of cure for magnet wire production. As can 

be seen from the table, the two values of Tangent-delta are very similar and correspond to 

the values obtained by DSC analysis of the enamels before application on copper wire. 

As regards the percentage of elongation and the cut-through, the results of the two samples 

do not show substantial differences. As expected, the BDV of nanocomposite is instead slightly 

lower than PAI-PE polymer, confirming the presence of the conductive rGO. Nevertheless, this 

value is within the parameters of a standard PAI. 
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5.6.2 Solvent casting method 

For the synthesis of PAI-rGO through solvent casting method, at first synthesis of polyamide-

imide was performed via reaction of MDI and TMA, as described in 5.4.1. Once the viscosity 

was reached, PAI was diluted with NMP containing rGO previously swollen by sonication 

process.  The same procedure was performed for each concentration of rGO (0.1%, 0.25%, 

0.4%, 0,55% and 1%wt). The two solutions are then mixed. During enamelling process 

desorption of solvent molecules within the layers of rGO is assumed to take place, while PAI 

chains interpenetrate the intergalleries forming an ordered multilayer structure.  A scheme of 

the reaction is shown in Fig.64. 

 

 

Fig. 64: Scheme of PAI-rGO synthesis throug solvent casting method 

 

 

5.6.2.1 Application as wire enamel 

Mechanical, electrical, and thermal properties of the enamelled wires were investigated using 

the techniques previously described. PAI-MMT solutions were enamelled on copper wire 

(0,5mm diameter) through horizontal enamelling machine at a speed of 42m/min. 

The results are shown in Table7. 
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Vx 
23°(cps) 

Solid Residual 
(1g/180°C/1h) 

Mandrel Test 
(%elongation) 

Breakdown 
voltage (V) 

Tangent-
delta 
(°C) 

Cut-
through 

(°C)        

PAI 
(Range) 

2000-
2500 

30±1% ≥ 15% ≥ 8000 ≥260 ≥ 350 

PAI-rGO 
0% 

2150 29,42% 15% 9727 284 410 

PAI-rGO 
0,1%wt 

2160 29,87% 0% 8059 282 380 

PAI-rGO 
0,25%wt 

2090 29,86% - 6678 291 380 

PAI-rGO 
0,4%wt 

2130 30,1% - 6327 285 380 

PAI-rGO 
0,55%wt 

2270 29,94% - 6134 285 360 

PAI-rGO 
1%wt 

2090 29,65% - 3068 290 380 

Table 7: properties of wires enamelled with PAI and PAI-rGO (0,1%-0,5% and 1%wt) compared to the 
range of values of a standard PAI. 

 

From the values shown in the table, it follows that the ideal concentration on wire enamel is 

less than 0,1%.  Above 0,1%wt electrical insulation (BDV) and flexibility (Mandrel test) are 

significantly decreased. This is probably due to the bad interfacial interactions between rGO 

and PAI. 

Furthermore, at these concentrations, barrier properties against chemicals (tested by the 

Elantas customer) do not produce satisfactory results. 

The low BDV values appear to be a problem for electrical insulation of copper wires. However, 

these features may be of interest to other applications. 

As for the PAI-organoclay nanocomposites, the differences in viscosity and solid residual 

between the samples shown in the table, not affect the processability of the enamel. 

Important variations (far outside the range of a typical PAI) can instead create problems on 

the cosmetics of the applied coating.  
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5.6.2.2 Application as anti-static coating 

Polymers are extremely versatile materials and good matrices in composites due to their 

extensive range of properties. Polymers are normally good electrical insulators; however, it 

could be useful to merge the characteristics of these materials with the possibility of 

conducting electricity. Adding conductive fillers to the polymer matrix brings to composites 

that are also conductive, and these composites have many applications. For sufficient fillers 

amounts and proper dispersion a three-dimensional network is produced and the passage of 

electricity through the polymer is allowed. The minimum filler content required for a quick 

change of the composite properties from dielectric to conductive is called percolation 

threshold. When percolation threshold is reached, the number of conductive networks rise 

and resistivity of composite decreases (Fig.65).  

 

Fig. 65: Schematic variation of electric conductivity with filler volume fraction for conductive 
nanocomposites 

 

Materials for electrical applications are generally classified according to their electrical 

resistivity value ρ (Ω·m). 

In order to obtain an anti-static material, synthesis of PAI-rGO at different concentrations (1%-

2%-3%-4%-5%-6%-7%-8%) were performed. The rGO powder was first dispersed in NMP. For 

this purpose, instead of the sonicator, a high shear laboratory mixer, made by Silverson 

Machines, was used. Sonication is generally carried in small volumes, while shear mixing can 

be carried out in much larger volumes. It is therefore ideal for industry. 

During the dispersion by Silverson mixer of rGO in NMP solvent was added the PAI solution. 

The shear mixer acts as a pump, pulling both liquid and solids into the mixing head where 

centrifugal forces drive them towards the edge of the rotor/stator. This is accompanied by 
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intense shear as the materials are driven at high velocity between the rotor and screen and 

then out through the perforations in the stator and into the main volume of the fluid.  

 

After mixing, thin films of the solutions were coated through a bar applicator on cleaned tin 

sheet (Fig.66) substrates and were dried in an oven at 220 °C for 20 min. Applied films were 

present in the range of 8 to 15 microns dried film thickness. 

 

Fig. 66: Bar applicator and tin sheet used. 

 

Then, they were analysed through optical microscopy. Fig.67 show the increase in rGO 

particles within the PAI until a concentration of 7%. A greater amount of micrometric 

aggregate is visible at higher concentrations.  

 

 

Fig. 67: Optical micrograph of a thin film of rGO-PAI solution deposited on a tin sheet.  

 

The analysis of the electrical properties (analysed by an Elantas customer) showed that the 

percentage of rGO necessary to obtain a PAI-rGO conductive (antistatic) composite was 8%wt. 

Several groups have employed rGO materials to prepare thermoplastic nanocomposites from 

polyethylene, maleic-anhydride grafted poly(propylene), polystyrene and ethylene/methyl 

acrylate/ acrylic acid copolymers, as well as poly(methyl metacrylate) (PMMA) and TPU. The 

use of rGO to enhance the electrical performance of polymers has been successfully 
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demonstrated for thermoplastics. In addition to thermoplastics, elastomers have also recently 

been combined with rGO materials. The conductivity of these composites (as well as the other 

properties) depends on the choice of polymer matrix, the type of graphene filler, the 

processing methodology, and any post-production treatments. Based on these parameters, 

the conductivity of these nanocomposites was obtained in a fairly wide range, from less than 

1% to 12%wt of rGO. 139  The value obtained in this work for the polyamide-imide (a high-

performance polymers which offers outstanding insulation properties) is therefore in line with 

the literature data. 

However, at this percentage, Fig.68 shows the presence of micrometric graphene clusters 

inside the composite (PAI-rGO 8%). These aggregates do not allow a good homogenization in 

the composite, making it necessary to increase the percentage of additive to obtain good 

conductivity. It is therefore assumed that with a better interfacial interaction, the percentages 

of rGO within the polymer could be further reduced. Indeed, the formation of aggregates (due 

to the Van der Waals forces between the surfaces) is one of the problems caused by the use 

of these fillers. 

 

 

Fig. 68: Optical Microscopy Analysis of PAI-rGO 8%wt at increasing magnification a)5x b)20x c)50x 
d)100x 
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The SEM analysis also shows graphene aggregates. Fig.69 shows two different signals 

produced by the interaction between electrons and matter: the backscattered electrons (BSE) 

on the right, and the secondary electrons (SE). 

 
 

 

Fig. 69: SEM Analysis of PAI602R/27-rGO 8% at magnification 1000x(a) and 2000x (b) 

 
BSEs result from elastic collisions between electrons and atoms. Large atoms spread electrons 

more and therefore produce a greater signal. The number of backscattered electrons that hits 

the detector is proportional to the number Z. This correlation with the atomic number allows 

to identify the different phases and to generate images containing information about the 

sample composition. For this reason, it is easier to observe the presence of graphene 

aggregates within the polymeric matrix. In contrast, SEs are generated from the surface of the 

sample. It results from inelastic interactions between the primary electron beam and the 

sample and have lower energy than BSE. SEs are very useful for a topographic analysis of the 

sample surface. The black areas in Fig.69b are probably areas of the sample that cannot be 

reached by the electron beam due to the morphology of the sample. 

 

 

  
 
 
 
 
 
 
 



 

90 

 

6 Appendix: 

 
Thermogravimetric analysis (TGA) 

Thermogravimetric analysis (TGA) was performed using Netzsch, TGA 209 F1 thermobalance. 

Organoclay and rGO samples (of ~20 mg) were loaded into ceramic crucibles and heated from 

30°C to 850° at a heating rate of 10°C/min under air atmosphere (20 ml/min).  

ATR-FTIR  

The functional groups of samples were analyzed with iN10 Thermo Fisher Fourier Transform 

Infrared (FT-IR) spectrometer equipped with a diamond crystal ATR. The spectra were 

recorded with the accumulation of 16 repeated scans for both the background and sample. 

FT-IR spectrum of rGO was performed at room temperature in the wavelength range 4000–

400 cm−1. To prepare the samples for FTIR analysis, the powders were ground and then mixed 

with potassium bromide (KBr) anhydrous to make the pellets. The other samples were 

analysed using ATR technique; the spectra were performed on powder samples in the 

wavelength range 4000–700 cm−1. The ATR technique allows analysis of small quantities of 

samples and without sample preparation, which greatly speeds sample analysis. 

Differential Scanning Calorimetry (DSC) 

The melting nature of the rGO-PE-PAI and PE-PAI samples was carried out using the DSC3 

differential scanning calorimeter from Mettler Toledo. Around 20 mg of solutions were sealed 

hermetically in aluminium pans and thermal transitions were recorded. 

Rheometry and Viscometry 

Viscoelastic properties of PAI samples were measured using the Anton Paar-MCR92 

rheometer equipped with a disposable plate D-PP25/AL/S07 (diameter 25mm). Solutions were 

covered with a plate to minimize solvent evaporation during measurement.  

The viscosity of PAI solutions were measured using a Thermo Haake VT550 Viscotester. 

Gel Permeation Chromatography (GPC) 

The molecular weight distributions were determined by GPC KNAUER instrument comprising 

Smartline 1000 pump with a Smartline 2300 refractometric detector. The GPC analysis was 

carried out on PAI samples at a concentration of 50mg/ml. The eluent mixture was a blend 
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DMF and THF (50:50) containing a LiBr and H3PO4 buffer, able to properly solubilized PAI 

samples preventing tailing effects of the chromatogram. 

Potentiometric Titration 

The number acid measurements of rGO-PE and PE samples were performed by an automatic 

titrator Metrohm 905 Titrando.  

Optical Microscopy 

Microstructural studies of MMT, rGO and PAI-rGO samples were performed using optical 

microscope Olympus BX41M. 

All instruments used for the analysis above reported are located in Elantas Europe Srl (Site of 

Ascoli Piceno). 

 

X-ray diffraction (XRD) 

A PANalytical X'Pert Pro analyzer was used to study X-ray diffraction (XRD) patterns of the 

powder sample. The XRD analyzer was equipped with a Cu Kα radiation source (λ = 1.5406 Å). 

The diffraction angles 2θ were set between 3°and 80°. The sample for the measurement was 

ground until a fine powder was obtained. 

X-ray photoelectron spectroscopy (XPS)  

XPS was carried out with a PHI 1257 spectrometer equipped with a monochromatic Al Kα 

source (hν =1486.6 eV). The rGO solution was spin coated on 100 nm Au(100)/Si(111) 

substrate in order to perform XPS analysis. The XPS core level spectra were acquired with a 

pass energy of 11.75 eV, corresponding to an overall experimental resolution of 0.25 eV. 

Scanning Electron Microscopy (SEM) 

Morphological images of the rGO-PAI samples were characterized by using a high-resolution 

Zeiss-Gemini Leo 1530 Scanning Electron Microscope (SEM) operating in beam mode with a 

secondary electron (SE) and backscattered electrons (BSE) detector. 
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7 Conclusion and Outlook 

 
In this study, the effects of the inclusion of organo-modified montmorillonite and reduced 

graphene oxide in polyamide-imide on thermal, mechanical, and electrical properties, after 

application on copper wire, were investigated. Two strategies of synthesis were carried out 

for both nanomaterials: solvent casting method and in situ polymerization.   

The first part focused on inclusion of MMT. To avoid the risk of damaging the cosmetics of the 

wire and therefore its electrical properties, the classical diisocyanate route was used for in situ 

synthesis, which had not yet been investigated in the literature in the presence of organoclays. 

However, despite FTIR measurements proved successful formation of characteristic amide 

and imide structures, probably the interaction of the polymer with MMT does not allow the 

mobility of the chains during the curing process, resulting in a low degree of crosslinking 

(confirmed by tangent-delta analysis) and by a decrease in the elongation percentage. This is 

confirmed by the absence of adhesion during the application of enamels in the standard 

enamelling conditions.  In comparison to in situ polymerization the solvent casting method 

turned out to be simpler, faster, and economically more feasible. Furthermore, considering 

the good results deriving from the tests on the enamelled wires (compared to the PAI 

standard), also the resistance to NMP solvent was investigated. The test proves that the 

presence of organoclay can even preserve the wire from the attack of an aggressive solvent 

such as NMP which is able to remove the coating from the wire. 

In the second part, preparation of PAI-rGO-nanocomposites were investigated.  

A hybrid polymeric system consisting of PAI and polyester (PE) was used for in situ synthesis. 

The use of PE is essential for chemically binding rGO and PAI. The success of the reaction 

between rGO and polymer matrix was confirmed by acid number and FT-IR. The results 

obtained after application on copper wire are very similar to the values of standard PAI. As 

expected, the BDV of nanocomposite is slightly lower than PAI-PE polymer, confirming the 

presence of the conductive rGO. Nevertheless, this value is also within the parameters of a 

standard PAI. 

Regarding solvent casting method, from the values obtained after the control tests on wire 

enamels, it follows that the ideal concentration is less than 0,1%.  Above 0,1%wt electrical 

insulation (BDV) and flexibility (Mandrel test) are significantly decreased. This is probably due 

to the bad interfacial interactions between rGO and PAI. 
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Since low BDV values appear to be a problem for electrical insulation of copper wires, a further 

application was investigated: PAI-rGO as antistatic coating. For this purpose, the electrical 

properties of rGO (analysed by an Elantas customer) showed that the percentage of rGO 

necessary to obtain a PAI-rGO antistatic composite was 8%wt. However, at this percentage 

micrometric graphene clusters were present. These aggregates make it necessary to increase 

the percentage of additive to obtain good conductivity. It is assumed that with a better 

interfacial interaction, the percentages of rGO within the polymer could be further reduced. 

In addition, at these percentage of rGO, the cost of nanomaterial is also an issue. 

Chemical compatibilization can improve the interfacial adhesion between the rGO and the 

polymer: better adhesion leads to a better dispersion and results in a lower electrical 

percolation threshold.  The functional groups on the graphene sheets can provide some 

advantages when used in composites. Based on this, the in-situ method could be a good choice 

for this application.  
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