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I 

Abstract 
 
 
The world of composite is undergoing a tremendous revolution. Nanocomposites are 

a relatively new class of materials with ultra fine phase dimensions, typically of the 

order of a few nanometers. The control of nanometer scale structures and the 

preparation of nanometer scale composite materials are attracting the attention of the 

researcher in the fields of chemistry and physics. As new molecular structures for 

specific purposes can be designed by the fine chemistry, materials with unique 

characteristics can be realized by designing nanometer scale composites or materials. 

These materials exhibit dramatically different properties as compared to their macro 

analogues by virtue of their size, which ensures a greater interfacial interaction 

between the filler and the matrix. 

Particulate fillers like calcium carbonate, barium sulphate, iron oxide, zinc oxide, etc. 

are commonly used in the coating industry to reduce the cost and add a few gross 

properties such as colour, reflectance, gloss, opacity, whiteness, etc. to the final 

product. Amongst all additives, Fe2O3, BaSO4 and CaCO3 are exceptional fillers due 

to their outstanding chemical, physical, mechanical, electrical and thermal properties. 

The reduction of fillers size to nanoscale level can significantly enhance the 

mechanical, barrier and fire retardant properties. In fact, nano clay research was 

pioneering due to the extensive application in coatings used by automotive industry 

such Toyota Research center.  

Nanomaterials such as CaCO3, TiO2, Al2O3, Fe2O3, etc. have been synthesized and 

their characteristics have been investigated in the past. Among all above mentioned 

nanomaterials, CaCO3, Fe2O3 and BaSO4 are the most attractive nanomaterials in high 

corrosion resistant coatings, highly transparent composites, cosmetics, etc because of 

their excellent performance and properties. Amongst the various methods, polymer 

mediated growth has drawn considerable attention in recent years, since it offers a 

new and easy route to material synthesis. In this technique a polymer such as PEG, -

PVAc, etc can be used to modify and control the morphology, crystalline phase, and 

orientation and growth habit of the final product. Hence, the nano particulate fillers 



II 

synthesized by this route have been studied in the present case especially for coating 

application. 

The present thesis is delineated in six chapters. Chapter-I is the introduction chapter 

wherein a brief overview of polymer nanocomposites used for coating applications is 

given and the details of the various experimental techniques utilized in the present 

work are described in Chapter-II. Chapter-III outlines the results on synthesis and 

characterization of CaCO3 nanaoparticles and their applications in polyvinyl acetate 

(PVAc) and polyvinyl butyral (PVB) matrices for optical and the enhancement of 

corrosion resistance properties. The results on synthesis and characterization of Fe2O3 

nanaoparticles and their dispersion in PVAc and PVB matrices are investigated to 

study optical and corrosion resistance properties due to Fe2O3 are presented in 

Chapter-IV. The effect of addition of BaSO4 nanoparticles on the performance of 

PVB and epoxy matrices especially optical and corrosion resistance properties are 

presented in Chapter-V. The summary and conclusions of the present work is outlined 

in Chapter-VI. A brief overview of each chapter is presented below. 
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1.1  Introduction : 

Nanotechnology is the creation of new materials, devices, and systems 

through the control of matter on the nanometer-length scale, at the level of atoms and 

molecules. The essence of nanotechnology is the ability to work at these levels to 

generate nanostructures with fundamentally new molecular organization. 

Nanotechnology and engineering stand to produce significant scientific and 

technological advances in diverse fields from commodity to speciality applications, 

including paints and coatings. In a broad sense, they can be defined as the science and 

engineering involved in the design, synthesis, characterization, and application of 

materials and devices whose smallest functional organization in at least one 

dimension is on the nanometer scale, ranging from a few to several hundred 

nanometers. A nanometer is one billionth of a meter or three orders of magnitude 

smaller then a micron, roughly the size scale of a molecule itself. Nanomaterials are 

materials with one or more external dimensions / internal structure on the nanoscale. 

Nanomaterials /nanoparticles possess novel properties and characteristics that differ 

from the same large scale materials [1]. 

Nanotechnology is mainly defined by size and comprises the visualization, 

characterization, production and manipulation of structures, which are smaller than 

100 nanometers (nm) [2]. Nanoparticles are particles with one or more dimensions at 

the nanoscale [3]. According to the ISO /TR 27628 nanoparticles are particles with a 

nominal diameter smaller than 100 nm [4]. These particles originate from primary 

sources (natural sources, e.g. sea-air, volcanic ashes / pumicite) and /or secondary 

sources (artificial sources, such as. technical products and by-products, cigarette 

smoke, diesel engine exhaust, cutting and welding fumes, open fire) [1, 5]. 

Engineered nanoparticles are intentionally engineered and produced with specific 

properties [4]. Nanoparticles / nanomaterials include, for example, metals or metal 

oxides, carbon black, carbon nanotubes, fullerenes, silicate, organic nanoparticles or 

nanocomposites [1, 6]. The term “nanoparticles” means only solitaire nanoparticles. 

Aggregates and agglomerates are not covered by this term. However in practice, 

aggregates and agglomerates are mostly also part of an investigated “nano-
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substance”. Currently many authors use the term “nanoparticles” including also 

agglomerates and aggregates. Finely dispersed nanostructures or nanoparticles are 

used in numerous technological applications e.g. as ceramics, polymer composites, 

filler materials, pigments, electronics, catalysts, and many others [7-11]. 

When particle size is decreased to the nanoscale range, physical and chemical 

properties often change with consequent new product opportunities. Thus a 

considerable future expansion of the nano-market is expected. [12-15]. The potential 

impact of nanotechnology stems directly from the spatial and temporal scales being 

considered materials and devices engineered at the nanometer scale imply controlled 

manipulation of individual constituent molecules and atoms in how they are arranged 

to form the bulk macroscopic substrate. This, in turn, means that nano engineered 

substrates can be designed to exhibit very specific and controlled bulk chemical and 

physical properties as a result of the control over their molecular synthesis and 

assembly. 

The definition of a nanocomposites material has broadened significantly to 

encompass a large variety of systems such as one-dimensional, two-dimensional, 

three-dimensional and amorphous materials, made of distinctly dissimilar 

components and mixed at the nanometer scale. The general class of nanocomposites 

organic/inorganic materials is a fast growing area of research. Significant effort is 

focused on the ability to obtain control of the nanoscale structures via innovative 

synthetic approaches. The properties of nanocomposites materials depend not only on 

the properties of their individual parents but also on their morphology and interfacial 

characteristics. 

This rapidly expanding field is generating many exciting new materials with 

novel properties. The latter can be derived by combining properties from the parent 

constituents into a single material. There is also the possibility of new properties, 

which are unknown in the parent constituent materials. Nanostructure can 

significantly change the properties of materials, such as optical properties, hardness, 

shape and morphology. However when nanometer sized CaCO3 particles are used the 

polymer-particle interface area increases drastically and steric hindrances are reduced. 

This can cause significant changes in the properties of the composite [16-21]. 
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  Polymer nanocomposite normally exhibit superior properties over unfilled 

polymers, including higher modulus, reduced gas permeability, improved solvent 

resistance, and enhanced conductivity [22-25].In addition to mechanical performance, 

ablation performance, thermal stability, and flame retardancy may also be improved 

[26-28]. 

The enhanced properties are the result of the much greater surface-to-volume 

ratio of nanofillers that are often characterized by very high aspect ratios. Nanofillers 

most often used are calcium carbonate barium sulphate iron oxides, clay, silica, 

alumina, nanotubes, graphite, gold, silver/zinc oxide, indium/tin oxide, copper oxide, 

and antimony/tin oxide [29-31]. 

Due to the unique nanometer-size dispersion in the polymer matrix of fibrous 

or layered fillers resulting in high aspect ratio, high surface area and high stress 

transfer efficiency nanocomposites generally exhibit improvements in the properties 

of polymeric materials even at very low volume fraction loadings (1–10 %); this is in 

contrast to the higher volume fraction loadings (10–50 %) of macrosize fillers in the 

traditional advanced composites. The low loadings of inorganic nanoparticles 

maintain, in general, high clarity and low cost, and also allow for conventional 

polymer processing. 

1.2  Advantages of nanocomposites over conventional composites : 

Several advantages of these nanocomposites have been identified. They 

include efficient reinforcement with minimal loss of ductility and impact strength, 

heat stability, flame retardance, improved abrasion resistance, reduced shrinkage and 

residual stress and altered electronic and optical properties. The decrease in size of 

the domain to less than 100 nm enables good optical transparency. e.g., ultra fine 

TiO2 produces pearlescent effects [32]. High surface area in comparison with small 

pore size can be used as catalysts for a wide variety of chemical reactions. For 

example, porous silica by pyrolysis of polymer hybrid. In addition to this Lithium, 

Calcium and Zinc salts can also be used to form homogeneous metal containing 

polymer hybrids for interesting ion conductive properties [33, 34]. Thirdly, molecular 

aggregates and boundary structure differs for nanosized particles as compared to 
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conventional ones. The number of grain boundaries, pore density and the boundary 

energies are high for nanocrystals and hence exhibit novel electrical, magnetic and 

improved mechanical behavior. e.g.; ferric oxide and cadmium sulphide [35].  

1.3  Techniques for preparing nanoparticle polymer composite : 

There are three major techniques for preparing nanoparticles in a polymer 

matrix. These are: 

1. In situ generation 

2. Polymerization reaction induced  

3. External mixing 

1.3.1  In-situ generation of the nanoparticles : 

The matrix mediated control of growth and morphology has drawn 

considerable attention among various group of research since it offers a new route to 

material synthesis. Amongst the various methods, which have been established for the 

synthesis of nanosize particle, the sol-gel technique has been studied extensively [36-

39]. 

 
Figure 1.1 : Polymer-mediated assemble approaches to the fabrication of ordered    

                   nanocomposites, and their possible utilization  
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 Different types of materials such as CaCO3 CuCl2, K2CO3, CdS, CaSO4, 

Fe2O3, BaSO4 etc. have been prepared in situ within a polymer matrix such as 

polyethylene glycol (PEG), Polyethylene oxide (PEO) which modified or controlled 

morphology, crystalline phase, orientation and growth habit of these compounds [40-

43]. This method involves two steps. First, incorporation of a metal ion in the 

polymer by immersion of the polymer matrix, or polymer membrane, in an aqueous 

solution containing the metal ions. The ion(s) is absorbed or adsorbed to the polymer 

matrix.  The second step is the formation of particles in the polymer matrix, by 

reacting the product of the first step with the proper reactants; e.g., reducing 

compounds. An example of such synthesis is formation of Copper Sulphide particles 

in PVA-PAA matrix [44].  

The polymer mixture was immersed into copper sulphate aqueous solution, 

where the acidic groups of PAA serve as complexation sites for cuprous ions. 

Subsequently, the ions in the polymer were reduced using sodium sulphide to form 

~10nm CuS particles.  

Synthesis of nanoparticles by polymer mediated growth is one of the great 

technique in which the diffusion, sorption and permeation has been focus of great 

attention because these basic phenomena play a vital role in several important areas 

of engineering and industry. Recently, a combination of improved processes for 

nanoparticulate synthesis and better technology has resulted in the commercial use of 

nanoparticulate additives. PMG technique has been successfully used for the past 

several years for synthesizing and controlling the shape and size of various materials 

especially nanoparticulate fillers [40-43]. In this route, one of the reactant is form 

complexes with polymer. While the second reactant is allowed react with first 

reactant and formed nanoparticles to enter from external solution. Polymer-mediated 

nanoparticles assembly provides a versatile method for the creation of structured 

nano-composite material where control over composite morphology is paramount. In 

addition to their role in assembling nanoparticles, functionalized polymers can be 

used to control interparticle distances, assemble shape, size and porosity, and to 

induce an anisotropic ordering of nanoparticles [45-46].  
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Although the synthesis of nanoparticles by this method especially using 

partially miscible polymer blends has been successfully demonstrated, the underlying 

phenomena are very clear. For example, the diffusion and transport of ions through 

the polymer medium depend upon the nature of ions i.e. their size, charge etc., the 

free volume in the polymer which also depends on its glass transition temperature, 

degree of interaction with the polymer medium, molecular weight of polymer 

medium, solvent concentration used for polymer dissolution, etc. If the carbonate ions 

are used for the synthesis of nanoparticles of calcium carbonate, would the particle 

size change is as yet not known. A decrease in diffusivity with an increase in the size 

of the penetrant molecule may change the rate of reaction but it is not clear whether it 

will affect the subsequent particle formation, its size, etc [44-45]. This process is also 

present in the synthesis of nanoparticulate materials by sol-gel technique. Hence, the 

presented studies in this chapter are aimed at investigating the role of ionic diffusion 

in polymer-mediated synthesis of nanoparticulate fillers using Polyethylene Glycol 

(PEG) polymer, polymer with different molecular weights, and variety of ions so as 

to form variety of materials to bring out the common factor determining the ultimate 

particle size. 

1.3.2  Preparation of nanoparticles by polymerization : 

The second method of synthesizing nanoparticles is via polymerization of 

colloidal solutions containing metal ions and monomers. The particle size can be 

controlled by the reaction temperature and properties of the colloidal solution, 

thermal coagulation and Ostwald ripening. One example of such synthesis of PbS 

nanoparticles in polymer matrices is the polymerization of Pb (MA) 2 (lead methyl 

acrylic acid) with styrene [47]. 

1.3.3  Mechanical mixing of nanoparticles with polymers : 

This method involves the direct mechanical mixing of a polymer solution with 

a pre-synthesized, highly dispersive nanoparticle solution. Several authors reported 

the synthesis of these types of composites.. Harmer et al. [48] prepared Cobalt 

oxide/PMMA nanocomposite. Room temperature synthesis of Mn-Ferrites in a 

polymer matrix has been the work of Shen and Egerton [49]. A non-aqueous solution 

route to prepare PAm-silver nanocomposite at room temperature has been reported by 
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Giannelis et al. [34]. This has been done by the gamma-irradiation to the substrates 

and the products obtained were transparent. 

1.4  Polymer nanocomposites : 

In polymer nanocomposites research, the primary goal is to enhance the 

strength and toughness of polymeric components using molecular or nanoscale fillers. 

Most notable are increased modulus, increased gas barrier, increased heat distortion 

temperature, resistance to small molecule permeation, improved ablative resistance, 

increase in atomic oxygen resistance and retention of impact strength etc. 

Interestingly, these performance improvements are achieved without increasing the 

density of the base polymer, without degrading its optical qualities and without 

making it any less recyclable. It is a remarkable fact that in addition to the profound 

changes in physical properties, which materials display when they are nanometer in 

scale, the chemical behavior is profoundly altered as well. When an inorganic solid is 

composed of only a few thousands of atoms, it has a great deal of surface area. By 

binding an appropriate organic molecule to this inorganic surface, it is possible to 

make nanocrystals behave chemically just like an organic macromolecule. Typically 

an inorganic nanocrystal will be coated with a monolayer of surfactant, rendering the 

nanocrystals hydrophobic. In this configuration the nanocrystals are soluble in non-

polar solvents. If the solvent is removed the nanocrystals aggregate but not fuse, since 

a layer of surfactant separates them. These nanocrystals can be redissolved. Further 

the surfactant can be exchanged of with another organic molecule, enabling the 

nanocrystals to be placed in almost any chemical environment. 

1.5  Classification of nanocomposites :                                                                                     

             

                         

 

 

 

 

 

NANOCOMPOSITES 

CLAY (SILICA) INORGANIC POLYMER 
LAYERED 

INORGANIC POLYMER 
HYBRIDS 
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Nanocomposites can be classified based on the filler into three, viz., clay 

(silica) based, inorganic-polymer layered and inorganic-polymer hybrids. In the clay 

variety considerable work was done in the recent years[50-51]. The filler particles are 

the individual layers of a lamellar compound, most typically clay. Since a single clay 

layer is only 10 Ao thick, it has a very large aspect ratio, usually in the range of 200-

2000. This makes it possible to use very small amounts (i.e., a few weight percent) of 

clay to interrupt the structure of a polymer matrix on a nanometer length scale. The 

resulting nanocomposites can exhibit dramatically altered physical properties relative 

to the pristine polymer. The key to forming such novel materials is understanding and 

manipulating the guest-host intercalation chemistry occurring between the polymer 

and the layered compounds. Pioneering advances at Toyota research during the early 

1990’s has stimulated the development of various polymer/organoclay 

nanocomposites with attractive property profiles. There are two end members that 

define the realm of structures possible in such nanocomposites. At one end are well-

ordered, stacked multi layers that result from intercalated chains within host silicate 

clay layers. At the other end are the delaminated materials, in which the host layers 

have lost their registry and are randomly dispersed in a continuous polymer matrix. 

The organoclay as precursors to nanocomposites formation has been extended into 

various systems including epoxies, polyurethanes, polyimides, nitrile rubber, 

polyester, polystyrenes, and siloxanes. For true nanocomposites, the clay nanolayers 

must be uniformly dispersed (exfoliated) in the polymer matrix, as opposed to being 

aggregated as tactoids or simply intercalated. 

The second type of nanocomposites focuses on layered compounds such as 

transitional metal dichalcogenides, hybrid metal oxides and layered metal polymer 

chalcogenides. Layered silicates dispersed as a reinforcing phase in an engineering 

polymer matrix are one of the important forms of such “hybrid organic-inorganic 

nanocomposites.” Although the high aspect ratio of silicate nanolayers is ideal for 

reinforcement, the nanolayers are not easily dispersed in most polymers due to their 

preferred face-to-face stacking in agglomerated tactoids. 
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In the third category the focus is on the nanocomposites formed from 

inorganic fillers in polymer matrix. These are materials in which nanoscopic 

inorganic particles, typically 10-100 angstrom in at least one dimension, are dispersed 

in an organic polymer matrix in order to improve dramatically the performance 

properties of the polymer. In this process first we have to prepare the nanosize 

particles of inorganic moiety and then to incorporate it in the matrix. One of the 

primary objectives of the various synthesis techniques is to control the particle size 

either by spatial conditions, such as size of pores and entities in the media, or by 

reaction kinetics. Stabilizing nanosize metal or semiconductor particles are critical. 

Several advantages have been reported for the usage of polymer as the matrix. 

1.6  Methods for preparation of nanocomposites : 

There are a lot of methods to synthesize nanoparticles in general, but the 

discussion here would be restricted to preparation of nanoparticles using polymer 

matrices, [52-53]
 
which would eventually result in nanocomposites. These strategies 

could be classified in to five major categories. They are :  

1) Sol-gel processing  

2) Incorporation of metals and metal complexes in polymers by coordination    

     interactions  

3) Intercalation in 2D layered structures  

4) Intercalation in 3D frameworks  

5) Incorporation of inorganic particles and clusters  

.  1.6.1  Sol-gel Processing : 

The formation of a nanocomposites or an organic/ inorganic hybrid material is 

carried out either by a sequential two-step process, wherein a secondary network is 

formed in a primary one, or by the simultaneous formation of the two networks. The 

resulting materials are microscopically phase separated, but macroscopically uniform. 

A major drawback in this approach is the difference in the relative thermal stabilities 

of the two components placing a severe restriction on the preparative conditions due 

to the lower thermal stability of the organic polymer. This problem could be easily 

circumvented by the sol-gel process in which complex metal oxide frameworks are 

accessed by simple hydrolysis and condensation reactions at ambient temperatures 
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starting with the respective molecular precursors. The morphologies and properties of 

the resulting materials can be controlled by the reaction conditions and the precursors 

used, e.g. type of solvent/ catalyst used, catalyst to alkoxy ratios, etc. 

Organic polymers with functional groups that have specific interactions with 

compounds created in the sol–gel process, e.g. hydrogen bonding to residual silanol 

groups on the formed silica can be chosen to have a high degree of homogeneity and 

optical transparency to avoid macrophase separation in the nanocomposites. Towards 

this end, organic polymers with hydrogen bonding ability such as poly (2MOx), PVP, 

poly (DMAA), PVA, PMMA, PVAc, polyamides, polyethersulfones,[54] polymeric 

perfluoroalkylsulfonates (Nafion) [55-58] and hydroxyl end-capped polysiloxanes 

were incorporated into sol–gel reaction mixtures [59-63]. The sol–gel process can be 

employed using a variety of different inorganic precursors and is not limited to SiO
2 

alone  

 The high porosity of a silica network formed by the sol–gel process can be 

used for an impregnation of the material with polymers as well as with monomers, 

which can be polymerized in situ. Thus, PMMA/ silica hybrids were prepared, and it 

was found that the mechanical properties of the pure silica species could be improved 

significantly depending on the amount of PMMA included and by the addition of a 

coupling agent such as methacryloxytrimethoxysilane [64]. 

A slight variant of this process is the polymer mediated growth (PMG) or 

matrix mediated growth technique. Radhakrishnan et al. have utilized this technique 

to synthesize a number of compounds like CaCO3, CuCl2, CdS, CaSO4, Fe2O3 etc. 

wherein the morphology, crystalline phase, orientation and growth habit of these 

compounds could be easily tailored [65-66].
  

1.6.2  Incorporation of Metals and Metal Complexes in Polymers by  
             Co-ordination Interactions : 

  Polymerization and copolymerization of metal coordinating monomers, 

coordination of metals to preformed polymers and direct incorporation of the metal 

into the polymer chain are some of the methods for inclusion of metals in organic 

polymers. Metal ions such as Zn [67], Ni [68], Ru [69], Pd [70], and lanthanides [71]
 

were incorporated as salts in to matrices of poly (vinyl pyridines) [67], poly (vinyl 
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amines) [72]
 
or poly (L-histidine) [73], as homo or copolymers exploiting the Lewis 

basicity of the respective matrices. Palladium salts incorporated into a polyolefin 

containing unsaturated side groups such as polybutadiene or polyisoprene can cause 

cross linking between the polymer chains by palladium catalyzed Heck-type 

reactions. This methodology used to obtain crosslinked polymeric systems is called 

“reactive blending” [70, 74, and 75].  

Metals could also be incorporated in to the polymers by the use of metal co-

ordinating monomers and subsequent polymerization or copolymerization [76-79]. 

Metals coordinated with ligands that include functional groups that are able to initiate 

a polymerization reaction, or that can be transformed to have such a functionality [80-

83]
 
are used to form metal core macromolecules. Fe(II) and Ru(II) complexes, with 

one to three (4,4'-halomethyl)-2,2'-bipyridine (bpy) ligands, have been used to initiate 

living cationic oxazoline polymerizations [80,82,83]
 
to obtain polymers with very low 

polydispersities.  

1.6.3  Intercalation in 2D layered materials : 

The 2D materials, which are of interest in these types of nanocomposites, are 

the layered silicates. The layered silicates belong to the family of 2:1 layered silicates 

popularly known as Phyllosilicates. Their crystal structure consists of layers made up 

of two tetrahedrally coordinated silicon atoms fused to an edge-shared octahedral 

sheet of either aluminum or magnesium hydroxide as shown in the figure 1.2. Sheets 

of atoms, of the general composition (Si, Al)
4
O

10
(OH)

2, 
are stacked one above another 

in various ways and with different kinds of atoms lying between the layers and 

holding them together. The layer thickness is around 1 nm, and the lateral dimensions 

of these layers may vary from 30 nm to several microns or larger, depending on the 

particular layered silicate [84,85].
  

Stacking of the layers leads to a regular Van der Waals gap known as the inter 

layer gallery. Isomorphic substitution of the Al and Mg ions creates negative charges 

that are counter balanced by the alkali or alkaline metal cations residing in the 

gallery.  

The silicates are generally hydrophobized by ion exchange reactions to 

improve the wettability of the silicate by the polymer. 2D materials intercalated in a 
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polymeric matrix, in principle fall in to three major categories based on the level and 

type of dispersion in the polymeric matrix. They are intercalated dispersed layer 

silicates and exfoliated/delaminated indivual silicate layers and completely exfoliated 

or delaminated structure. 

(a) Intercalated nanocomposites in which the layered silicate is dispersed in the 

polymeric matrix in a crystallographically regular fashion with an interlayer spacing 

of a few nanometers (< 6 nm) irrespective of the polymer to silicate ratio. The 

polymer chain is intercalated between the silicate layers resulting in a well ordered 

multilayer morphology consisting of alternate silicate and polymer layers. Polymer 

matrix comprises a well dispersion of crtylographically layred silicates.  In such 

system/nanocomposites the dispersion is in more ordered form/fashion with an 

interlayer spacing (6nm) and is not governed by polymer to silicate ratio. 

(b) Delaminated/ Exfoliated nanocomposites in which the individual silicate 

layers are separated in the polymer matrix by average distances greater than 8 nm 

[86].
 
The silicate platelets are uniformly dispersed in the polymeric matrix and no 

peaks are seen in the XRD scans of these materials indicating the collapse of an 

ordered structure.  

(c) Flocculated nanocomposites in which the intercalated and stacked silicate layers 

are flocculated to some extent due to the hydroxylated edge–edge interactions of the 

silicate layers. Exfoliated systems display greater property enhancements as 

compared to intercalated structures due to their superior dispersion but are more 

difficult to achieve. These nanocomposites can be prepared by three main strategies. 

They are as follows : 
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Figure 1.2 :  Schematic showing different types of nanocomposites 

1.6.3a  Intercalation of Polymer / Prepolymer from Solution : 

A negative variation in the Gibb’s free energy is expected to be the 

prerequisite for the exchange of the polymer with the previously intercalated solvent 

in the interlayer gallery. The driving force for the polymer intercalation in to the 

layered silicate is the entropy gained by desorption of solvent molecules, which 

makes up for the loss in entropy of the confined intercalated chains. Intercalation 

from solution has been reported from both aqueous and non-aqueous media. PEO, 

[86]
 
PVP, [87]

 
PVA [88]

 
and PEVA [89]

 
have been intercalated from aqueous 

solutions whereas PCL, [90]
 
PLA, [91],

 
HDPE [92]

 
and some liquid crystalline 

polymers [93]
 
have been intercalated in organic solvents.  

1.6.3b  In situ Intercalative Polymerization : 

This is a method in which the monomer is first intercalated in to the layered 

silicate and subsequently polymerized there itself resulting in an increase in the basal 

spacing. Polymerization can be initiated either by heat, radiation, by the diffusion of a 

suitable initiator or a catalyst. This was the actual method adopted by the Toyota 

researchers, which heralded a new dawn in the field of polymer nanocomposites.[93]
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Nylon-6,[94]
 

PCL,[95-97]
 

PU,[98-99]
 

PMMA,[100-101]
 

PS,[102-105]
 

PBO,[106]
 

PE,[107-109] PP,[110-111]
 

PET,[112-114]
 

and epoxy[115-119]
 

based MMT 

nanocomposites have been synthesized by this method.  

1.6.3c  Melt Intercalation : 

In this method, the polymer and the silicate is annealed statically under shear 

by heat or radiation above the polymer’s melting point. The method is 

environmentally benign due to the absence of solvents and is compatible with the 

current industrial processing techniques like extrusion and injection molding making 

it economically viable. A range of structures from intercalated to exfoliated can be 

obtained by this method depending on the degree of penetration of the polymer chains 

in to the silicate layer. PS,[120-121]
 
PS/ PE,[122]

 
PEO,[123]

 
N6,[124-127]

 
PP,[128-

129]
 

PE,[130]
 

PET,[131]
 

PBT,[132]
 

SAN,[133]
 

PC[134], PLA[135,136]
 

and 

PBS95[137-138]
 
based layered silicate nanocomposites have been realized by this 

method.  

1.6.4  Intercalation in 3D Frameworks : 

Zeolites are crystalline aluminosilicates with well defined pores smaller than 2 

nm. There is a variety of naturally occurring as well as synthetic zeolites. Zeolites 

have attracted much interest as catalysts and adsorbents due to their thermal stability 

and intraporous acidity. Molecular sieves are also crystalline framework materials, 

but of a non-aluminosilicate nature. M41S-materials belong to the class of 

mesoporous three-dimensional (3D) solids with ordered porosity in the pore size 

range 2–10 nm. Due to their special properties, such as the controllable pore size, 

there is a plethora of possible applications of these materials [139-140]. All these 

porous inorganic solids are excellent hosts for intercalation reactions because they 

contain well defined empty pores and channels. A unique feature of these materials is 

their ability to discriminate between shapes and sizes of molecules. Therefore, the 

design of new materials requires a match of the features of the guest with those of the 

host. Contrary to the layered materials, which are able to delaminate completely if the 

forces produced by the intercalated polymers overcome the attracting energy of the 

single layers, this is not possible in the case of the stable 3D framework structures. 

The obtained composites can be viewed as host–guest hybrid materials. There are two 
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possible routes towards this kind of hybrid material: (i) direct threading of preformed 

polymer through the host channels (soluble and melting polymers) which is usually 

limited by the size, conformation, and diffusion behavior of the polymers, and (ii) the 

in situ polymerization in the pores and channels of the hosts as shown in the Figure 

1.3.  

Nanocomposites of zeolite 13X, and crosslinked or linear PS and poly(EA) 

were prepared to form either a pseudo-interpenetrating polymer network (PIPN) or a 

full  

 

 
 

Figure 1.3 :  Intercalation in 3D frameworks 

Interpenetrating polymer network (IPN). A surface-mediated cationic 

polymerization technique was applied for the formation of poly(PVE)–HY–zeolite 

hybrid materials containing polyenylium sequences[141]. The active protons of HY 

zeolites were used for cationic polymerizations of several vinyl monomers inside the 

pores. In porous materials where no such protons are present, such as MCM-41, 

arylmethylium was incorporated. Utilizing this method, the synthesis of well-defined 

poly(vinyl ethers) or poly(vinylcarbazole) under conditions of constricted geometry 

can be achieved [142].  

1.7  Physio-chemical behavior of nanocomposites : 
When particle size is decreased to the nanoscale range, physical and chemical 

properties often change with consequent new product opportunities. Thus a 
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considerable future expansion of the nano-market is expected. The potential impact of 

nanotechnology stems directly from the spatial and temporal scales being considered: 

materials and devices engineered at the nanometer scale imply controlled 

manipulation of individual constituent molecules and atoms in how they are arranged 

to form the bulk macroscopic substrate. This, in turn, means that nano engineered 

substrates can be designed to exhibit very specific and controlled bulk chemical and 

physical properties as a result of the control over their molecular synthesis and 

assembly. 

Nanocomposites based on nanosized inorganic particles and clusters are an 

emerging field of research activity due to the interesting properties of the particles, 

such as their behavior as quantum dots or their possible super-para and super-

ferromagnetism, in combination with the other properties of the materials including, 

for example, their optical transparency.  Another advantage of such hybrid 

composites/ particles in an organic polymer matrix is the possible protection of 

systems that are sensitive towards environmental conditions (oxygen, humidity, etc.) 

by coverage with a protecting polymeric skin or inclusion in a polymeric matrix.  

The behavior of a typical composite material is controlled by the properties of the 

matrix, the distribution and properties of the filler as well as the nature of their 

interface. The interface may play a key role in controlling a number of composite 

properties such as its thermal conductivity, load carrying capacity, toughness and 

transport properties. For a characteristic filler particle size on the micrometer and 

large scale, the interface can be viewed as a two dimensional boundary between the 

components. By contrast, when the matrix is filled with nanosized particles, a 

significant fraction of the material is either at the interface or within its immediate 

vicinity. This interfacial region is believed to be responsible for the unique properties 

of nanocomposites materials. Polymer nanocomposites are particularly interesting 

due to their structural complexity. These significant changes in both chemistry and 

morphology in a large volume fraction of the polymer matrix are the basis for 

potentially tremendous changes in nanocomposites properties. 

An emulsion polymerization process can carry out encapsulation of small 

inorganic particles by a polymer layer, the so-called core–shell particles. 
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Polymerization occurs primarily at the surface of unmodified particles due to the 

adsorption of the monomer on the surface, followed by polymerization in the 

adsorbed layer [142-145]. 3-(trimethoxysilyl) propyl coated silica particles were 

prepared by the Stober method
 
followed by a surface-modification [146]. These 

particles were self assembled in a film and UV copolymerized with different 

monomers such as MA, MMA, HEMA, and TFEA. The systems were able to 

selectively filter light with a bandwidth less than 20 nm [147].  

Polymer nanocomposites are constructed by dispersing a filler material into 

nanoparticles that form flat platelets. These platelets are then distributed into a 

polymer matrix creating multiple parallel layers, which force gases to flow through 

the polymer in a “torturous path”, forming complex barriers to gases and water vapor. 

As more tortuosity is present in a polymer structure, higher barrier properties will 

result. The permeability coefficient of polymer films is determined using two factors:  

 

Diffusion and solubility coefficients: P = D x S.                                         (1) 

 

Effectively, more diffusion of nanoparticles throughout a polymer 

significantly reduces its permeability. According the Natick Soldier Center of the 

United States Army, “the degree of dispersion of the nanoparticles within the polymer 

relates to improvement in mechanical and barrier properties in the resulting 

nanocomposite films over those of pure polymer films”. Nanoparticles allow for 

much lower loading levels than traditional fillers to achieve optimum performance. 

Usually addition levels of nanofillers are less than 5%, which significantly impact 

weight reduction of nanocomposite films. This dispersion process results in high 

aspect ratio and surface area causing higher performance plastics than with 

conventional fillers. 

The thermal decomposition of volatile metal compounds in a polymer matrix leads to 

the formation of zero valent metal particles, or particles of their oxides dispersed in 

the polymer matrix. Cobalt and iron carbonyls in the presence of polymers such as 

polybutadiene, polystyrene, polypropylene, different block copolymers, etc. were 

accessed by this method [146-149]. 
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The chemistry of organic-inorganic hybrid composite systems is based on the 

design of well-defined inorganic oligomers with only a single polymerization or 

initiation site per cluster. Each of these clusters has an inorganic silica-like core and is 

surrounded by eight organic groups, seven of which are inert towards polymerization 

and only one is active. Polymerization at this single site results in a linear polymer 

with pendent inorganic clusters of approximately 1.5 nm diameter. The unique 

property of such materials is that there is no crosslinking and the linear polymeric 

structure allows for an easier processing and characterization of these systems by 

conventional analytical methods [149]. Different polymer backbones have been 

synthesized using a variety of different substitution patterns at the silica cage.  

Matrix mediated control of growth and morphology has received considerable 

attention in the recent years since it offers a novel route to material synthesis. This 

method presents various advantages over the conventional methods since sol-gel 

processing is a simple precipitation technique, which can be carried out at room 

temperature; in situ intercalative polymerization is easy to handle and process the 

powders; and in situ polymerization leads to control of the overall morphology, 

uniformity of size and dispersion, etc. Amongst the various methods that have been 

established for the synthesis of nanosized particles, the sol-gel technique has been 

studied extensively. However, this method is cumbersome to use and difficult to 

apply to all types of materials that can range from oxides, ceramics, etc to organic 

compounds which are desired in nanoparticulate form. Different types of materials 

such as Al(OH)3, CaCO3, CuCl2, K2CO3, CdS, CaSO4, etc. have been prepared in situ 

within a polymer matrix such as polyethylene oxide (PEO) or polyethylene glycol 

(PEG) which modified or controlled the morphology, crystalline phase, orientation 

and growth habit of these compounds. 

Different types of fillers are utilized; the most common is nanoclay material 

called montmorillonite—layered smectite clay. Clays, in a natural state, are 

hydrophilic while polymers are hydrophobic. To make the two compatible, the clay’s 

polarity must be modified to be more “organic” to interact successfully with 

polymers. One way to modify clay is by exchanging organic ammonium cations for 

inorganic cations from the clay’s surface. Additional nanofillers include carbon 
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nanotubes, graphite platelets, carbon nanofibers, inorganic filler like calcium 

carbonate barium sulphate, titanium dioxide as well as other fillers being investigated 

such as synthetic clays, natural fibers (hemp or flax), and POSS. CNTs, a more 

expensive material than nanoclays or nanoparticulate mineral fillers, which are more 

readily available, offer superb electrical and thermal conductivity properties. There 

are three common methods used to enhance polymers with nanofillers to produce 

nanocomposites: melt compounding, in-situ polymerization and the solvent method. 

Melt compounding or processing of the nanofillers into a polymer is done 

simultaneously when the polymer is being processed through an extruder, injection 

molder, or other processing machine. The polymer pellets and filler (clay) are pressed 

together using shear forces to help with exfoliation and dispersion. With in-situ 

polymerization, the filler is added directly to the liquid monomer during the 

polymerization stage. Using the solution method, fillers are added to a polymer 

solution using solvents such as toluene, chloroform and acetonitrile to integrate the 

polymer and filler molecules. Since the use of solvents is not environmentally 

friendly, melt processing and in-situ polymerization are the most widely used 

methods of nanocomposite production. 

1.8  Recent trends in nanocomposites : 
Nanocomposites, defined as polymers bonded with nanoparticles to produce 

materials with enhanced properties, have been in existence for years but are recently 

gaining momentum in mainstream commercial packaging use [150-151].The United 

States is leading in nanotechnology research with over 400 research centers and 

companies involved with over $3.4 billion in funding. Europe has over 175 

companies and organizations involved in nanoscience research with $1.7 billion in 

funding. Japan is also very involved in research with over 100 companies working 

with nanotechnologies. Globally, the market for nanocomposites is expected to grow 

to $250 million by 2008, with annual growth rates projected to be 18-25 % per year 

[152-153]. 

Flexible packaging consumption’s rapid growth represents a $38 billion 

market in the global community [151]. As the demand in the industry continues to 

rise at an average of 3.5% each year, flexible materials need to meet and exceed the 
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high expectations of consumers and the stressors of the supply chain. Increased 

competition between suppliers along with government regulations translates into 

innovations in films that enhance product and package performance as well as address 

worldwide concerns with packaging waste. One such innovation is polymer 

nanocomposite technology, which holds the key to future advances in flexible 

packaging. According to Aaron Brody in a December, 2003 Food Technology article, 

“…nanocomposites appear capable of approaching the elusive goal of converting 

plastic into a super barrier the equivalent of glass or metal without upsetting 

regulators”. This section will discuss how nanocomposites are made and the growth 

of nanocomposite materials as a function of their numerous advantages in the 

packaging industry today and in the future. 

1.9  Effects of nanocomposites onto different properties : 
 
1.9.1  Particle Loadings : 

It is important to recognize that nanoparticulate/fibrous loading confers 

significant property improvements with very low loading levels, traditional 

microparticle additives requiring much higher loading levels to achieve similar 

performance. Composite with nano materials exhibits very good weight to strength 

ratio. This in turn can result in significant weight reductions (of obvious importance 

for various military and aerospace applications) for similar performance, greater 

strength for similar structural dimensions and, for barrier applications, increased 

barrier performance for similar material thickness. 

1.9.2  Effect of nanoparticles on mechanical properties : 

Nanocomposites offer numerous advantages over respective virgin materials or 

conventional composites, including high strength to weight ratios, resistance to 

electrochemical corrosion, ease and speed of application [154-156]. 

The inherent mechanical properties of the matrix material are modified by the 

introduction of the reinforcing nanoparticulates. The mechanical properties of 

composite material depend on the material properties of the two consistent 

components of their interface, as well as the amount of reinforcing materials of its 

geometrical arrangement within the matrix. The amount of reinforcements and their 

arrangement are determined by the composite fabrication process [157].  
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The mechanical properties with a high aspect ratio and a high Young’s 

modulus and tensile strength, in combination with electrical and thermal conductivity 

make them interesting materials for the use of nano fillers in polymers and open up 

new perspectives for multi functional materials, e.g. conductive polymers with 

improved mechanical performance [158]. 

Modification of nano SiO2 in epoxy resin based composite was more effective 

than that of standard SiO2 for tensile properties and impact properties due to large 

specific surface area and active groups on surfaces of nano-SiO2 particles. Similar 

behaviour has been shown for the toughness of epoxy resin based composites with 

nano-SiO2 and standard SiO2 in SEM images [159-160]. 

Data provided by Hartmut Fischer of TNO in the Netherlands relating to 

polyamide-montmorillonite nanocomposites indicates tensile strength improvements 

of approximately 40 and 20% at temperatures of 23ºC and 120ºC respectively and 

modulus improvements of 70% and a very impressive 220% at the same 

temperatures. In addition Heat Distortion Temperature was shown to increase from 

65ºC for the unmodified polyamide to 152ºC for the nanoclay-modified material, all 

the above being achieved with just a 5% loading of montmorillonite clay. Similar 

mechanical property improvements were presented for polymethyl methacrylate – 

clay hybrids. Further data provided by Akkepeddi of Honeywell [157] relating to 

polyamide-6 polymers confirms these property trends. In addition, the further benefits 

of short/long glass fibre incorporation, together with nanoclay incorporation, are 

clearly revealed. 

1.9.3  Flammability Reduction : 

The ability of nanoclay incorporation to reduce the flammability of polymeric 

materials was a major theme of the paper presented by Gilman of the National 

Institute of Standards and Technology in the US [150]. Gilman demonstrated the 

extent to which flammability behavior could be restricted in polymers such as 

polypropylene with as little as 2% nanoclay loading. In particular heat release rates, 

as obtained from cone calorimetry experiments, were found to diminish substantially 

by nanoclay incorporation. Although conventional microparticle filler incorporation, 

together with the use of flame retardant and intumescent agents would also minimize 
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flammability behavior, this is usually accompanied by reductions in various other 

important properties. With the nanoclay approach, this is usually achieved whilst 

maintaining or enhancing other properties and characteristics. 

1.9.4  Barriers Properties : 

The gaseous barrier property improvement that can result from incorporation 

of relatively small quantities of nanoparticles materials is shown to be substantial. 

Data provided from various sources indicates oxygen transmission rates for 

Nanocomposites which are usually less than half that of the unmodified polymer 

[161-164].  

Further data reveals the extent to which both the amount of nanoparticles 

incorporated in the polymer, and the aspect ratio of the filler contributes to overall 

barrier performance. In particular, aspect ratio is shown to have a major effect, with 

high ratios (and hence tendencies towards filler incorporation at the nano-level) quite 

dramatically enhancing barrier properties. Such excellent barrier characteristics have 

resulted in considerable interest in CaCO3,Fe2O3 BaSO4 nanocomposites in high 

performance coating, which is give excellent resistant of coating to penetrate the 

corrosive species. In food packaging applications, both flexible and rigid. Specific 

examples include packaging for processed meats, cheese, confectionery, cereals and 

boil-in-the-bag foods, also extrusion-coating applications in association with 

paperboard for fruit juice and dairy products, together with co-extrusion processes for 

the manufacture of beer and carbonated drinks bottles. The use of nanocomposite 

formulations would be expected to enhance considerably the shelf life of many types 

of food. 

Honeywell have also been active in developing a combined active/passive 

oxygen barrier system for polyamide-6 materials [150]. Passive barrier characteristics 

are provided by nanoclay particles incorporated via melt processing techniques whilst 

the active contribution comes from an oxygen-scavenging ingredient (undisclosed). 

Oxygen transmission results reveal substantial benefits provided by nanoclay 

incorporation in comparison to the base polymer (rates approximately 15-20% of the 

bulk polymer value, with further benefits provided by the combined active/passive 

system). Akkapeddi suggests that the increased tortuosity provided by the nanoclay 
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particles essentially slows transmission of oxygen through the composite and drives 

molecules to the active scavenging species resulting in near zero oxygen transmission 

for a considerable period of time. 

1.9.5  Optical Properties : 
 

Optical properties are a function of the properties at the interfaces. The 

magnitude of the difference in refractive index across an interface determines, in part, 

the light-scattering efficiency. Other factors include the size of the scattering species 

relative to the light wavelength.  Air voids included in the film act as additional 

scattering centers, improving the “dry hiding” in paint films. In a given system, the 

light scattering coefficient was found to be linearly proportional to coating porosity 

[165]. Gloss is the ratio of specularly reflected light to incident light. For optically 

smooth surfaces, gloss varies with refractive index and angle of incidence according 

to Fresnel’s law. Gloss is a function of roughness, an increasing roughness degrades 

gloss [166] showed for a Ti02 paints with different lattices (particle size ranging from 

200 nm to 1200 nm) the development for gloss for different incidence angles. A 

minimum in gloss was found at the critical pigment volume concentration. However 

the CPVC values were found to be different for different incident angles, depending 

on surface roughness. An incident angle of 85” was found to correlate best with the 

CPVC. 

Size distributions of particles influence the bulk structure. A narrow distribution 

results in a bulky structure where a polydisperse pigment packs with a higher density. 

Brightness and opacity are a function of the coatings’ light scattering ability. The 

light scattering coefficient was found to be linear proportional to coating porosity. 

The absorption or emission wavelength can be controlled by size selection, 

interaction with ligands and external perturbations. For example, transparency can be 

achieved if the nanoparticle size is below the critical wavelength of light. This makes 

nanoparticles (e.g. metals, silicates or metal oxide ceramics) very suitable for barrier 

films and coating applications, combining transparency with other properties (UV, 

IR-absorption, conductivity, mechanical strength, etc.). In addition, interesting optical 

(light absorbing/filtering) properties can be used for cosmetic applications. 
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1.10  Applications : 
In the forgoing discussion, it has been observed that nanocomposites have set the 

current trend in the novel materials drawing considerable interest due to the unusual 

properties displayed by them. Several authors have adopted various techniques to 

prepare nanocomposites . However, the techniques they utilized are very cumbersome 

which require careful control of various parameters such as pH, moisture, temperature 

etc. 

In recent years significant progress has been achieved in the synthesis of 

various types polymer-nanocomposites and in the understanding of the basic 

principles, which determine their optical, chemical, barrier, electronic and magnetic 

properties. As a result nanocomposite-based devices, such as light emitting diodes, 

photodiodes, photovoltaic solar cells and gas sensors, have been developed, often 

using chemically oriented synthetic methods such as soft lithography, lamination, 

spin-coating or solution casting. Milestones on the way in the development of based-

based devices were the discovery of the possibility of filling conductive polymer 

matrices, such as polyaniline, substituted poly (paraphenylenevinylenes) or poly 

(thiophenes), with semi conducting nanoparticles like CdS, CdSe, CuS, ZnS, Fe3O4 or 

Fullerenes, and the opportunity to fill the polymer matrix with nanoparticles of both 

n- and p- conductivity types, thus providing access to peculiar morphologies, such as 

interpenetrating networks, p-n nanojunctions or fractal p-n interfaces, not achievable 

by traditional microelectronics technology [167-169]. 

The peculiarities in the conduction mechanism through a network of 

semiconductor nanoparticle chains provide the basis for the manufacture of highly 

sensitive gas and vapor sensors. These sensors combine the properties of the polymer 

matrix with those of the nanoparticles. It allows the fabrication of sensor devices 

selective to some definite components in mixtures of gases or vapors. Magnetic 

phenomena, such as superparamagnetism, observed in polymer-nanocomposites 

containing Fe3O4 nanoparticles in some range of concentrations, particle sizes, shapes 

and temperatures, provide a way to determine the limits to magnetic media storage 

density [170]. 
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Over the last decades, the polymer nanocomposites application have gained 

their commercial footing, due in large part to the efforts of resin manufacturers, 

compounding and master batch producers who now offer user friendly products. 

Nanocomposites differ from traditional plastic composites in that they provide these 

properties with minimal impact on articles weight and they do so without providing 

penalties. Lastly in packaging nanocomposites deliver with good clarity, a 

combination not possible using traditional composites approaches. 

Such mechanical property improvements have resulted in major interest in 

nanocomposite materials in numerous automotive and general/industrial applications. 

These include potential for utilization as mirror housings on various vehicle types, 

door handles, engine covers and intake manifolds and timing belt covers. More 

general applications currently being considered include usage as impellers and blades 

for vacuum cleaners, power tool housings, mower hoods and covers for portable 

electronic equipment such as mobile phones, pagers etc. 

1.10.1  Food Packaging : 

Triton systems and the US Army are conducting further work on barrier 

performance in a joint investigation. The requirement here is for a non-refrigerated 

packaging system capable of maintaining food freshness for three years. Nanoclay 

polymer composites are currently showing considerable promise for this application. 

It is likely that excellent gaseous barrier properties exhibited by nanocomposite 

polymer systems will result in their substantial use as packaging materials in future 

years. A somewhat more esoteric possibility arising from enhanced barrier 

performance recently suggested has been blown–films for artificial intestines [150-

151]. 

1.10.2  Fuel Tanks : 

The ability of nanoclay incorporation to reduce solvent transmission through 

polymers such as polyamides has been demonstrated. Data provided by De Bievre 

and Nakamura of UBE Industries reveals significant reductions in fuel transmission 

through polyamide 6/66 polymers by incorporation of nanoclay filler. As a result, 

considerable interest is now being shown in these materials as both fuel tank and fuel 

line components for cars. Of further interest for this type of application, the reduced 
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fuel transmission characteristics are accompanied by significant material cost 

reductions [123-124]. 

1.10.3  Films : 

The presence of filler incorporation at nano-levels has also been shown to 

have significant effects on the transparency and haze characteristics of films. In 

comparison to conventionally filled polymers, nanoclay incorporation has been 

shown to significantly enhance transparency and reduce haze. With polyamide based 

composites, this effect has been shown to be due to modifications in the 

crystallization behavior brought about by the nanoclay particles; spherulitic domain 

dimensions being considerably smaller. Similarly, nano-modified polymers have been 

shown, when employed to coat polymeric transparency materials, to enhance both 

toughness and hardness of these materials without interfering with light transmission 

characteristics. An ability to resist high velocity impact combined with substantially 

improved abrasion resistance was demonstrated by Haghighat of Triton Systems 

[152-153]. 

1.10.4  Environmental Protection : 

Water laden atmospheres have long been regarded as one of the most 

damaging environments, which polymeric materials can encounter. Thus an ability to 

minimize the extent to which water is absorbed can be a major advantage. Data 

provided by Beall from Missouri Baptist College indicates the significant extent to 

which nanoclay incorporation can reduce the extent of water absorption in a polymer 

[171]. Similar effects have been observed by van Es of DSM with polyamide based 

nanocomposites [172]. In addition, van Es noted a significant effect of nanoclay 

aspect ratio on water diffusion characteristics in a polyimide nanocomposite. 

Specifically, increasing aspect ratio was found to diminish substantially the amount of 

water absorbed, thus indicating the beneficial effects likely from nanoparticle 

incorporation in comparison to conventional microparticle loading. Hydrophobic 

enhancement would clearly promote both improved nanocomposite properties and 

diminish the extent to which water would be transmitted through to an underlying 

substrate. Thus applications in which contact with water or moist environments is 

likely could clearly benefit from materials incorporating nanoclay particles.  
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1.10.5  Pigments and coatings :  

Nano products can be used for the creation of superior pigments and coatings. 

These can provide high U. V. attenuation, provide transparency to visible light when 

desired and can be dispersed in a wide range of materials easily. Nano coatings can 

offer more vivid colors that will resist the deterioration and fading over a time. These 

powders can also be used to make thixotropic materials that are used in paints to help 

them flow better [173-176]. 

The objective of this research was to develop nanoparticles of Fe2O3 to 

replace phosphate pigments in anticorrosive paints. The anticorrosive properties of 

nanocomposites coating were studied using electrochemical techniques, employing a 

dispersion of the inhibitor in the adequate supporting electrolyte and formulating 

anticorrosive coatings. Coatings performance was evaluated by accelerated (humidity 

chamber and salt spray test) and electrochemical (corrosion potential, ionic resistance, 

and polarization resistance) tests [177].E.g.: Al2O3, ZnO, CaCO3, Fe2O3, TiO2 is used 

for making corrosion resistant coatings, UV protecting clear coats and powder 

coatings, radar absorbing coating, transparent clear coating respectively.  

1.10.6  Catalysis : 

Noble metals such as palladium and platinum are used for catalysis in 

important chemical synthesis, including hydrogenation, oxidation etc. To achieve a 

high performance-to-cost ratio, catalysts are required to have, amongst other  

important attribute, a large surface area of the catalytically active metal. As such 

nanoparticles are, by virtue, highly suitable to surve as catalyst [178]. 

1.10.7  Magnetics :  

Nano sized particles can provide new and unique magnetic properties for use 

in existing and future technologies. E.g.: Fe2O3 is used as Ferro fluids and magneto 

rheological fluids [177]. 

1.10.8  Corrosion : 

Coating may be described by their appearance (eg: clear, pigmented, metallic, 

or glossy) and by their function (eg: corrosion protection, abrasive resistance, skid 

resistance, decorative or photo sensitive). Coating is used to describe the material 
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(usually, liquid and powder form) that is applied to substrate, the resulting to form 

uniform layer after drying or baking the process. Coatings were used for decorative 

and identification purpose thousands of years before they were used for the protective 

coating purpose. One of the most effective systems consisted of a red lead linseed oil 

primer plus a linseed oil-graphite top coat. This was the first real protective coating. 

The protective coating is a material composed essentially of synthetic resins or 

inorganic resin polymers which, when applied to a suitable substrate, will provide a 

continuous coating that will resist industrial or marine environment and prevent 

serious breakdown of basic structure [179-181]. 

In order to provide corrosion protection, the protective coating must also: 

(1) Resist the penetration of ions from salts through the coating  

(2) Resist the action of moisture osmosis 

(3) Maintain a good appearance, under weather conditions.  

(4) High degree of adhesion to the substrate  

(5) Minimum discontinuity in coating (porosity) 

(6) Sufficient thickness (the greater the thickness, the more the resistance) 

(7) Low diffusion rate for ions such as Cl- and for H20 

1.11  Nanoparticles for coatings : 

To improve corrosion resistance of the whole system, we must consider the 

metal surface preparation, primer, intermediate and add organic and inorganic 

corrosion protective additives in synthetics resins [182-183]. 

Coatings can be classified in the following categories according to corrosion 

resistance: 

(1) Conversion coatings 

(2) Anodic coatings 

(3) Cathodic coatings 

(4) Barrier coatings 

1.11.1  Conversion coatings : 

Phosphate and chromate coatings are examples of conversion coatings. 

Conversion coatings are so-called because the surface metal is converted into a 

compound having the desired porosity to act as a good base for paint. The mechanical 
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and electrical properties of the nanotubes contribute to the critical corrosion control 

properties of these coatings.  The electrical properties of the tubes enables the 

coatings to overcome a basic problem associated with organic coatings, they are non-

conductive.  In this coating system the nanotube provide a highly conductive electron 

path through the binder.  In the event of a coating break a cathodic potential is 

established.  Electrons are transferred from an optimized amount of sacrificial metal 

particles such as zinc or aluminum through the resin system to the steel substrate 

[184]. 

1.11.2  Anodic coatings : 

By anodic coating, it is meant that a coating which is anodic to the substrate, 

such as zinc aluminum or cadmium coatings. On steel such coatings are generally 

called sacrificial coatings. If oxygen concentration near the anode is high enough, 

ferrous ions are oxidized to ferric ions soon after they are formed at the anodic 

surface. Since ferric hydroxide is less soluble in water than ferrous hydroxide, a 

barrier of hydrated ferric oxide forms over the anodic areas. Suppression of corrosion 

by retarding the anodic reaction is called passivation. The iron said to be passivated. 

It protects the substrate at the expense of the metallic coating applied. The zinc 

coatings protect the substrate by acting as a sacrificial anode for the steel. The 

electrons are consumed by the iron substrate, which acts as a cathode. The potential is 

made more negative by electrons and a cathodic reaction is forced to occur on it. A 

fine film of H2 is formed on the surface. The steel being cathodic does not corrode. 

Thus, by acting as a sacrificial material, zinc corrodes while the steel substrate is 

protected [185].  

1.11.3  Cathodic coatings : 

If steel is connected to the positive pole of a battery or a direct current a 

source while the negative pole is connected to a carbon electrode, and both electrodes 

are immersed in salt water, the steel does not corrode. The impressed electrical 

potential makes the entire steel surface cathodic relative to the carbon anode. The 

result is electrolysis of water than corrosion of steel. This is an example of cathodic 

protection. In this type of coating, the metals, which are deposited, are electropositive 

to the substrate. For instance, for copper coated steel, copper (E° = +0.337 V) is 
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positive to steel (E0=-0.440V). Cathodic protection is offered by sacrificial coatings, 

such as zinc rich epoxies, which prevent discharge of current from steel to electrolyte 

by electrical attachment of less passive anode. In this case, the metal surface becomes 

entirely cathodic and the corrosion is retarded .The cathodic protection with zinc is 

widely employed in coatings used as primers for naval industry but the only 

drawback of this technique is that large amounts of zinc is required to prolong the 

lifetimes of the metal which provide sometimes a loss of adherence, high porosity 

film and high solid content to the paint [186]. 

1.11.4  Barrier coatings : 

Barrier coating with polymer filled system prevents oxygen and water ralter 

the chemicals to react with the base steel [187]. Because of the present of filler 

Nanoparticles particles, the chemical has to go through path and hence it is prevented 

to react based metal quickly. Increase in aspect ration of the filler will enhance the 

barrier properties. When the particle size of the filler is reduced, the increase in 

surface area . result in prevention of chemical to flow easily through the coated 

layer[188]. So nanoparticles filled insulating polymer act as anti corrosive coating. 

Good chemical resistant coatings are less sensitive for attack from water and 

chemicals and therefore formation of conductive pathway will be more difficult [189] 

must be in direct molecular contact with the surface of the steel. Barriers that can 

prevent oxygen and water from reaching the surface prevent corrosion. Barrier 

coatings are of four types  anodic oxides, inorganic coatings, inhibitive coatings and 

organic coatings.  

(1)  Anodic Oxides : 

A layer of AI2O3 is produced on aluminum surface by electrolysis. As the 

oxides are porous, they are sealed by a solution of potassium dichromate. The object 

of sealing is to minimize porosity. However, chromates have health hazards and are 

not allowed in some countries. 

(2)  Inorganic Coatings : 

These include coatings like ceramics and glass. Glass coatings are virtually 

impervious to water. Cement coatings are impervious as long as they are not 

mechanically damaged. 
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(3)  Inhibitive Coatings :  

In several instances, inhibitors are added to form surface layers which serve as 

barriers to the environment. Inhibitors, like cinnamic acid, are added to paint coatings 

to prevent the corrosion of steel in neutral or alkaline media. 

(4)  Organic Coatings : 

Epoxy, polyurethane, polyester, silicone chlorinated rubber and vinyl coatings 

are extensively used in industry. They serve as a barrier to water, oxygen, and prevent 

the occurrence of a cathodic reaction beneath the coating. The barrier properties are 

further increased by addition of an inhibitor, like chromate in the primer.  

Organic paints as a barrier coating, has numerous advantageous. It presents a 

low cost, ease of manufacturing and application and a wide range of products 

available. However, the exact mechanism by which barrier coatings protect the metal 

surface from corrosion is still in debate. Some authors say that the barrier coating can 

block the passage of oxygen and water reaching the metal surface and others think 

that the protection offered by organic coating is owing to their high electrical 

resistance above the interface thus preventing external flow between anodic and 

cathodic areas [190-191]. 

Organic coatings are commonly used to protect metals against corrosion. The 

efficacy of these coatings, which provide thin, tough, and durable barriers to the 

substrate, depends on many factors like the suitability of organic materials by 

themselves, how they are applied on the metallic surface, the conditions of the 

corrosive environment, etc. Organic coating can be classified by thermoset and 

thermoplastics coating. Phenolic (phenyl formaldehyde), MF resin, UF resin, 

chlorinated rubbers, vinyl, silicone, alkyds, acrylics, epoxies, polyurethane resins are 

the few important examples for protective organic coatings. Epoxy resins are the most 

important example of thermoset coating and acrylic, alkyds, PVB etc are the example 

of thermoplastic resin. Epoxy resins are used for a wide variety of protective coatings 

because of their excellent adhesion, good mechanical properties and their notable 

chemical resistance under different aggressive environments, such as wet and high-

humidity conditions [177]. 
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The epoxy coating works well, but over time the barrier coating can fail due to 

prolonged exposure to the environment. The organic coating can develop what is 

called, “under coating corrosion” which initiates from weak spots and develops into 

blisters and film form threads leading to corrosion .The organic protective coating 

(barrier coating) fails by separation process known as delamination, caused by the 

separation at the coating/metal interface. The under film corrosion occurs as a direct 

consequence of the electrochemical mechanism of corrosion. At its simplest, a 

corroding system is driven by two spontaneous coupled reactions, which take place at 

the interface between the metal and an aqueous environment. One is a reaction in 

which chemical species from the aqueous environment remove electrons from the 

metal; the other is a reaction in which metal surface atoms participate to replenish the 

electron deficiency. The exchange of electrons between the two reactions constitutes 

an electronic current at the metal surface and an important effect is to impose an 

electric potential on the metal surface of such a value that the supply and demand for 

electrons in the two coupled reactions are balanced. In the sites where delamination 

has occurred, the anodic (electron generation) and the cathodic (electron consuming) 

reactions take place. The kinetics barriers are at a minimum due to the high electrical 

conductivity of the metal, which provides an easy pathway for electrons between the 

anodic and cathodic areas, i.e., promoting the metal to corrosion. 

1.12  Vinyl Coatings : 
Most vinyl coatings consist of a resin made up of a polymer of polyvinyl 

chloride (PVC), polyvinyl acetate (PVA), polyvinyl Butyral (PVB) and their 

copolymers in different the ratio of PVA. Vinyl coatings have excellent flexibility 

and resist abrasion, water, acids, and alkalis.(ref) Vinyl coatings are, however, 

susceptible to strong solvents. With nanocomposites such properties can be enhanced 

[192]. 

1.12.1  Polyvinyl Butyral  : 

PVB is used as a film-forming component in corrosion-inhibiting primers for 

metals called wash primers or metal conditioners. These wash primers are used as a 

pretreatment to provide good adhesion to a variety of surfaces including stainless 

steel, carbon steel, zinc, tin, aluminum, and galvanized steel among others. These 
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wash primers are effective at inhibiting underfilm corrosion in applications where 

exposure to salt water or salt spray is more or likely to be exposed. To achieve 

highest performance, incorporation of nanoparticulates of different particles size and 

particles can be used. Wash primers with a nano particulates coating is extremely 

effective in seawater and freshwater immersion exposures [192-193]. 

1.12.2  Polyvinyl Acetate : 

Poly(vinyl acetate)s acquire a unique combination of the following properties 

adhesion to a wide variety of surfaces, chemical and solvent resistance (especially 

when crosslinked), good electrical properties, heat stability, film clarity, and physical 

toughness. These properties, alone or in combination, make these polymers useful in 

certain coating and adhesive formulations as the principal or as a minor constituent. 

Their compatibility with other resins, due largely to their unique chemical 

compositions, permits blending with other resins, resulting in properties not 

achievable with either component alone [194-195]. 

1.12.3  Polyvinyl Chloride-Polyvinyl Acetate Copolymers : 

Polyvinyl chloride-polyvinyl acetate (PVC-PVA) copolymer solution coatings 

are known for excellent mechanical properties, high toughness, and water resistance. 

These coatings dry rapidly by solvent evaporation to form extremely durable coatings 

suitable for use in marine or corrosive environments. By incorporating nanoparticles 

its mechanical and chemical resistance gets enhanced further depending upon 

particulate loading and its size. PVC-PVAc coatings are generally low in solids; as a 

result each sprayed coat may yield better coat compare to coating without 

nanoparticulates. These coatings have the added advantage of drying rapidly enough 

that several coatings can be applied in a 24-hour period. The Navy has used these 

coatings for antifouling applications as well. 

 1.12.4  Epoxy  : 

Cured epoxy resins exhibit excellent adhesion to a variety of substrates; 

outstanding chemical and corrosion resistance; excellent electrical insulation; high 

tensile, flexural, and compressive strengths; thermal stability; a wide range of curing 

temperatures; and low shrinkage upon cure. Epoxy powder coatings are known to be 
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superior in many respects to regular paints due their scratch hardness, adhesion,and 

chemical resistant etc. [196-197]. 

1.13  Stability and corrosion protection by organic coatings : 
The effectiveness of the coating is proven by its protection of the underlying 

metal surface. The performance of the coating depends among other factors, mainly 

on the barrier to diffusion of ions and prevention of corrosion by additives in the 

coating. The corrosion properties are studied by electrochemical impedance 

measurements. These are detailed in the following.  

When two complementary processes: such as those illustrated in figure and given 

below occur over a single metallic surface:  

Anodic reaction: M → M
n+ 

+ ne
− 

 

Cathodic reaction:  
 
2H++2e- H2

4H++O2+4e- 2H2O
4H++O2+2H2O 4OH-

(in acidic medium)
(in acidic medium containing dissolved oxygen)

(in neutral or basic medium)
 

 
1.13.1    Polarization measurements (Tafel Plot) : 

The potential of materials will no longer be at an equilibrium value. This 

deviation from equilibrium potential is called polarization. Electrodes can also be 

polarized by the application of an external voltage. The magnitude of polarization is 

usually measured in terms of overpotential η, which is a measure of polarization with 

respect to the equilibrium potential E
eq 

of an electrode. This polarization is said to be 

either anodic, when the anodic processes on the electrode are accelerated by changing 

the specimen potential in positive direction, or cathodic, when the cathodic processes 

are accelerated by moving the potential in negative direction. Overpotentials 

corresponding to the anodic and cathodic polarization are called anodic (η
a
) and 

cathodic (η
c
) overpotential, respectively. Overpotential can be expressed as follows: η 

= E - E
eq 

(E is applied potential). 
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   Figure 1.4 : Simple model describing the electrochemical nature of corrosion    

                         processes  

During polarization, reduction and oxidation reactions occurring on the 

surface of metal produce a net electric current on the surface of metal. The sum of 

current density of these reactions is related to overpotential by Butler-Volmer 

equation:  

                       (2) 

Where: i
0 

= exchange current density (anodic or cathodic current density at the 

equilibrium potential E
eq

)  

α = charge transfer barrier or symmetry coefficient for the anodic or cathodic 

reaction, close to 0.5  

η = overpotential and equal with E
applied 

− E
eq

 

n = number of participating electrons  

R = gas constant  

T = absolute temperature  

F = Faraday constant  

Under anodic and cathodic polarization individually, the Butler-Volmer reduces  

 

(3) 

(4) 
 

Solving these two equations for the overpotential yields:  

η
a 
= - (RT/αnF)lni

0 
+ (RT/αnF)lni

a                                                                         
(5)  
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Both of these equations can be written in a short form called Tafel equation:  

                                              η = a ± b logi                                (6)  

where: b is known as Tafel slope of the anodic or cathodic reaction (anodic) 

overpotential b
a 

= (RT/αnF), cathodic overpotential b
c 

= RT/(1-α)nF, the ± sign uses 

for anodic and cathodic overpotential, respectively. A plot of applied potential (or 

overpotential) versus logarithm of current density is called Tafel plot in which the 

values of Tafel slopes, corrosion potential E
corr

, and corrosion current density i
corr 

can be determined using extrapolation (Figure 12). Since, polarization resistance and 

corrosion rate will be obtained by using Stern-Geary equation: [50,52,53] 

      (7) 
And corrosion rate can be calculated using equation: [54,55]  

                   (8) 

Where: C
R 

= corrosion rate, icorr
 
= current density of corrosion, ba, b

c 
= Tafel slope 

of anodic and cathodic reactions, Rp
 
= polarization resistance, A = corroded area, d = 

density of the materials  

Polarization measurements were carried out under ambient condition in a 

three electrode single electrochemical cell containing 3.5 % NaCl solution. All 

measurements were performed on computerized electrochemical analyzer (supplied 

by CH instruments, USA). SS 316 Steel electrode(after coating) as WE, Saturated 

Calomel Electrode (SCE) as Reference electrode and platinum electrode as counter 

electrode, using electrochemical analyzer (USA) unit of model  CH1604B. 

Measurements were carried out at a potential range from -0.7 to +0.7 and scan rate of 

5mV/s. 

 



                                                                                                                CHAPTER - 1      

 
 

37

    

 
Figure 1.5 :  Schematic polarization curve showing Tafel extrapolation 

 

1.13.2  Electrochemical Impedance Spectroscopy (EIS) : 

Electrochemical impedance is usually measured by applying an ac potential to 

an electrochemical cell and measuring the current through the cell. Suppose that we 

apply a sinusoidal potential excitation. The response to this potential is an ac current 

signal, containing the excitation frequency and its harmonics. This current signal can 

be analyzed as a sum of sinusoidal functions (a fourier series). EIS data is commonly 

analyzed by fitting it to an equivalent electrical circuit model. Most of the circuit 

elements in the model are common electrical elements such as resistors, capacitors, 

and inductors. To be useful, the elements in the model should have a basis in the 

physical electrochemistry of the system. Table 2.3 lists the common circuit elements, 

the equation for their current versus voltage relationship, and their impedance. 

Table 1.1 : Component Current Vs. Voltage Impedance 
 

Component Current Vs. Voltage Imedance 

Resistor E = IR Z = R 

Inductor E = L di/dt Z = jwL 

Capacitor I = C dE/dt Z = 1/jwC 
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By analyzing the capacitance in organic coatings, it is possible to evaluate the 

water uptake phenomena occurring in organic coatings in wet environment, because 

water diffusion can modify the dielectric constant of the polymer even if present in 

very small amounts [198]. Capacitance is quite sensitive to water uptake since the 

dielectric constant of water is about 20 times larger than that of the coating. The 

coating capacitance can be expressed by the following equation : 

 

Cc =  ε εo A/d             (9) 

 
Where Cc is the capacitance, ε is the dielectric constant of the medium and ε0 

is the permittivity of free space and d is the thickness of the coating By applying a 

simple empirical mixing rule it is possible to correlate the dielectric constant at time t 

(εt) the dielectric constant of the polymeric matrix (εm), the dielectric constant of 

water (εw), the volume fraction of water at time t (φt) and the volume fraction of 

water at saturation (φs). 

     εt= εm
1-θs εw

θt                         (10) 
 

Taking ln on both sides and rearranging the terms, we get 
θt = [ln(εt) – ln{ εm

1-θs}]/lnεw          (11) 
 

Replacing the values in equation 3, we get 
 

θt = log(Ct / C0) / logεw                (12) 
 

Where Ct is the capacitance after time t, C0 is the initial capacitance and . 

Equation 6 is the Brasher Kingsbury equation and it is widely used for calculation of 

the water amount from capacitance measurements in organic coatings. 

Electrochemical Impedance is normally measured using a small excitation signal. If 

the real part is plotted on the Z axis and the imaginary part on the Y axis of a chart, 

we get a "nyquist plot". Notice that the y axis is negative and that each point on the 

nyquist plot is the impedance at one frequency. This is true for EIS data where 

impedance usually falls as frequency rises. On the nyquist plot the impedance can be 
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represented as a vector of length |Z|. The nyquist plot in Figure 2.5 results from the 

electrical circuit of Figure 1.6. 

 
 

Figure 1.6 :  Typical Nyquist plot with impedance vector 
 

 
Figure 1.7 :  Simple equivalent circuit with one time constant 

 

 
Figure 1.8 :  Typical Bode plot with one time constant 
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The semicircle is characteristic of a single "time constant". Electrochemical 

Impedance plots often contain several time constants. Often only a portion of one or 

more of their semicircles is seen. Another popular presentation method is the "bode 

plot". The impedance is plotted with log frequency on the x-axis and both the 

absolute value of the impedance (|Z| =Z0) and phase-shift on the y-axis. The bode plot 

for the electric circuit of Figure 1.6 is shown in Figure 1.7. Unlike the nyquist plot, 

the bode plot explicitly shows frequency information. 

1.13.3  Lifetime Prediction Using EIS : 

Accelerated life testing of polymeric coatings is used in many areas of science 

and technology to determine the effective lifetime of the coatings. In such a test, one 

seeks a physical or chemical acceleration of the coating by placing it under stress 

larger than it would receive in its normal lifetime and monitor its performance to 

failure from that stress[199]. Ideally stress only causes the system to fail faster than it 

normally would, but the mechanism of failure remains the same as in the non-

accelerated conditions. Low frequency impedance (|Z|0) data can be used to predict 

the corrosion protection lifetimes of organic coatings on metals. The time taken for a 

coating to decay to a specific failure modulus value, |Z|fail can be given by the 

following equation : 

                                                       (13)    
 

Where |Z|0 = Low frequency impedance at time t=0 
            |Z|m= Limiting bare metal value 
            |Z|fail= Specific failure modulus 
            θ = Decay constant (inverse of slope of ln (|Z|t - |Z|m) vs. Exposure time. 
 

Thus the electrochemical studies can lead to estimate of the parameters related 

to coating behaviour under corrosive environment and also these studies give an 

insight into the corrosion protection mechanism of the coatings.  
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1.14  Aim and Scope of work : 
The above review of the historical development in the field of composite and 

nanocomposites indicate that there is a good scope for improvement in properties of 

organic coating in particular vinyl coating. By incorporating nanoparticulates of 

different sizes into the matrix so as to get tailor made properties.  

The main aim of the present investigations is to explore various possibilities 

of synthesis of nanoparticles of various size for vinyl coating application amongst 

various vinyl coatings matrix we have selected nanocomposites of PVB, PVAc, 

Epoxy for coating application for corrosion resistance as they are widely used and 

most preferred, due to their excellent mechanical properties and resistance to acids 

and alkalis. 

Amongst the various methods for nanoparticulates synthesis PMG method is 

most suitable for coating application because of the polymer system used for 

synthesis of nanoparticulates which is compatible with coating application or 

formulation. 

The nanosize particles obtained from such synthesis will be incorporated in a 

polymer matrix, which can be subsequently mixed with PVB, PVAc, Epoxy, 

nanoparticulate filled composites. Nanocomposites prepared were studied for optical 

properties and barrier properties with emphasis on impedance spectroscopy. The 

nanocomposites were studied on application of nanoparticulate additive for coatings 

for effects of nano size on enhanced corrosion resistance properties. This includes not 

only the barrier to diffusion of ions through the bulk but also electrical potential 

barrier to charge transfer. 

In addition to the corrosion resistance, the optical properties which are 

important for appearance of the coating like gloss, opacity and clarity are also likely 

to improve. Normally the commercial additive /fillers have to be incorporated at high 

level so as to obtain the barrier properties but similar performance is obtained at very 

less level of nano size filler. Thus, these studies will be useful in developing specialty 

coating for industrial and other application.  
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CHAPTER 2 

2.1 Introduction : 

The detailed experimental procedures and various characterisation techniques 

employed in these studies are documented in this chapter. Three different commercial 

grade fillers were used viz. calcium carbonate, barium sulphate, iron oxide and 

synthesized nanoparticles of same by using Polymer Mediated Growth (PMG) 

technique(1-5) . Our aim is to synthesis the CaCO3, BaSO4, Fe2O3 nano particles by 

using Polyethylene Glycol (PEG) with different molecular weights, different 

concentration and to blend it with Polyvinyl acetate(PVAc). Characterisation of these 

nanoparticles is done by X-ray diffraction with Ni filtered CuKα as a radiation source 

at 2θ scan speed of 2º per minute, Scanning electron microscopy (SEM), transmission 

emission microscopy (TEM), Thermal Gravametric analysis (TGA), UV-visible 

spectroscopy, optical polarization microscopy. Applications of these nanoparticulates 

in PVAc, PVB, and Epoxy polymer to produce a nanocomposite. These 

nanocomposites are then used to coat on the steel substrate of which the properties are 

compared with commercial coatings. These coatings applied on stainless steel 

substrate by using dip coating technique. The optical properties such as gloss, 

reflectance, transparency, etc. of PVAc and PVB, epoxy containing commercial as 

well as nanoparticles gave an ample proof of uniform dispersion of the nanoparticles 

addition in polymer matrix. The second section deals with corrosion properties at 

various temperatures (450C, 550C and 650C) of PVAc and PVB, epoxy 

nanocomposites coatings containing nanoparticles were studied by using 

Electrochemical Impedence Spectroscopy (EIS). 

 
2.2 Materials : 

The various chemicals used in the present study along with their grades and 

make are given in the following table 2.1 

 

 

 



54 
 

Table 2.1 :  Materials used  

Chemical Grade Make 

 
Polyethylene glycol 

(M.W.= 4000, 60000, 20000 & 
35000) 

                                 
Calcium chloride fused 

 
Potassium carbonate anhydrous 

 
Ferric chloride 

 
Sodium hydroxide 

 
Barium chloride 

 
Potassium sulfate 

 
Methanol 

 
Polyvinyl buatral 

 
Polyvinyl acetate 

 
 Calcium Carbonate precipitated  

 
Iron Oxide (Fe2O3) 

                                 
Barium Sulphate 

 
Sodium chloride  

 
Epoxy Resin(GT 7004) 

 
Hardner(HT 2844) 

 
Flow Agent 

 
Degassing Agent 

 
  

 
For Synthesis 
 

 
AR Grade 

 
 AR Grade 

 
AR Grade 

 
AR Grade 

 
AR Grade 

 
AR Grade 

 
GR Grade  

 
LR Grade      

 
LR Grade      

 
Commercial 

 
  Commercial 
 
  Commercial 
 

LR Grade 
 

Commercial 
 

Commercial 
 

Commercial 
 

Commercial 
 
 

 
Merck 

 
 

S. D. Fine Chem. Ltd. India. 
 

S. D. Fine Chem. Ltd. India 
 

S. D. Fine Chem. Ltd. India 
 

S. D. Fine Chem. Ltd. India 
 

S. D. Fine Chem. Ltd. India 
 

S. D. Fine Chem. Ltd. India 
 

S. D. Fine Chem. Ltd. India 
 

Merck 
 

Merck 
 

Merck 
 

Merck 
  

Merck 
 

Merck 
 

Huntsman 
 

Huntsman 
 

CYTEC 
 

Huangshan  
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2.3 Preparation of Nanoparticulate Filler by using Polymer 
Mediated  Growth (PMG) technique : 
 
2.3.1 Preparation of Nanoparticles with PEG: 

a) Calcium Cabonate (CaCO3) 

The nanoparticulate calcium carbonate, barium sulphate, iron oxide filler was 

prepared by using PEG as a matrix. The PMG method essentially consists of forming 

a complex of salt of CaCl2 and Polyethylene Glycol (4000, 6000, 20000, 35000 ) by 

dissolving the two components in different molar ratios (1:2, 1:4, 1:8, 1:16, 1:32) in 

methanol (20% solution conc.). This was allowed to digest for 24 hours. Then 

stoichiometric amount of K2CO3 was dissolved in distilled water and then added to 

the above complex without stirring. The whole mixture was allowed to digest for 24 

hours at room temperature. CaCO3 was precipitated in the form as a fine powder. The 

solution was then stirred vigorously and then filtered properly. It was then washed 

with distilled water and methanol to remove all PEG and the salt that is KCl. The 

remaining powder i.e. CaCO3 is then dried. 

The reactions involved here are as follows:  
 PEG + CaCl2  PEG— CaCl2 (Complex) 

 PEG—CaCl2 (Complex) + K2CO3   PEG---- CaCO3 (ppt) + 2KCl  

b) Iron Oxide (Fe2O3) 

             We followed the same procedure for synthesis of Fe2O3. In this case we 

prepared first forming complex of ferric chloride (FeCl3) with Polyethelyene glycol 

(PEG).and then reacting the same with stiochimeteric proportion of sodium 

hydroxide. Typically, the polymer viz. polyethylene glycol (PEG MW 35000, 20000, 

6000, 4000) dissolve in an appropriate solvent(methanol) to make 20 wt% solution. 

Anhydrous ferric chloride was added to this desired amount i.e. in molar ration of 

1:12 with respect to the monomer and the solution allowed to remain at 30oC for a 24 

hrs. so that of iron salt with the polymer was taken in a stoichiometric amount with 

respect to FeCl3 in an aqueous medium and hole mixture allowed to digest for 24 hrs . 

The reddish brown fine colloidal precipitate formed.   
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The reaction is as follows :  

             PEG + FeCl3   PEG— FeCl3 (Complex) 

  PEG—FeCl3 (Complex) + 3NaOH            PEG---- Fe(OH)3 (ppt) + 3NaCl  

             PEG---- Fe(OH)3      
washinig

            Fe(OH)3                     Fe2O3  + H2O   

 c) Barium Sulphate (BaSO4) 

            Preparation of BaSO4 is same as CaCO3 and reaction is as follows : 

            PEG + BaCl2  PEG— BaCl2 (Complex) 

 PEG—CaCl2 (Complex) + Na2SO4   PEG---- BaSO4 (ppt) + 2NaCl               

2.3.2  Preparation of Nanoparticles using PEG–PVAc blending :                                                        

CaCO3, Fe2O3, BaSO4  nanofillers  were prepared by using PEG-PVAc blend. 

Stock solutions of  PEG, PVAc were prepared in methanol in required proportions. 

This method essentially consists of forming complexes of PEG and CaCl2 FeCl3, 

BaCl2 by dissolving these two components in different proportions. This PEG- metal 

complex is then blended with amorphous polymer-PVAc after which the solution is 

allowed to digest for period of 24 hours. An appropriate stoichiometric amount of  

K2CO3, NaOH, Na2SO4 is then added to the above solution without disturbing it. 

Whole mixture is allowed to digest for 24 hours at room temperature. During this 

period the metal ions(Ca+ Fe2+,Ba+)  and reactant ions diffused through the matrix and 

formed a respective gel like precipitate that become powdery over a period of time. 

This is filtered, washed thoroughly to remove the entire PEG and other reaction 

products and then dried.  
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Figure 2.1:  Schematic representation of the transport of reactants during polymer   
                     mediated growth (PMG) of nano-particulate fillers 
          

The flow chart of the nanoparticles synthesis process of PEG-PVAc blend system 

 

          (CaCl2, FeCl3, BaCl2  – CH3OH )   PVAc- CH3OH                     PEG – CH3OH                   
 
 
 

 
 
 
 

                    (CaCl2, FeCl3, BaCl2  – PEG Complex blended with PVAc) 
 

                                                   + K2CO3, NaOH, Na2SO4 
 

        Precipitation  
 

                                                                  
                                                                 Filtering 

 
 

     Washing 
 
 

       Drying 
 
 

         CaCO3, Fe2O3, BaSO4 

 

Extent of 
diffusion (X) 
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2.4 Preparation of nanocomposite coating with Nanoparticulate of   
      CaCO3, Fe2O3, BaSO4 :  
  
2.4.1 Coatings with Vinyl Polymers (PVB & PVAc) : 

The purpose of this study is to develop special coating for corrosion 

protection. In particular, the study will focus on the role of special additives such as 

nano CaCO3, Fe2O3, and BaSO4 to thermoplastic or thermoset type coatings. 

Nanoparticluate especially is expected to impart the enhanced barrier properties are 

the result of the much greater surface-to-volume ratio of nanofillers that are often 

characterised by very high aspect ratios. 

The coating formulation was made using polyvinyl butyral (PVB), polyvinyl 

acetate (PVAc) etc. as binder with nano and commercial CaCO3, Fe2O3 and BaSO4 as 

additives at different concentrations. PVB (2g) was dissolved in methanol (20 ml) 

with continuous stirring for 6hr and then in a sonicator for few hours. The 1%, 3%, 

5%, 7% and 10%   nanoparticles and 5%, 7%, 10%, 20% and 30%  commercial of wt 

% CaCO3,Fe2O3, BaSO4 powder having different compositions was crushed and a 

slurry was made with small quantity of methanol. The slurry was added and mixed in 

the PVB, PVAc solutions and subjected to sonication for 24 hours.  This yielded a 

uniform dispersion of the polymers solution with no settling.  The stainless steel 

coupons (50mmx 10mmx 1mm) with rounded corners and edges were polished by C- 

800 emery paper, washed with acetone and dried. The substrates were dip coated for 

30 sec in nanocomposite polymers solution dispersion and dried at room temperature 

for 30 min followed by baking in air circulating oven at 500 C for 4 hours. The 

samples were cooled and then subjected for measurement of corrosion inhibition 

properties (6-7). The compositions of the final coatings are given in Table 2.2. 
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Table 2.2 :  Coating compositions of  vinyl polymers composite with commercial     
                 and nanoparticles 

Samples name 
PVAC  wt. (g) in 20 ml 

Methanol 
Filler Loading wt. (g) 

Clear 2.00g 0.0g 

Nano1% 2.00g 0.020gm 

Nano3% 2.00g 0.060gm 

Nano5% 2.00g 0.100gm 

Nano7% 2.00g 0.140gm 

Nano10% 2.00g 0.200gm 

Comm. 5% 2.00g 0.100gm 

Comm. 7% 2.00g 0.140gm 

Comm.10% 2.00g 0.200gm 

Comm.20% 2.00g 0.400gm 

Comm.30% 2.00g 0.600gm 

 
2.4.2 Preparation of dispersion coating formulation with PVB + modified  
            PANI :                          

PVB 2gm was dissolved in methanol by 6 hrs continuous stirring in a 

sonicator. The 1%, 5% and 10 wt% of different PANI- Fe2O3nano powder crushed 

and a paste was made with methanol. This was added and mixed in PVB solution 

placed in sonicator for 24 hrs. The stainless steel polished by C-800 emery paper. The 

SS plate was dip coated in PVB/ PANI-nano dispersion and dried at room 

temperature followed by baking in air circulating oven at 50º C for 4 hrs. The samples 

were cooled and then subjected for measurement of corrosion inhibition properties. 

2.4.3   Powder coating of Epoxy-Nano-BaSO4 blend : 

Epoxy powder coating formulations were made containing Nano BaSO4 

additive for better optical, mechanical and chemical properties on steel substrate 

coated by electrostatic powder coating followed by curing at 1800C/15min. These 

coatings will be subjected to accelerated corrosion by immersion test in 3.5% saline 
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solution and followed by electrochemical characterisation of corrosion resistance 

using impedance spectroscopy. The standard salt spray test will also be carried out. 

To evaluate the life time of these coating system at room temperature, accelerated 

tests at different temperature would be carried out and extrapolated to room 

temperature [8]. Investigations of actual mechanism taking place in the polymer 

matrix and /or metal-electrolyte interfaces. These studies will lead to in depth 

knowledge on corrosion resistant coating which are specially needed for coastal 

structures, offshore rigs, naval dockyards etc. It can also give deeper understanding of 

self healing or ‘smart’ coatings using conducting polymers. 

For powder coating, the following paint compositions have been used: Epoxy 

resin, hardener, flow agents, degassing agent and in that composition nano barium 

sulphate  added as 1%, 3%, 5%, 7%, 10% and commercial 5%, 7%, 10, 20%, 30% of 

total (phr) respectively. All ingredients homogenously mixed in high speed 

mixer(rpm-1000) and extruded by Lab model Twin screw extruder at 100-1050C  

 
Figure 2.2 :  Lab Model 16 mm Twin Screw Extruder    

followed by cooling, grinding and sieving(90micron sive) for obtaining the final 

powder. Characterisation of these powders carried out by Differential scanning 

calorimetry (DSC). 

Electrostatic spray  gun is used for powder coating application, it consists in 

build cascade which producing the voltage between 0-100KV. For powder coating we 

were applying 60-80kV. Powder flows by applying the compression air pressure. At 
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the tip of gun electrode is present which produce high voltage. Powder gets –ve 

charged and charged powder is stick on the +ve earthen stainless steel plate. And put 

the coated plate in oven for curing at 1800C for 15 minutes. After curing, measured 

the properties of films like gloss and corrosion resistance techniques like Tafel, 

Impedance and Salt spray testing. 

2.5  Characterisation techniques  : 
2.5.1  FTIR spectroscopy :  

Infrared spectroscopy is one of the most powerful techniques which is very 

useful in nanotechnology for study the dispersion stability, morphology, and structure 

of the ultrasonic irradiated nanoparticles were characterised by FTIR (Shimadzu FT-

IR 8300 spectrometer and analyzed in the range of 400-4000 cm-1). 

The transmittance mode technique is the most adapted one in FTIR Spectroscopy. In 

this techniques, the sample is first diluted with KBr powder to a concentration of ~1% 

in the solid mixture. Then this mixture is pressed under ~20,000psi pressure to 

produce a transparent pellet. The infrared spectrum is obtained through exposure of 

the pellet to an infrared beam and the intensity of the transmitted light is recorded. 

The transmittance of the sample at given number is then calculated from the 

transmitted light and the incident light. 

2.5.2  UV-Vis spectroscopy  :  

UV-vis absorption spectroscopy on nanocomposite powders and spectroscopic 

ellipsometry measurements on thin films and powder was used to study the effect of 

interfacial morphology, interparticle spacing and finite size effects on optical 

properties of nanocomposites. Ultraviolet and visible (UV-Vis) spectroscopy is a 

reliable and accurate analytical laboratory assessment procedure that allows for both 

qualitative and quantitative analysis of a substance  [9]. The spectrophotometer utilizes 

a DH-2000 deuterium light source and a HR 2000 CG-UV-NIR detector.   

2.5.3  Differential Scanning Calorimetry (DSC) : 

  Differential scanning calorimetric studies on epoxy-BaSO4(different 

percentage) powder were carried out using DSC Q10( TA instrument, USA). DSC 

gives an idea about the primary and secondary transition with change in temperature. 

It gives the exothermic and endothermic change occurring over a particular 
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temperature range[10-11]. The heating rate was kept constant at 100C per minute 

under N2 atmosphere. DSC was recorded both heating and cooling cycles. 

Endothermic changes like melting were recorded during heating cycles, and 

exothermic changes like crystallization were recorded during cooling. From the glass 

transition temperature, cross link density of powder was analyzed.Cross link density 

can be calculated by the following equation, 

∆Tg = Tg-Tg(0) = 5/(Mc/Mn) x Nmt                     (1) 

Where Tg(0)- glass transition temperature of un cross-linked samples, Tg- crosslinked 

samples, Mc-molecular wt. between cross link, Mn-molecular wt of whole linear chain 

and Nmt- degreee of freedom for rotation of the group between crosslink. 

2.5.4  Wide Angle X-ray Diffraction (WXRD) : 

Wide-angle X-RAY Diffraction (WXRD) studies [12] were done in order to 

analyze the structures and crystallite size of synthesized nanoparticles CaCO3, Fe2O3, 

BaSO4 Powder. The incorporation of these nanoparticles is expected to show some 

structural changes. The various polymeric compositions were investigated by 

WAXD, using a powder X-ray diffractometer (Rigaku Geigerflex refractometer) 

using CuKα source and β Ni filter. All the scans were recorded in the 2θ region of 5-

50° at a scan rate of 4° per minute. For the amorphous polymeric materials, the 

average inter chain distance (R) can be estimated from the position of the broad peak 

seen in the XRD plot by using the relation; 

                              R = {(5/8) λ / sinθ}.                             (2)               

Where, R is the average interchain separation, λ is the wavelength (1.542 Å) of the 

X–ray used and θ is the diffraction angle. For the crystalline phase, the d- values can 

be calculated using Brag’s equation:  nλ = 2d sinθ. 

    d = (nλ / 2 sinθ)    ; where n = 1               (3) 

The crystalline structure and phase was confirmed by comparing the d values with 
standard reported values for the compound. 
 
The crystallite size ( D )   is determined from the Sherrer’s formula :  
 
                                             D =  λ / [2 (Δθ) cosθ]                                  (4)     
  where all the symbols have their usual meaning.              
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2.5.5  Transmission Electron Microscopy (TEM) : 

Transmission electron microscopy (TEM) is always the first method used to 

determine the size and size distribution of nanoparticle samples [13-14]. Once a 

representative group of images is obtained [15], the next task is to count as many 

particles as possible, ideally a few thousand, so that good statistics on the size and 

size distribution present can be obtained. By carefully selecting the orientation of the 

sample, it is possible not just to determine the position of defects but also to 

determine the type of defect present [16]. Defects that produce only displacement of 

atoms that do not tilt the crystal to the Bragg angle (i.e. displacements parallel to the 

crystal plane) will not produce strong contrast. Nanoparticles selected samples were 

drop casted on copper grids after dissolving PVB in Methanol and TEM images were 

taken for the synthesized nanoparticles of CaCO3, Fe2O3, BaSO4. TEM Joel model 

1200 was employed to take TEM pictures.  

2.5.6  Gloss-o-meter : 

Gloss is the ratio of specularly reflected light to incident light. For optically 

smooth surfaces, gloss varies with refractive index and angle of incidence according 

to Fresnel’s law. Gloss is a visual impression that is caused when a surface is 

evaluated. The more direct light is reflected, the more obvious will be the impression 

of gloss. The gloss of a surface can be greatly influenced by a number of factors, for 

example the smoothness achieved during polishing, the amount and type of coating 

applied or the quality of the substrate. Gloss can also be a measure of the quality of a 

surface, for instance a drop in the gloss of a coated surface may indicate problems 

with its cure- leading to other failures such as poor adhesion or lack of protection for 

the coated surface. Gloss measured by BYK Gardner Tri-angle gloss-o-meter.  

 

2.5.7 Optical Polarizing Microscopy : 

A detailed surface morphological analysis of the nanocomposites by using 

Optical Polarizing Microscopy[17]. Figure 2.3 shows the essential parts of the optical 

polarizing microscope. It consists of a light source (Tungsten lamp 25 W), a 

condensor, a polarizer, a sample stage with controlled heating arrangement, objective 
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assembly, an analyzer and eyepiece/ microphotography arrangement. In another 

arrangement, the video camera interfaced with a computer was connected in place of 

the microphotography unit. The image analysis system contained a video camera 

connected to a computer via the software which provided image grabbing, image 

storage and analysis facilities. The images were continuously recorded during the 

isothermal crystallization process for every 10 or 30 seconds interval and then 

analyzed by recording the spot intensity (grey scale) at any given location of the 

screen. It was possible to direct small changes (up to 1 pixel) occurring at any chosen 

point, during the crystallization of the matrix. The graphics provided in the software 

can also used to plot the intensity of transmitted light under the cross-polar condition 

Figure 2.3 :  Leitz optical polarizing microscope parts 
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with respect to real time. This gives essentially the study of surface morphology, 

defect on surface  and dispersion of nanoparticles in the coating .  

2.6  Techniques used in corrosion studies : 

2.6.1  Salt spray test : 
Salt spray test is a standardized test method (ASTM B117) used to check 

corrosion resistance of coated samples. Salt spray test is an accelerated corrosion test 

that produces a corrosive attack to the coated samples in order to predict its suitability 

in use as a protective finish. The appearance of corrosion products (oxides) is 

evaluated after a period of time. Test duration depends of the corrosion resistance of 

the coating, the more corrosion resistant of the coating is  the longer  period in testing 

without showing signs of corrosion. There is no co-relation between the duration in 

salt spray test and the expected life of a coating, since corrosion is a very complicated 

process and can be influenced by many external factors[18-19]. 
The apparatus for testing consists of a closed testing chamber, where a salted 

solution (mainly, a solution of sodium chloride) is sprayed by means of a nozzle. This 

produces a corroding environment in the chamber and thus, parts in it are attacked 

under this severe corroding atmosphere. Typical volumes of these chambers are of 

400 L, but they can be constructed larger. Tests performed with a solution of NaCl 

are known as NSS (neutral salt spray). Results are represented generally as testing 

hours in NSS without appearance of corrosion products .Salt spray test conducted on 

5% NaCl solution spray on epoxy- BaSO4 powder coated samples solution in a 

chamber at 1000 hours and analyzed. 
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2.6.2  Set-up for EIS Experiment : 
 

Electrochemical tests are normally carried out in a single compartment cell 
which is shown in figure  2.3. 
 

 
Figure 2.4  : Electrochemical cell for EIS experiment 

 

The electrochemical cell for an EIS experiment conventionally consists of three 

electrodes, which are immersed in an electrolyte. The working electrode is the 

corroding metal. The working electrode is grounded, usually through an operational 

amplifier that is part of a current to voltage converter. The counter electrode is made 

from an inert metal (graphite electrode was used in my experiment). The counter 

electrode is connected to a potential control device called a potentiostat. The 

potentiostat applies to the counter electrode whatever voltage and current are 

necessary to maintain the potential that is desired between the working and reference 

electrodes. The reference electrode is constructed so that it has a negligible contact 

potential regardless of the environment in which it is placed. The reference electrode 

is connected to a potentiometer. Both Harrison solution and 3.5 wt% sodium chloride 

were used as electrolytes. 
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The potentiostat was connected to the computer with appropriate software which gave 

directly the data in terms of potential scan, frequency scan, current, real and 

imaginary part of impedance. The data analysis was carried out by the software as 

desired: Tafel, Bode, Niquist plots from which the corresponding parameters viz. 

corrosion potential, corrosion current, equivalent circuit elements etc. could be 

determined.  
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CHAPTER 3 

3.1 Introduction : 
Calcium carbonate is a white or transparent salt with a very low solubility in 

water. It reacts with acids forming the corresponding calcium salt and carbon dioxide. 

At around 9000C solid calcium carbonate dissociates into calcium oxide and carbon 

dioxide. In aqueous solution solid calcium carbonate is formed by a simple 

precipitation reaction [1]. 

                            Ca2+Cl2 + K2CO3
2-  →  CaCO3(s)+ 2KCl                     (1) 

  
Calcium carbonate, which can be found in five crystalline polymorphic phases 

and in one amorphous phase in biominerals, is abundant in nature. Calcium carbonate 

appears in three water-free modifications: calcite, aragonite, and vaterite, with calcite 

being the most thermodynamically stable, and vaterite the most unstable. 

Table 3.1 :  Crystallographic and physical data of the different calcium carbonate    

                    phases 

 

Calcium carbonate exhibits other solid forms besides its three true 

polymorphs. Clarkson and coworkers [2] have, for instance, dealt with the 

spontaneous precipitation of calcium carbonate from highly supersaturated solutions. 

Their findings indicate that during precipitation an amorphous form of calcium 

carbonate is invariably formed. They also found evidence of CaCO3.6H2O forming 

Property Calcite Aragonite Vaterite Monohydro- 
calcite 

Ikaite 

Formula CaCO3 CaCO3 CaCO3 CaCO3.H2O CaCO3.6 H2O 
 

Space group R 3c 
 

P mcn 
 

P 63/mmc 
 

P 31 
 

C2/c 
 

Crystal system trigonal orthorhombic hexagonal hexagonal monoclinic 

Lattice 
constants/Å 

a=b=4.991 
c=17.062 
γ =120º 

a=4.959 
b=7.964 
c=5.738 

α=β=γ=90º 
 

a=b=4.130 
c=8.490 
γ=120º 

a=b=10.5536 
c=7.5446 
γ=120º 

a=8.792 
b=8.312 
c=11.021 
β=110.53º 

Density/g.cm³ 2.71 2.93 2.65 2.43 1.83 

Abundance very 
common 

common rare rare very rare 

ICDD-
Reference 

81-2027 76-0606 72-0506 83-1923 75-1733 
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under certain conditions. This is consistent with observations made by Brecevic and 

Nielsen [3] who report on formation of an amorphous form of calcium carbonate 

during spontaneous precipitation at relatively high supersaturations. 

Calcium carbonate (CaCO3) is a mineral with diverse applications; it is 

applied widely as fillers in the areas of plastics, rubbers, paints, papermaking, textiles, 

pigments, ceramics, medicine, pharmacy and so on, in virtue of its different physical 

and chemical properties and many of its important technological applications 

[4―11]. As widely and efficiently used processing additives in industrial end 

products, the anion surfactants are used the particular interest in the growth of 

calcium carbonate. In recent years, there have been a number of studies found on the 

precipitation methods in the literature [12-21]. It has been demonstrated that the 

characteristics of particles, such as the morphology and the particle size of CaCO3, 

depend heavily on the preparation methods and experimental conditions. It is well 

known that the synthesis of CaCO3 was followed by basic synthetic routes. 

Among the various applications of CaCO3 filled composites in paints, 

pigments etc., the corrosion inhibition of the coatings containing this filler is not 

studied extensively. There are few reports on CaCO3 filled thermoset and 

thermoplastics and their respective anticorrosion properties [22-24]. However, the 

reduction in the particle size of CaCO3 is very important so that low loading of the 

same can be employed in any polymer matrix which in turn increases the barrier and 

optical properties. The crystallite/particle size reduction of CaCO3 can be had by 

High energy ball milling [25-27], Sol-Gel processing routes etc.. Each route has its 

own merits and demerits and hence polymer mediated growth (PMG) technique for 

the reduction of particle size of CaCO3 becomes important. PMG technique has been 

successfully used for the past several years for synthesizing and controlling the shape 

and size of various materials especially nano particulate fillers [28-31]. In the PMG 

route, one of the reactant is complexed and bound to the polymer matrix while the 

second reactant is allowed to enter from external solution. Although the synthesis of 

nanoparticles by this method especially using partially miscible polymer blends has 

been successfully demonstrated, the underlying phenomena are yet to be clear. For 

example, the diffusion and transport of ions through the polymer medium depends 
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upon the nature of ions i.e. their size, charge etc., the free volume in the polymer 

which also depends on its glass transition temperature, degree of interaction with the 

polymer medium, molecular weight of polymer medium, solvent concentration used 

for polymer dissolution, etc. are to be studied exhaustively.  A special emphasis on 

anticorrosion coating formulations with different particles sizes of CaCO3 synthesized 

by PMG technique in polymer matrices such as PVB and PVAc is given in the 

present chapter. 

3.2 Synthesis of Nanoparticles of Calcium Carbonate using PEG 
with Different Molecular Weights : 
 
The diffusion behaviour for a given polymer-penetrant system varies with 

change in molecular weights of polymers. This behavior depends on the free volume 

within the polymer, end groups on the chains and on the segmental mobility of the 

polymer chains [32]. Thus, it is aimed here at generating nanoparticles of calcium 

carbonate and to investigate the role of PEG with different molecular weights was 

used as a polymer medium for the synthesis of nanoparticles of calcium carbonate. 

The calcium chloride is arrested in the PEG solution and potassium carbonate is left 

free to move through the gel. The white layer of calcium carbonate particles grows 

with time. 

Table 3.2: Change in crystallite size of synthesized CaCO3 with different molecular     
                  weight of PEG 
 

         Sample 
PEG Molecular 

weight 

Crystallite 

Size(nm) 

A 6000 45 

B 20000 18 

C 35000 17 

 

The particles formed from solutions of different molecular weights were 

subjected to XRD analysis and data of which was used to find out the particle size 

was calculated by using scherrer’s formula as reported earlier [28-31]. The crystallite 
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size was calculated with Scherrer’s formula suing the XRD data.. As shown in Table 

3.2, A, B and C are corresponding to calcium carbonate nanoparticles synthesized 

using PEG with molecular weights such as 6000, 20000 and 35000 (gm/mol), 

respectively. From Table 3.2 we observed that with the increase in molecular weights 

of PEG, particle size of CaCO3 decreases. It was also observed that as the 

concentration of PEG of same molecular weight increases, the particle size of calcium 

carbonate decreases. This is discussed later in the chapter.   

The molecular weight of PEG will control the viscosity of the medium and the 

diffusion of ions. As shown in the Chapter-2, the process of PMG involves binding of 

one ion (in this case Ca++) and diffusion of the reactive ions to form the final 

compound.  The diffusivity is found to increase with decrease in molecular weight of 

PEG. If the molecular weight of PEG is less, the length of polymer chains is small 

and tends to stay away from each other, due to which path for freely moving 

carbonate ions in the solution gets easier. Thus, the resistance to the movement of 

carbonate ions is less. As a result, the CaCO3 is formed throughout and which can 

then come together to form large particles. If the molecular weight of PEG is higher, 

the viscosity is higher, chain movement is restricted and diffusion of ions is also 

lower. In this case, the Ca++ ions are bound within the matrix and there is slow 

diffusion of carbonate to form calcium carbonate in localized region. Due to close 

packing of polymer chains and entanglement there is no free movement of the 

calcium carbonate formed which therefore remain in nano-particle form.  

3.3  XRD Characterisation of CaCO3 nanoparticles : 
XRD scans of calcium carbonate nanoparticles synthesized using PEG as a 

polymer medium with different molecular weight is shown in Figure 3.1. All the peak 

positions were analyzed and the d-values estimated. In all cases, the crystalline phase 

of CaCO3 was found to be Vaterite type [33]. It is found that the XRD patterns are 

becoming more broadened with increase in MW of PEG. This suggests that the 

crystallite size reduces with the increase in PEG molecular weight. These results have 

been discussed in the above section. The particle size has been reduced from 45 to 17 

nm by increasing molecular weight of PEG from 6000, 20000 and 35000. Figure 3.2 

shows the dependency of particle size of calcium carbonate particles on the molecular 
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weight of PEG used for the synthesis of nanoparticles. It is found that the particle size 

has decreased with the increase in the molecular weight of PEG medium. Thus, it can 

be established from the above findings that the synthesis of nanoparticles of calcium 

carbonate using PEG medium with different molecular weights is an also diffusion 

controlled process.               
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Figure.3.1 : X-ray diffraction scan of CaCO3   A) PEG 6000 B) PEG 20000 C) PEG  
                  35000 

In order to confirm the above findings, some of the samples were examined by 

TEM. Figure 3.2 shows a typical electron micrograph obtained for CaCO3 synthesized 

using PEG.  From TEM micrograph we can be seen that the tiny particles of 25nm 

particles are embedded in PEG matrix are clearly visible. 
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Figure.3.2 : Transmission electron microscopy (TEM) image of CaCO3 synthesized   
                    by using PEG of molecular weight 35000 with 16:1 concentration 

 
3.4      Effect of Different Molar Ratio of PEG and Reactant on the  

Synthesis of Nanoparticles of Calcium Carbonate : 
The calcium carbonate nanoparticles synthesis was carried out using different 

molar ratio of PEG and CaCl2 to prepare dilute to viscous liquids and then added 

K2CO3. This would bring out the effect of viscosity as well as complex formation 

(due to co-ordinate bond between Ca++ and oxygen of the monomer unit) on the 

particle size.  Calcium chloride was dissolved using methanol solvent along with PEG 

at different polymer molar ratios such as 1:2, 1:4, 1:8, 1:16 and 1:32. As the polymer 

molar ratio increases, the Ca++ ions get more bound within PEG medium. The 

stability of the complex formed between the particle and the surrounding polymer 

matrix and the slow diffusion of reacting species are the most important criteria for 

the formation of nanoparticles. The surrounding polymer matrix should be able to 

hold the metal atom at a particular place e.g. at the -O- atoms in PEG and should not 

allow it to break away from the matrix. That is the reason why in the present 

experiment we allowed the complex to digest for specified time. Since CaCl2 is first 

complexed with PEG, the CaCl2 molecules are strongly held within the polymer 

chains. Each molecule of CaCl2 is then shared by molecules of PEG to form a 

complex of PEG - CaCl2. Due to this sharing of CaCl2 the domain for the subsequent 

reaction with K2CO3  is reduced. That is why we get drastic reduction in particle size  
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XRD was also run for the CaCO3 nano particle and particle size analysis was 

also calculated using Scherrer’s formula as reported earlier [28-31]. Figure 3.5 shows 

the XRD scans of calcium carbonate particles synthesized by PMG technique using 

PEG as a polymer medium with different molar ratio with different molecular weight. 

It is found that the particle size was decreased upto 16.5 nm using viscous liquids. 

 

A) 

 
 

           B)                                                                         C) 

 
           
 
 
Figure 3.3 :  XRD scans of  CaCO3 with different concentration of PEG: Reactant  a) 
2:1 b) 4:1 c) 8:1 d)  16:1 e) 32:1  A) PEG 6000 B) PEG 20000 C) PEG 35000 
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From Table 3.3 we can be seen that as molar ratios of polymer increases the 

particle size going down to nano levels. In the cases where PEG 6000 was used, the 

effect of CaCl2  to polymer ratio at 1:2 and 1:4 on crystallite size is not much as 

compared to 1:16 and 1:32. This may be because the polymer molecular weight is 

less and dilution of media is also less so the stability of complex is not much. On the 

other hand as the molecular weight of polymer increases the viscosity increases 

leading to higher stability of complex. As molecular weight of PEG increases the 

distance between functional groups which forms complex will be more stable. As the 

viscosity of the reaction medium increases with increase in molecular weight, which 

in turn reduces the diffusion of K2CO3, the reaction will be slow leading to reduction 

of the particle size of calcium carbonate. 

 

Table 3.3 : Crystallite size variation of CaCO3 synthesized by using different  
                   molecular weights and concentration of PEG  
 

 
Calculated crystallite size (nm) with different 

reactant ratio  
PEG MW 1:32 1:16 1:8 1:4 1:2 1:0 

6000 45 72.1 72 72.1 80 90.168 

20000 18 27.7 45 51.5 60.1 90.168  

35000 16.5 25.7 28.8 36 45 90.168  

 
From Table 3.3 it is seen that calcium carbonate nanoparticles synthesized 

using PEG with molar ratio such as 1:2, 1:4, 1:8, 1:16 and 1:32 decreases in for all 

molecular weights but for higher molecular weight (MW 35000), the change is more 

prominent. Thus, both viscosity and the molar ratio play important role in bringing 

down the particle size of the CaCO3 synthesized by PMG route.  
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Figure 3.4 :  TEM image of nano CaCO3 synthesized by A) PEG 20000 B) PEG  
                     35000 
 
 
3.5      Synthesis of Nanoparticles of Calcium Carbonate using PEG- 

PVAc Blend : 
In yet another technique, nano-sized filler particles were prepared in-situ 

using a blending technique that gave further reduction in particle size. The PEG- 

CaCl2 complex was blended with an amorphous polymer like PVAc, which led to 

further reduction in particle size.  

From table 3.4 it is seen that the particle size reduces with increase in 

concentration of PVAc. The complex of PEG/CaCl2 is immiscible with PVAc as a 

result the domain size of dispersed phase is small due to form a complex structure 

around PEG/ CaCl2 through additional hydrogen bonding. The hydrogen bonding is 

responsible for stable complex, and which becomes smaller with increasing 

concentration of PVAc. Thus smaller particles are obtained in this method as 

compared to the particle we get in only PEG matrix systems mentioned previously. 

This is also observed in X-Ray Diffraction scan. In Figure 3.5 PEG system the width 

of the XRD scan is greater than that in commercial system. Also the width of the peak 

goes on increasing with increasing proportion of PVAc-PEG blending.  
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Table 3.4: Change in crystallite size of synthesized CaCO3 with different ratios of  
                 PVAc blend with PEG-35000 (Polyethylene Glycol) 
 

PEG MW Reactant 
Ratio 

PVAc Concentration 
(%) 

Calculated 
Crystallite size(nm)  

 
PEG – 35000 

 
1:16 

5 23.46 
10 20.81 
20 19.75 
30 17.615 

 
 

 
 

Figure 3.5 :  XRD scans of CaCO3 with PEG-35000 blended with PVAc with  
                     different concentration  
 

 
Figure 3.6: TEM image of nano CaCO3 synthesized by PEG 35000: PVAc 20% blend  
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3.6 Large Scale Synthesis of Nano-CaCO3 with PEG– PVAc Blend: 
PMG route was used for synthesis of higher quantity of nano CaCO3 (250 gms) 

so that it can be used for formulating coatings with different polymers. These were 

characterized to confirm the nano-particle size and crystalline structure. Figure 3.7 shows 

the XRD of the large scale batch of nano CaCO3 and Figure 3.8 indicates the TEM for the 

same. 

PEG MW Reactant 
Ratio 

PVAc 
Concentration (%)

Calculated 
Crystallite size(nm)  

PEG – 35000 1:16 20 16.723 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 :  XRD scans of CaCO3 synthesized by using  A) PEG 6000 B) PEG 20000 C) 
PEG 35000 

 

 
Figure 3.8: TEM image of nano CaCO3 synthesized by PEG 35000: PVAc 20% blend 
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3.7  Absorbance spectra of Nano CaCO3 : 
The nano-particle CaCO3 has attracted more and more research interest 

because of its broad applications in industrial fields. Many researchers tried to explain 

the abnormal characteristics of nano-material from the viewpoint of the crystal 

structure and crystal interfacial volume fraction. This contraction (or expansion) of 

crystal grains results in the distortion of the crystal lattice [34], which is normally 

called size effect, and further influences the physicochemical properties such as 

infrared assimilation behavior. For most of the nano-materials, blue shift and 

broadening of the absorption peaks will occur with the diminution of particle size 

[35]. For most of the nano-materials, blue shift and broadening of the absorption 

peaks will occur with the diminution of particle size [36]. However, some nano-

materials show both blue shift and red shift of the infrared absorption peaks under the 

influence of the crystal expansion and hydrogen bonds [33, 35]. 

In addition to their highest refractive index, strong UV adsorption up to visual 

wavelength, and transparency at the visible wavelength, which render 

nanocomposites attractive for making optical materials. Transparency, an increase in 

refractive index, and other optical gains resulted in to investigation of 

nanocomposites with the polymer matrices including PMMA [37-44]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.9 :  Absorbance spectra of lab synthesized nano CaCO3 in the UV region     
                    with peak absorption 
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The absorbance spectra of CaCO3 of nano and macro particle size are shown 

in Figure 3.9. Two important features could be noted from the Figure: 3.9  as the 

crystallite size increases from 17 to 90 nm for CaCO3, the absorbance in the visible 

region decreases and  the absorption peak shows shift toward ultraviolet region from 

392 nm for macrosize to 348 nm for nanosize CaCO3. The blue shifting of λmax due to 

smaller particle size is expected because of the size effect with corresponding change 

in band gap. The decrease in the overall absorption in the visible region is because of 

decrease in light scattering (diffuse) and more transparency with lower particle size.  

3.8  Preparation of PVAc-CaCO3 nanocomposite coating for   
            optical and corrosion studies 

A nanoparticulate material finds applications in various fields. In one such 

application, the effect of the presence of CaCO3 nanoparticles in the polyvinyl 

coating as well as the influence of their concentration on the evaluation of the coating 

behavior in corrosive environment (3.5% NaCl) was studied. Electrochemical 

impedance spectroscopy, corrosion potential, corrosion current density (Tafel) and 

optical properties of coating (i.e. gloss and reflectance). The aim of this work is to 

study the effect of concentration of nanoparticles on the corrosion performance of 

steel specimens. Coating formulation was made using CaCO3 nanoparticles with 

using polyvinyl butyral (PVB), polyvinyl acetate (PVAc) etc. as binder. This coating 

formulation was coated on stainless steel substrates by dip coating followed by 

heating at moderate temperature.  

3.8.1  Optical properties of Nano CaCO3/ PVAc Nanocomposite coating : 

Optical properties are function of the properties at the interface. The 

magnitude of the difference in refractive index across an interface determines, in part, 

the light-scattering efficiency. Other factors include the size of the scattering species 

relative to the light wavelength.  Air voids included in the film act as additional 

scattering centers, improving the “dry hiding” in paint films. In a given system, the 

light scattering coefficient was found to be linearly proportional to coating porosity. 
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3.8.1.1  Gloss : 

Gloss is the ratio of specularly reflected light to incident light. For optically 

smooth surfaces, gloss varies with refractive index and angle of incidence according 

to Fresnel’s law. Gloss is a function of roughness, an increasing roughness degrades 

gloss. del Rio and Rudin (1996) showed for a TiO2 paints with different lattices 

(particle size ranging from 200  to 1200 nm) the development of gloss for different 

incidence angles. A minimum in gloss was found at the critical pigment volume 

concentration (CPVC). However, the CPVC values were found to be different for 

different incident angles, depending on surface roughness. According to them an 

incident angle of 85° was found to correlate best with the CPVC. 

Size distribution of particles influences the packing structure. A narrow 

distribution results in a bulky structure whereas a polydisperse pigment packs with a 

higher density. Brightness and opacity are function of the coating’s light scattering 

ability. 
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Figure.3.10 :  Comparison of gloss between commercial and nanoparticles of  CaCO3    
                       in PVAc coating at 600 angle 
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3.8.1.2  Transparency :  

It is observed that small CaCO3 nanoparticles size leads to homogeneous 

dispersion in the polymer matrix which in turn give less surface roughness and hence 

much higher gloss. On the other hand, the transparency of the coating also improves 

in presence nano CaCO3 (Fig. 3.11). This is due to reduction in optical scattering as 

well as individual particle transparency. Both these factors are contributing to 

improved optical properties of the nanocomposites.  
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Figure 3.11: Transparency variation with filler concentration of synthesized 

                      CaCO3 in PVAc - CaCO3 nanocomposite  coating  
                         
                                     

3.8.2 Corrosion resistance investigation of PVAc - nano CaCO3  
          Coatings  : 

Protective coatings are organic polymers applied to a surface, primarily to 

protect it from oxidation, weathering, and corrosion. In addition, the protective 

coatings are usually very insulating so that they effectively block the flow of 

corrosion currents. The largest fraction of protective coatings for field application is 

mainly organic coating used for corrosion protection of metal substrate. These 
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coatings are made from formulations containing polymers with fillers and other 

additives which give corrosion protection. The application of nanocomposite coating 

is a typical example of such barrier protection. These types of coating will be the 

focus of our discussion. An active corrosion cell requires the presence of an oxidant 

at the metal surface as well as a mechanism for ion movement along the surface 

between the anodic and cathodic site of the corrosion cell. Such ion movement at the 

interface usually occurs within a thin layer of electrolyte that forms on the metal 

surface. Coating reduces the rate of corrosion by reducing the rate of access of these 

essential ingredients to the interface. The coatings also serve to increase the resistance 

of ion movement at the interface, which also contributes to a reduction in corrosion 

rate. Eventually, water, oxygen, and ions from the environment penetrate the coating 

and reach the metal interface and corrosion take place. 

Defects in coating expedite the process of corrosion. Molecular adhesion 

between organic polymer and the metal surface is an important parameter that 

determines the barrier quality of coating. It is confirmed experimentally that barrier 

coating having high ionic conductivity afford poor corrosion protection. The coating 

properties which decrease the permeability of films to water and oxygen enhance the 

barrier effect. For example, low free volume concentration, high crosslinking, thick 

film, high crystallinity and proper ratio of pigment volume concentration to critical 

pigment volume concentration (PVC/CPVC) will help film corrosion protection. 

Water permeating through an intact film with poor wet adhesion could displace some 

area of contact from the metal and water with dissolved oxygen would then be in 

direct contact with the metal surface. The fillers and additives enhance the barrier 

properties and it is now well known that nano-particulate additives give better barrier 

resistance than the macro-particulate fillers.  In the present work, the effect of organic 

coating and the presence of CaCO3 nanoparticles in the coatings as well as the 

influence of their concentration on the evaluation of the coatings’ behavior in a 

corrosive environment (3.5% NaCl) was investigated. 

Electrochemical impedance spectroscopy (EIS), Open Circuit potential 

(OCP), Potentiodynamic polarization (Tafel plot) measurements were performed to 

investigate the corrosion resistant behavior of the coating. Experiments were 



CHAPTER - 3
 

86 
 

performed with respect to time and temperature of exposure to corrosive 

environment. 

 

3.8.2.1  Polarization measurement (Tafel Plot)study of PVAc-CaCO3 coating : 

The corrosion of steel substrate was estimated for each type of coated 

specimen by monitoring the open circuit potential (OCP) versus the exposure time to 

the corrosive environment. Plots of this evaluation with reference to a saturated 

calomel electrode (SCE) are given for specimens coated with pure PVAc, composites 

of PVAc with CaCO3 nanoparticles and PVAc with commercial CaCO3. 

Figure 3.12 shows Tafel plots of PVAc coating containing nano and 

commercial CaCO3 having different concentration. The open circuit potential 

determined from these plot recorded after different time of exposure to hot 3.5 % 

NaCl solution are indicated Figure 3.13. It is seen that the OCP is initially high and 

more anodic in all cases with respect to bare steel (-0.6V SCE).  Further, the OCP is 

more anodic in the case of nano-particulate filled coatings than the unfilled or macro-

particle filled composite coatings. This suggests that nanocomposites have better 

corrosion resistance than ordinary coatings. After prolonged exposure the OCP 

progressively shifts to more cathodic regions in all cases.  This is due to increasing 

penetration of the corrosive ions into the coating and reaching the metal-polymer 

interface, where the corrosion reaction takes place. Increase in penetration can be due 

to defect formation, breakdown of barrier and diffusion of ions. It can be seen that in 

case of pure PVAc the OCP is initially -0.05V SCE but after 50 hrs it shifts to -0.4V 

SCE (closer to bare steel).  In the coatings containing commercial CaCO3, there is 

similar shift but it depends on the concentration of the filler. At 7% of CaCO3, the 

shift is seen but it is more anodic than pure PVAc. On the other hand for higher 

concentration of CaCO3, it is even lower than pure polymer and takes place within 40 

hrs.  This suggests that more number of defects created and also the structure is more 

pervious to ion penetration. This can arise from non-uniform distribution of particles 

and aggregate formation.  It is interesting to note that for nano-particle CaCO3, the 

shift of OCP is much less and quite anodic as compared to the pure PVAc as well as 

PVAc + commercial CaCO3.  It is evident that the nanocomposite coatings have much 
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better barrier properties and do not allow the corrosive ions / water to permeate 

through. The shift in the OCP to the potential more noble than the original bare steel 

increases with the increase in the concentration of nanoparticles.  
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Figure 3.12 :  Potentiodynamic polarization plots (Tafel) for different composition of  
                       PVAc – CaCO3 coating after 135 hrs at 450 C exposed to 3.5% NaCl  
                        solution 
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Figure 3.13 :  Time dependence of corrosion potential of PVAc - CaCO3 coating at  
                       450 C immersed in 3.5% NaCl solution 
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High OCP value compared to the plain PVAc as well as commercial CaCO3 

coating clearly indicate the high corrosion protection provided by the nano CaCO3 

coating.  This is due to formation of more compact micro-structure of the coating as 

compared to commercial CaCO3 coating.  

 
Table 3.5 :  Study of OCP of different composition of PVAc - CaCO3 nanocomposite    
                   coating at various temperatures like 450 C and 550C 

 Composition Clear 

 

Nano3% 

 

Nano5% 

 

Nano10% 

 

Comm5% 

 

Comm10% 

 

Comm20% 

 TEMP.°C TIME(Hrs) 

 

 

45 

 

 

0 0.16 0.35 0.35 0.35 0.22 0.17 0.13 

30 -0.22 -0.04 0.00 -0.12 -0.18 -0.20 -0.25 

60 -0.35 -0.19 -0.14 -0.25 -0.28 -0.31 -0.36 

90 -0.36 -0.23 -0.18 -0.27 -0.30 -0.33 -0.37 

135 -0.35 -0.27 -0.24 -0.29 -0.33 -0.35 -0.38 

 

 

55 

 

 

0 0.045 0.15 0.166 0.125 0.082 -0.03 0.069 

30 -0.29 -0.26 -0.29 -0.32 -0.41 -0.36 -0.44 

60 -0.38 -0.3 -0.35 -0.31 -0.34 -0.38 -0.26 

90 -0.33 -0.3 -0.29 -0.31 -0.34 -0.35 -0.44 

135 -0.38 -0.32 -0.28 -0.33 -0.36 -0.39 -0.43 

 

In order to accelerate the corrosion process, the studies were carried out at 

different temperatures. Table 3.5 gives the values for, the OCP of pure PVAc , nano 

and commercial CaCO3 coating exposed to saline electrolyte at different temperature 

and time . It indicates that as temperature is increased, the OCP shifted towards more 

cathodic side for all compositions. The OCP remains more anodic side for nano 

coating whereas it is shifting towards more cathodic side of pure PVAc and 

commercial CaCO3 coating. The variation of OCP with temperature and time which 

is shown in figure  The change in OCP with pure PVAc, nano and commercial CaCO3 

at different temperature (45° C and 55° C) shows that OCP decreases as the 

temperature increases. Since the glass transition temperature of PVAc is about 55° C, 

there is large change in the OCP and corrosion current as the temperature is increased 

beyond Tg. The fillers, especially nanoparticle fillers like CaCO3 raise effectively Tg 

due to physical crosslinking and reduction in free volume. In such cases there is more 

compactness of the coating and less temperature variation of these properties. 
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Commercial macro-particles on the other hand, are coarse and form aggregates, 

defects more easily which leads to poorer performance. 

 
 
 

 
 

Figure 3.14 :  Time dependence of corrosion current of PVAc - CaCO3 coating at 450C  
                        immersed in 3.5% NaCl saline solution 
   

The corrosion current (Icorr) was determined from the Tafel plots for  pure 

PVAc, nano and commercial CaCO3 containing coatings and its variation with time 

indicted in Figure 3.14.  The initial value of Icorr for all coating which is low, in the 

range of 10-11 to 10 -12 increases rapidly of unfilled and commercial CaCO3 filled 

coatings after exposure to corrosive saline conditions. On the other hand for 

nanoparticle filled coatings there is little change in the Icorr value especially for filler 

content of 5%. Interesting to note that in some of these nano-composite coatings, 

there appears to be some self healing effect as well i.e. the Icorr value decreases after 

exposure to saline condition (see 10% nano CaCO3 curve). This may be due to ion 

exchange between the nano CaCO3 and the -OH groups of PVAc which are 

invariably present in this polymer.  This in turn helps in the formation of protective 

coating at the metal – polymer interface. 
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Table 3.6 : Study of corrosion resistivity by corrosion current with different     
                   compositions of PVAc - CaCO3 nanocomposite coating at different  
                   temperatures like 450 C and 550 C 
 
 Composition  

clear 
  

Nano3% 
  

Nano5% 
  

Nano10% 
  

Comm5% 
  

Comm10% 
  

Comm20% 
  

TEMP.(°C) 
TIM

E 
(Hrs) 

 
 

45 
 
 

0 2.52E-13 4.96E-12 2.90E-11 2.02E-11 3.42E-12 9.61E-12 0.00E+00 
30 6.00E-10 5.65E-11 2.75E-11 9.19E-13 2.93E-11 5.04E-12 5.99E-08 
60 1.72E-08 7.46E-11 1.00E-11 1.79E-10 6.67E-10 5.25E-10 1.44E-08 
90 2.44E-08 2.12E-10 2.67E-11 1.82E-11 3.19E-10 1.54E-08 3.15E-08 
135 2.29E-08 2.13E-10 2.21E-11 4.49E-11 1.42E-09 3.98E-09 2.83E-08 

 
55 
 
 
 

0 5.13E-12 4.57E-12 1.04E-10 2.16E-11 5.65E-11 1.00E-11 1.50E-11 
30 1.36E-10 4.17E-10 8.96E-09 7.61E-11 3.26E-10 2.41E-09 3.89E-08 
60 2.02E-10 8.71E-11 2.27E-09 1.81E-09 1.14E-10 2.48E-09 4.94E-09 
90 1.38E-09 5.25E-10 5.42E-09 2.82E-09 9.86E-09 4.44E-09 5.52E-08 
135 2.13E-08 6.59E-09 6.95E-09 3.91E-09 1.45E-09 2.41E-08 9.58E-09 

 
3.8.2.2  Electrochemical impedance study of PVAc-CaCO3 coating : 

For any anticorrosion coating,  the charge transport mechanism is very 

important and critical to lead to barrier formation, especially electrostatic potential 

barrier at the interfaces, grains etc. The real part of impedance of   the coating  ( /Z/ )  

give the information on these internal charge transport phenomena.   
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Figure 3.15 :  Frequency dependence of impedance log /Z/ for different composition 
nano and commercial PVAc - CaCO3 coatings after 135 hrs. 
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Nano CaCO3 coating has higher resistance than the coatings with pure PVAc 

especially at low frequency which is associated with ionic transport through the film. 

All coatings have a higher impedance on initial immersion in the electrolyte close to 

109
 as shown in Table 3.7. However as immersion time increases the pure PVAc 

and commercial CaCO3 degrades more quickly than that of the nano CaCO3 coating 

and after around 90 hours the pure PVAc and commercial coated substrates show 

similar resistance, around 105
. One possible reason for this continued corrosion 

protection via the nano CaCO3 coating due to the coating having compact 

nanostructure sealing and penetration of corrosive species is very difficult so that 

after 100 hours the coating resistance is >108 . This also suggests that there is much 

lower ionic conductivity in the nano-composites than macro-particle composite 

coatings.  Here again, the self healing effect is seen i.e. the impedance decreases 

slightly first but on prolonged exposure, the impedance again increases which 

indicates there is a protective layer created within the matrix and or near the interface 

due to the chemical reaction between the ions and internally liberated calcium ions. 

This effect is very much pronounced in the nano-particle CaCO3 filled coatings with 

>5% fillers.  

 

Figure 3.16 :  Time dependance of impedance of PVAc - CaCO3 coating at 450 C 

immersed in 3.5% NaCl solution 

 
 
 



CHAPTER - 3
 

92 
 

Nano ccoating has higher resistance than the coatings with pure PVAc 

especially at low frequency which is associated with ionic transport through the film. 

All coatings have a higher impedance on initial immersion in the electrolyte close to 

108
 as shown in Table 3.7. However as immersion time increases the pure PVAc 

and commercial CaCO3 degrades more quickly than that of the nano CaCO3 coating 

and after around 90 hours the pure PVAc and commercial coated substrates show 

similar resistance, around 105
. One possible reason for this continued corrosion 

protection via the nano CaCO3 coating may be due to the fact that coating having 

compact nanostructured sealing and penetration of corrosive species is very difficult 

so that after 90 hours the coating resistance is 1008 . 

Table 3.7 :  Study of corrosion resistance by bode plot of different compositions of  
                   PVAc - CaCO3 nanocomposite coating at various temperatures like 45 o C  
                   and  55o C 
 
composition   

clear  nano3%  nano5%  nano10%  Comm5%  comm10%  comm20% 
TEMP.(°C) 

TIME
(Hrs) 

45 

0  9.74E+08  3.82E+08  6.16E+08  5.69E+08  9.28E+08  7.15E+08  8.10E+08 

30  5.76E+06  2.18E+08  3.62E+08  1.67E+08  5.36E+08  1.07E+08  1.64E+05 

60  2.45E+05  3.65E+08  4.97E+08  6.58E+08  8.73E+08  1.96E+08  4.76E+08 

90  3.74E+05  2.98E+08  1.03E+08  3.86E+08  2.01E+07  1.45E+05  4.73E+05 

135  3.52E+05  2.21E+08  7.25E+07  3.36E+08  5.28E+06  2.45E+06  2.45E+06 

55 

0  1.41E+08  1.36E+08  7.18E+08  1.81E+08  5.32E+08  7.30E+08  9.85E+08 

30  4.95E+06  1.13E+07  7.60E+06  3.86E+06  2.44E+06  6.36E+05  1.96E+05 

60  1.19E+05  9.17E+06  5.13E+06  5.44E+06  1.81E+06  1.68E+06  8.50E+05 

90  4.27E+05  6.96E+06  2.41E+06  1.63E+06  1.25E+06  7.43E+05  2.22E+05 

135  6.04E+05  6.60E+06  2.15E+06  3.35E+06  1.58E+06  7.58E+05  7.60E+05 

Nano CaCO3 coating has higher resistance than the coatings with pure PVAc 

especially at low frequency which is associated with ionic transport through the film. 

All coatings have higher impedance on initial immersion in the electrolyte close to 

1008
 as shown in Table 3.8. However as immersion time increases the pure PVAc 

and commercial CaCO3 degrades more quickly than that of the nano CaCO3 coating 

and after around 90 hrs the pure PVAc and commercial coated substrates show 

similar resistance, around 105
. One possible reason for this continued corrosion 

protection via the nano CaCO3 coating may be due to the fact that coating having 
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compact nanostructured sealing and penetration of corrosive species is very difficult 

so that after 90 hours the coating resistance is 1008 . 

Amongst the various mechanisms for deterioration of  barrier coatings, 

physical defect formation during prolonged exposure to corrosive atmosphere is very 

important factor. In order to investigate these effects by impedance spectroscopy, the 

Bode plot is generally used.  Figure 3.17 shows the phase angle with frequency for 

coatings containing various concentration of nano and macro particulate CaCO3 filler 

after exposure to saline conditions at 45°C for 135 hrs. The increase of phase angle at 

high frequency region is indicative of defect formation in the coating. Figure 3.18 

shows the variation of phase angle at high frequency with respect  to time of exposure 

to corrosive conditions . This is very evident in the coatings containing macro-particle 

CaCO3 where the phase angle rapidly shifts to upper side giving a broad band peak 

while there is no such change in the nano-particle containing coatings which remain 

intact.. The ease of defect formation in the macro-particle filled coatings is due to 

large amount of fillers as well as aggregate formation leading voids and micro-cracks 

which expand during aging / corrosion testing.  
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Figure 3.17 : Frequency dependance of phase of different composition of nano and  
                      commercial PVAc - CaCO3 filled coatings after 135 hrs. 
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Figure 3.18 :  Time dependance of phase of PVAc - CaCO3 coating  at 450 C immersed  
                       in 3.5% NaCl  solution 

 
Table 3.8:  Study of coating degradation by phase angle of different compositions of    
                  PVAc - CaCO3 nanocomposite coating at different temperatures like 45 o C  
                  and 55 o C 
 
Composition  clear 

 
nano3% 

 
nano5% 

 
nano10% 

 
Comm5% 

 
comm10% 

 
comm20% 

 TEMP.(°C) TIME 
(Hrs) 

 
 

45 
 
 

0 -101.8 -102.9 -102.4 -102.1 -102.5 -102.4 -102.2 

30 -97.2 -99.2 -99.2 -98.1 -98.9 -97.9 -46.2 

60 -33.8 -99.8 -99.6 -99.3 -97 -98.5 -46.2 

90 -32.6 -98.8 -95.9 -97.8 -96.4 -42.9 -45.1 

135 -34.3 -98.3 -97.3 -98.1 -58.9 -55.7 -39.6 

 
55 
 
 
 

0 -106.7 -106 -104 -103.7 -105.7 -105.4 -105.1 

30 -93.4 -89.8 -79.4 -86.3 -98.5 -98.5 -74.9 

60 -38.9 -90 -77.5 -64.6 -70.4 -98.4 -56.2 

90 -34.5 -87.4 -66.1 -56.6 -70.2 -74.9 -30.9 

135 -40.7 -76.5 -64.8 -64.7 -62.7 -41.4 -35 

 
Effect of temperatures on coating stability was studied for different particle 

size and concentration as shown in Table 3.8. It was observed that with increase in 

temperature phase angle value is increases and changes in phase angle value was 

more with increase in size of particles and with increase in temperature. At higher 

temperature, effect of particle size on phase value nullifies and phase value varies 

drastically. This could be attributed to sudden increase in mobility of charge tranport 

suggesting defect formation and ion penetration in the film. 

 



CHAPTER - 3
 

95 
 

3.8.3 Optical Microscopy study of PVAc- CaCO3 nanocomposite coating: 

Optical microscope reflectance mode images of coatings are shown in Figure 

3.19 for Nano 3% and macro-particle 10%. Extensive damage of the latter after 

exposure to corrosive conditions is seen. However, nanoparticle composite coatings 

remain intact with very small micro-defects under similar conditions of corrosive 

atmosphere. These results corroborate the above conclusions as regards defect 

formation 

Nano 3%                                                              Comm. 10% 

      
 
Figure 3.19 :  Optical microscope images of PVAc - CaCO3 coating after 135 hrs   
                       at 45o C exosed in 3.5% saline solution 
 
3.9 Preparation of PVB-CaCO3 nanocomposite coating for optical  
          and corrosion studies : 

Poly (vinyl butyral) (PVB) is a member of the class of poly (vinyl acetal) 

resins. It is derived by condensing poly (vinyl alcohol) (PVA) with butyraldehyde in 

the presence of a strong acid. PVA reacts with the aldehyde, to form six-membered 

rings primarily between adjacent, intra molecular hydroxyl groups, Furthermore, PVB 

has excellent adhesive properties with many materials such as glass, metal, plastics 

and wood. Resistance to penetration by natural wood oils, film clarity, heat 

sealability, adhesion to a variety of surfaces, chemical and solvent resistance, physical 

toughness [45-47]. Thus, PVB is widely used as paint, an adhesive agent, a printing 

paste and a film sandwiched in a safety glass for automobiles [48]. Wash primer, Foil 

Coatings [49], Wood Paints [50], Leather Paints [51], Stoving Paints [52], Printing 

Inks, Hot-melt Adhesives, Ceramic Binders, transfer Paper for Textile, Powdery 

Paints, and Adhesives [53]. 
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Fu et al. prepared silica/PVB hybrid material and used as a support of ternary 

europium complexes and phenanthroline [54]. A new type of coating for 

manufacturing DNA chips was constructed of the basis of an organic-inorganic 

nanocomposite based on the polyvinylbutyral-tetraethoxysilane copolymer. The 

organosilicon composite was functionalized by introduction of ethanolamine vinyl 

ether copolymers, which contain amino groups and anchor vinyloxide units capable 

of reacting with silanol groups of the nanocomposite [55]. In the case of PVB, there is 

a possibility to deteriorate its good optical and adhesive properties [56]. Excess noise 

in a drop-coated poly (vinyl butyral) carbon black nanocomposite gas sensitive 

resistor [57]. 

3.9.1 Optical properties of PVB- CaCO3 nanocomposite coating: 

Among the optical properties for coating, gloss plays very crucial role. Gloss 

property is depend on surface of the coating. The particle size distribution of particles 

influences the packing structure. A narrow distribution results in a bulky structure 

whereas a polydisperse pigment packs with a higher density. Figure 3.20  shows the 

variation of gloss at 60 of nano CaCO3-PVB coating. It was observed that the gloss of 

commercial CaCO3-PVB coating dropped with increase filler loding. Compared the 

result with nanocomposite coating, we seen that with gloss level of  nano CaCO3 

coating much better than commercial CaCO3 coating. When we compared 7% loading 

both nano and commercial, the gloss dropped drastically in commercial but in 

nanoCaCO3 it has been higher side, due to better dispersion of nanoparticle in  
coating. But in case of commercial CaCO3, due to higher particle size and rough 

surface of particles having more porosity and surface roughness. 
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Figure 3.20 :  Comparison of gloss between commercial and nano CaCO3 - PVB  
                      coating at 600 angle 
 

We found smoothness of nanocomposites coating due to reduced down 

porosity. Porosity is depending on compactness of film, which is affect by particle 

size and loading of nanoparticles. Comparison between nanocomposite coating films 

with commercial was studied.  We observed that the gloss level decreased drastically 

above than 5% loading of nanoparticles because of agglomeration of nanoparticles. In 

case of commercial filler due to higher particle size the surface smoothness is uneven 

and porosity is high so gloss level is decreased.  

3.9.2 Corrosion resistance investigation of PVAc - nano CaCO3 Coating : 

PVB-nanocomposite coating was prepared by different percentage loading of 

CaCO3 nanoparticles. We studied the barrier properties of coating. The barrier 

properties studied by electrochemical method, which include polarization 

measurement and electrochemical impedance spectroscopy. 

3.9.2.1 Polarization measurement (Tafel Plot) study of PVB-CaCO3 coating : 

 In Figure 3.21, i.e. in the tafel plot, which shows open circuit potential of 

PVB coating. Effect of particle size after 300 hrs was observed by OCP, The 

measurements were carried out at an accelerated temperature at 450 C and compared 

with commercial particulates. 
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The Tafel plot show that the nanocomposite coating shows potential at anodic 

side (0.051V, -0.106V and -0.136V) indicating the good barrier properties even after 

300 hrs. In case of coating without filler loading, OCP is more negative as compare to 

nanocomposite coating (-0.269V). Commercial coating is totally shifted towards 

more negative (cathodic side) which indicating poor barrier properties of the coating 

(-0.324,-0.354, -0.340) which is shifted towards to that of bare steel (-0.5V).  

 

 
Figure 3.21 :  Potentiodynamic polarization plots (Tafel) for composition of PVB –  
               CaCO3 coating after 150 hrs immersion at 450C exposed to 3.5% NaCl  
               solution 
 
OCP w.r.t. time of clear epoxy, commercial CaCO3 and nanocomposite coating 

shows in Figure 3.22. The OCP gradually decreases after 40 hrs and remains constant 

thereafter however commercial further drops gradually above 125 hrs. Coating 

without any filler follows similar trend with time as observed in commercial coatings. 

In nanocomposite coating the OCP dropped initially very nominal till 75 hrs and 

remain steady thereafter upto 150 hrs also indicating nanocomposite coating exhibits 

good compact structure which restricts transport of the corrosive ions through the 

coating. This trend was observed in case of 1% to 10% loading of nanoparticles. 

Though trend of corrosion resistance observed was similar but from Figure 3.22 it 

appears that resistance to corrosion of nano 1% is less than nano 5% but better than 

commercial particulates and coating without any fillers.  Lower resistance nano 1% 
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than nano 5%; could be because of less effectiveness nanoparticles due to less no. 

nanoparticulates present in per square unit area of coating. However if 

nanoparticulates loading when increased upto 10%; corrosion resistance slightly 

decreases which might be because of exceeding critical pigment volume 

concentration (cpvc). 

 
Figure 3.22 :  Time dependence of corrosion potential of PVB - CaCO3 coating  at    

                       45 0 C exposed to 3.5% NaCl solution 

 
3.9.2.2 Electrochemical Impedance analysis of PVB - CaCO3 coating: 

The corrosion properties of the PVB coating was characterize by EIS. The test 

was carried out for over 150 hrs at 45oC with 3.5% NaCl solution for different 

percentage loading of nanoparticulate and commercial micro particulates, which was 

compared with clear or coating without any fillers. It was observed that particle size 

plays very crucial role in corrosion properties as shown in Figure 3.23  

Comparison between nanocomposite coating films with commercial was 

studied, and it was found that the coating with nano fillers with 1%, 5% and 10% 

loading overall corrosion properties are improved i.e., initial resistance. But as can be 

seen from Figure 3.23, at nano 1%, corrosion resistance is improved compared to 

clear coating (i.e., without any fillers) and commercial coating; nano 5% coating 

shows better resistance than nano 1% when further loading was increased i.e., upto 

nano 10%, its resistance decreased but still exhibited better properties than 

commercial and clear coatings. 
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Figure 3.23 :  Frequency dependence of impedance log /Z/ for different composition  
                       nano and commercial PVB  - CaCO3 coatings after 150 hrs. 
 

Whereas in case of commercial coating comm. 5%, exhibited similar 

properties as that of clear coating, here added advantage over clear coating is that 

while maintaining the corrosion properties, cost of the coating can be reduce, 

however when loading was further increased to comm. 10%, resistance decreased, 

which could be attributed to effect of large particle size. We found that 

nanocomposites coating increases resistance due to reduced down porosity, which 

again depends on compactness of film, which is affected by particle size and 

percentage loading of nanoparticles. 

The coating impedance with time (Figure 3.24) was somewhat stable over this 

time period in clear and commercial coating. There was a gradual decrease upto 50 

hrs for the solution resistance, which is consistent with time till after 150 hrs.  

The drop is believed to be due to micron size of commercial filler, which allows the 

corrosive ion to penetrate due to high porosity. About coating containing 

nanocomposite all plot exhibited high resistance of coating at low frequencies. Since 

these higher impedance values correlate to the coating resistance. The overall trend 

for the coating resistance is decreasing. 

 



CHAPTER - 3
 

101 
 

 
 
Figure 3.24 :  Time dependence of impedance of PVB-CaCO3 coating at 45 0C  
                       immersed in 3.5 % NaCl Solution 
 

The coating resistance of PVB-CaCO3 has higher side than the coatings with 

pure PVB especially at low frequency, which is associated with ionic transport 

through the film. So it seen in Figure 3.24 with time, all coatings have higher 

impedance on initial immersion in the electrolyte close to 1009 . However as 

immersion time increases the pure PVB and commercial CaCO3 degrades more 

quickly than that of the nano CaCO3 coating and after around 90 hrs the pure PVB 

and commercial coated substrates show similar resistance, around 1006 and 10 
05 respectively. One possible reason for this continued corrosion protection via the 

nano CaCO3 coating may be due to the fact that coating having compact 

nanostructured sealing and penetration of corrosive species is very difficult so that 

after 90 hrs the coating resistance is 10 08 . 

The phase angle shows that the degradation of film due to attack of corrosive 

species from figure 3.25, it shows that phase value at initial stage is -90o to -95o for 

all compositions including clear PVB and commercial CaCO3 continuing same 

experiment up to 150 hrs, 
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Figure 3.25 :  Time dependance of phase of PVB-CaCO3 coating at 45 0C immersed  

                       in 3.5%  NaCl solution 

 
We observed that after 90 hrs phase value changes drastically in case pure 

PVB and commercial coatings were -70 and -80o respectively, which shows the 

degradation of the film considerably. Similar pattern was observed when continued 

upto 150 hrs. In case of nano CaCO3, 5% loading, it was observed that after 90 hrs 

phase values were around -90o and after 150 hrs -88o which shows the coating 

resistance against corrosive species is more because the film of CaCO3 

nanocomposite coating is still not degraded. 

3.10 Conclusion : 
Calcium carbonate nanoparticles have been synthesized using polymer 

mediated growth technique. These have been characterized for their structure, particle 

size and optical properties. The effect of polymer molecular weight, molar ratio with 

the initial reactant, blending on the calcium carbonate produced has been studied. 

There is clear shift in the particle size to nano region with increasing molecular 

weight of  PEG used and blending this with PVAc further reduces the calcium 

carbonate size which is  formed in the matrix. The coatings incorporating this 

nanoparticulate calcium carbonate exhibit much superior optical properties in terms 

of gloss and whiteness. These coating also have much higher corrosion resistance 

than the coatings containing commercial calcium carbonate.  
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CHAPTER 4 
 

 
4.1  Introduction : 
 

Iron being one of the transition elements, exhibits very peculiar 

characteristics, due to various oxidation states, because of which various transitions 

occurs, which further affects on its magnetic and structural polymorphism. Iron is 

available in abundance, it comprises of more than 80% of the metals available. 

The iron oxide (Fe2O3), the most common oxide of iron comprises some 

important magnetic properties. The existence of amorphous Fe2O3 and its four types 

of polymorphs (alpha, beta, gamma and epsilon) is well established [1]. The most 

frequent polymorphs structure “alpha” (hematite) possesses a structure in the form of 

rhombohedra-hexagonal. Prototype corundum structures and cubic spinel structure 

“gamma” (magnetite) have been found in nature. Hematite has strongly 

antiferromagnetic properties. Gamma Fe2O3 (magnetite) is the ferromagnetic cubic 

form of Fe (III) oxide and it differs from the inverse spinel structure of magnetite by 

having vacancies on the cation sublattice. In time, at room-temperature, the 

maghemite turns into hematite crystalline structure. 

Magnetic nanoparticles have been attracting much interest as a labeling 

material in the fields of advanced biological and medical applications such as drug 

delivery, magnetic resonance imaging and array-based assaying [2]. Iron oxides often 

form only minute crystals, both in natural environments and when produced 

industrially. They have, therefore, a high specific surface area, often > 100 m2/g, at 

which the so called functional groups are exposed; this makes them effective sorbents 

for a large range of dissolved ions, molecules and gases [3].  

The use of nanosized inorganic iron oxide  particles is particularly attractive 

with the aim of improving the properties of polymers such as appearance, chemical, 

mechanical etc. by controlling the degree of interaction between the polymer and the 

nanofiller [4]. Coating properties can be markedly improved by replacing 

conventional pigments with nanosized particles, thus improving properties. In 

contrast to micron Fe2O3, nano-Fe2O3 added coatings not only improves their coloring 
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ability, transparency, and UV resistance but also results in new properties, including 

antibacterial and self-cleaning properties. However, little research has been carried 

out on the effect of nano-Fe2O3 on barrier properties [2]. 

Nanoparticles are prone to aggregate because of the high surface area-to 

volume ratio, which affect their application. The synthesis of inorganic nanoparticles 

with controlled morphology has attracted great interest due to its important 

application in various fields.  Use of iron-oxide nanoparticles is particularly 

interesting, due to the excellent hiding power and long-term outdoor exposure 

properties. Iron oxide is characterized as being lightfast and by its excellent chemical 

resistance. Iron oxide pigments with extremely small particle diameters are used in 

metallic-effect coatings and transparent paints [5]. 

The electrochemical testing of coated mild steel substrates indicated that the 

nano-scale additive imparted high corrosion resistance of the coating relative to the 

commercial grades. In one of the examples, the coating containing the nano-scale 

additive withstood a harsh chloride-laden environment at 50°  C even for 8 hours, 

whereas the coating containing the commercial-grade additive failed immediately 

within 1 hour. 

4.2  Synthesis of Nanoparticles of Iron Oxide using PEG with  
           different Molecular Weights : 

The polymer mediated growth technique (PMG) is a versatile route to obtain 

functionalized nanoparticles that involves a two-step processes, whereby polymer 

(PEG)-protected nanoparticles are initially synthesized followed by partial or 

complete exchange with the   functionalized ligands in subsequent steps [6-10]. The 

first step allows controlling the particle size through the stoichiometry of the metal 

salt and the capping ligand (such as PEG 4000, 6000, 20000 and 35000). In the 

second step, incorporation of second reactant forms relevant metal oxide and sodium 

hydroxide solution is added to form Fe2O3 nanoparticles. 

The nano-particle of ferric oxide was initially prepared by forming complex of 

ferric chloride (FeCl3) with Polyethelyene glycol (PEG) in molar ratio of 1:12 and 

then reacting the same with stiochiometeric proportion of sodium hydroxide. 
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Typically, the polymer viz., polyethylene glycol (PEG MW 35000, 20000, 6000, 

4000) and stiochiometry ratio is defined with Fe3+ which will be reacted with 

monomer of polymer (1:1, 1:3, 1:6, 1: 12.1:24).    

From Table 4.1 it can be seen that the particle size of Fe2O3 decreases with 

increasing molecular weight of PEG. As molecular weight increases, the diffusivity 

was observed to decreasing.  Lower the molecular weight of polymer, smaller the 

length of polymer and hence tends to stay away from each other. The path for freely 

moving sodium and hydroxyl in the solution gets easier. Thus, the resistance to the 

movement of sodium and hydroxyl is less. As a result, sodium  and hydroxyl ions 

diffuse more freely and hence diffusivity is more. The viscosity and binding of the 

Fe(III) ions within the matrix are important in the formation of the particles in the 

PMG process. Higher the molecular weight, more is the viscosity and slower is the 

diffusion of the reactive OH- ions. The molar ratio and the segmental motion decide 

the tight binding of Fe(III) in the PEG matrix. If the molecular weight is less, there is 

greater movement of these ions and the probability of their agglomeration leading to 

bigger particle size formation becomes high. This is evident from the variation of 

particle size with molecular weight of the polymer used. 

   
Figure 4.1 : X-ray Diffraction scans of Fe2O3  a) Precipitated Fe2O3 b) PEG4000 
                    c) PEG6000 d) PEG 20000 e) PEG 35000 
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Table 4.1 : Change in crystallite size of synthesized Fe2O3 for different molecular    

                  weights of PEG 

Sample PEG Molecular 
weight 

Crystallite 
Size(nm) 

A 4000 16.5 

B 6000 10.5 

C 20000 7.5 

D 35000 6.2 

E Commercial 
Fe2O3* 78.2 

 
*The commercial grade mentioned in the table is the precipitated grade used for 

coatings.  

4.3  XRD Characterisation of Fe2O3 nanoparticles : 
The size of ferric oxide can be reduced to nanoscale by properly adjusting the 

concentrations of polymer and the reactant. More the molecular weight of the 

polymer, the particle size of Fe2O3 is decreased to a considerable extent. The 

synthesis procedure is discussed in chapter-2. 

Figure 4.1 shows the XRD scans of Fe2O3 synthesized using different 

molecular weight polyethylene glycol. The curves (a), (b), and (c) correspond to 

commercial, PEG 20000 and PEG 35000 respectively, and curve (a) is for 

commercial Fe2O3 having the  α-phase. In case of (b) and (c), the molecular weight of 

PEG is different but composition of the complex remained the same, i.e. 12:1 prior to 

the reaction with FeCl3. All the peaks were identified as those originating from alpha 

ferric oxide. These have been indexed as shown in the figures later.  The peak 

intensities of XRD pattern change with amount of PEG used and its molecular weight 

in the PMG route but the major peaks (110) remain the same. It is clear that the 

crystalline phase of Fe2O3 depends on the synthesis route and the polymer matrix 

used. 
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The prominent peak is considered for crystallite size calculation which is done 

through Scherrer’s equation. It is clear from the scan that the FWHM of is increased 

with increase in the molecular weight of PEG. This is a reflection of reduction in the 

crystallite size of Fe2O3. It can also be seen from the Figure 4.1 that the FWHM of  

peak of commercial ferric oxide is lesser than the one synthesized by PMG technique. 

Table 4.1 describes the crystallite size / particle size reduction of ferric oxide with 

increase in the MW of PEG. The crystallite size decreases from 17 nm to 6 nm when 

the molecular weight of PEG is increased from 4000 to 35000 for a fixed polymer to 

reactant ratio i.e. 1:12. 
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Figure 4.2 : X-ray diffraction scans of  Fe2O3 with different of  molecular  weight of    
                    PEG a) Commercial b) 20000 c) 35000 
 

In order to confirm the above findings, Fe2O3 synthesized by using PEG of 

molecular weights 20,000 and 35,000 was examined by TEM. Fig. 4.3 depict typical 

electron micrograph obtained for Fe2O3 synthesized using 35000 PEG. The tiny 

particles (black spots) of the order of 7 nm embedded in the PEG matrix are clearly 

visible. Higher magnifications could not be used due to instability of the polymer 

matrix under high-energy electron bombardment. 
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Figure 4.3 : Transmission electron microscopy(TEM) image of nano Fe2O3    

                              synthesized by using PEG 35000 
 

The influence of the polymer on the formation of the particular crystalline 

phase of the material formed has been reported previously in several cases [24,25]. In 

the present case, the PEG forms a complex with FeCl3 in which the Fe3+ ions are held 

by the oxygen atoms in the chain by a co-ordination bond. Since the Fe atoms are 

placed only at certain fixed distances, the complex formation governs the subsequent 

growth of the oxide formed after the reaction with alkali. Further, the number of Fe 

atoms available within the nearest neighbour distance depends on the Fe/monomer 

ratio, and hence the particle size of Fe2O3 formed is also influenced by the molecular 

weight of PEG which is shown in Figure 4.4. Increasing the molecular weight of PEG 

results in the reduction of Fe2O3 particle size. 
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Figure 4.4 : Plot of particle size vs. different molecular weight of PEG (4000, 6000,    
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                   20000, 35000) 
 
4.4  Synthesis of Nanoparticles of Iron Oxide using PEG-PVAc  
           Blend :    
 

The synthesis of nano Fe2O3 using PEG has been outlined in Chapter-2. With 

increasing molecular weight of PEG, the distance between the hydroxyl groups which 

are responsible for making complex with FeCl3 is increased. Upon addition of second 

reactant; NaOH, Fe(OH)3 molecules are well separated and on heating, agglomeration 

of nano Fe2O3 is prevented. The agglomeration can further be avoided by blending 

PEG with PVAc as the acetate group further stabilizes the complex formed with 

FeCl3 and hence Fe(OH)3 molecules are well separated resulting in formation of fine 

nano Fe2O3 particles. PEG to PVAc ratio is maintained at 20 wt% and the reactant 

concentration with PEG is maintained at 12:1. Figure 4.5 shows the XRD scans of                              

Fe2O3 with PEG of 35,000 molecular weight, with or without addition of PVAc. It is 

evident from the XRD that with PVAc, FWHM of the more prominent peak is 

increased suggesting more reduction in the crystallite size of Fe2O3. Further the TEM 

picture in Figure 4.6 clearly reveals that the particle size of Fe2O3 with PVAc is 

reduced when compared to Figure 4.2 which is the TEM picture of nano Fe2O3 

synthesized without PVAc. 

 

Table 4.2: Change in crystallite size of synthesized Fe2O3 with 20% PVAc blended  
                 with PEG-35000  
 
 

Sample Polymer used Crystallite 
Size(nm) 

a Without PEG 
Fe2O3 

78.2 

b PEG 35000+ 20% 
PVAc  Blend 5-6 
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Figure 4.5 : X-ray diffraction scan of Fe2O3 a) Without PEG  b) PEG 35000 +20%    
                    PVAc blend 
 
 

 
Figure 4.6 : TEM image of nano Fe2O3 synthesized by PEG 35000:PVAc 20% blend 

4.5  Reflectance spectra of Nano Fe2O3  : 
  

The reflectance spectra of nano Fe2O3 synthesized by PMG technique with 

different molecular weights of PEG were studied and results are compiled in Figure 

4.7. It can be seen that, increasing the molecular weight of PEG results in better 
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reduction in the particle size of synthesized nano Fe2O3. Table 4.3 shows clearly that 

the maximum reflectance is higher in the case of nano Fe2O3 synthesized with PEG of 

35,000 molecular weight.  
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Figure 4.7 : Reflectance spectra of commercial and synthesized nano Fe2O3 with    
                   different  molecular weights of PEG 

 
This is due to more reduction in the particle size of Fe2O3 resulting in increase 

in surface area. This study thus proves that with increasing molecular weight of PEG, 

particle size of Fe2O3 can be reduced to a greater extent. 

 

 Table 4.3: Maximum reflectance value of different Fe2O3 nanoparticles synthesized            
                  by PEG technique 
  

PEG M.W. 
Particle 

size 
Maximum 
reflection 

35000 6.2 83.5 
20000 7.595 61.8 
6000 10.44 47.62 
4000 16.51 30.60 

Without PEG 72.8 23.4 
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4.6  Synthesis of PVAc-Fe2O3 nanocomposite coating for optical  
           and corrosion studies : 
 
4.6.1 Optical properties of PVB- BaSO4 nanocomposite coating : 
 
4.6.1.1 Colour : 

  
One of the optical properties of materials namely the colour changes with the 

particle size of those materials. In  the case of synthesized Fe2O3 with different 

molecular weight of PMG, the colour is changed. This reflects that the particle size of 

Fe2O3 has pronounced effect in the colour. As discussed in Figure 4.3, PMG of 35000 

results in more reduction in particle size. Thus Figure 4.8 clearly shows the colour of 

Fe2O3 becomes more red (yellower) when the particle size reduction is more. 

 

 

 
 

Figure 4.8 : Colour change of Fe2O3 w.r.t.change in particle size   
 
 
4.6.1.2 Gloss : 

Among the optical properties for coating, gloss plays very crucial role in 

appearance. Figure 4.9  shows the variation of gloss at 60 degrees for nano Fe2O3-

PVAc coating and comparison with commercial grade Fe2O3 filled coating.  
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Figure 4.9 : Comparison of gloss between commercial and nanoparticles of Fe2O3 in  
                    PVAc coating at 60o angle  
 

With the increase of loading of nano Fe2O3 ( average particle size of nano 

Fe2O3 is 6 to 7 nm ), gloss at 60o decreases slightly while there is drastic reduction of 

gloss in macro particle containing coatings. It was observed that the coloration of 

commercial Fe2O3-PVAc coating becomes lighter than that of synthesized nano 

Fe2O3-PVAc coating for low filler loading. In nano composite coating, dispersion of 

nano particles is better than commercial Fe2O3, the particle size affects the surface 

smoothness and porosity as well as coloration tint of the coating. 

4.6.2  Corrosion inhibition study of PVAc-Nano Fe2O3 composites : 

Protective coatings which are essential for preventing corrosion of steel 

normally are made of  insulating polymers. When nanocomposites are used as 

protective coatings, the high aspect ratio nano fillers act as barrier for the alkaline 

solution and hence the base steel is protected from corrosion. The corrosion inhibition 

is checked through electrochemical impedance spectroscopy by measuring the 

impedance of the coated steel time to time. If the real part of impedance, decreases 

with increasing time of exposure to saline medium, then coating becomes perforated 

by the salt solution and hence the steel will be corroded [11-12].  Due to 

incorporation of nanoparticles of Fe2O3, the barrier performance of PVAc coatings 
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can be enhanced. The uniform dispersion of nanoparticle in the coating is responsible 

for decreasing the porosity and zigzag path for the diffusion for corrosive species. 

The incorporation of nanoparticles into coating offers environmentally benign 

solutions to enhancing the integrity and durability of coatings, since the fine particles 

dispersed in coatings can fill cavities and cause crack bridging, crack deflection and 

crack propagation [11-13,14]. The small size of the nanoparticles is advantageous 

since it enables their penetration into “ultra-small holes, indentation and capillary 

areas at surface of the metallic subject”.  

4.6.2.1 Polarization Measurement (Tafel Plot) : 

The corrosion of the steel substrate was estimated for each type of coated 

specimen by monitoring the oxidation potential versus the exposure time to the 

corrosive environment. Plots of this evaluation referred to a saturated calomel 

electrode are given for steel coupons coated with composites of pure PVAc, PVAc 

with Fe2O3 nanoparticles and PVAc with commercial Fe2O3. Figure 4.10 shows Tafel 

plots of PVAc coating containing nano and commercial Fe2O3 having different 

concentrations. The open circuit potential determined from these plot recorded after 

different time of exposure to hot 3.5% NaCl solution are indicated in Figure 4.11. 

Open circuit potential (OCP) can be used as a measure of the spontaneity of the 

reaction and an indication of tendency to corrode [15]. It is seen that the OCP is 

initially high and more anodic in all cases with respect to bare steel (-0.56V SCE). 

Initially at 0.0 hrs, the OCP of the nano-Fe2O3 modified coatings remain in noble 

direction (anodic) as compared to the neat coating and commercial Fe2O3 coatings . In 

nanocomposite coating it was observed that after 40hrs the OCP value dropped down 

from -0.16 to -0.200V at 60 hours but after that the OCP value again came up to -

0.16V. This is attributed to formation of some porosity in coating but Fe2O3 

nanoparticle act as corrosion inhibitor which give so called self healing properties of 

nanocomposite coating. This self healing behaviour is more pronounced at 1% and 

3% nano Fe2O3 while for higher concentrations (>10%) this behaviour is decreased 

and the coating is more or less like macro-particle type. This is associated with 

pigment loading > CPVC and agglomeration of particles.  
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The OCP values for the nanocomposite coatings remain on anodic side of 

other coatings even after 145 hours of exposure. (see Figure 4.10) This clearly 

suggests that nanocomposites have better corrosion resistance than ordinary coatings. 

After prolonged exposure the OCP progressively shifts to more cathodic regions in all 

cases. It may be due to the diffusion of corrosive species which leads to 

electrochemical process and hence shift in the OCP values towards the active 

direction [16,17].  This phenomenon can be attributed to increasing penetration of the 

corrosive ions into the coating and reaching the metal-polymer interface, where the 

corrosion reaction takes place. Increasing penetration can be due to defect formation, 

breakdown of barrier and diffusion of ions. It can be seen that in the case of pure 

PVAc the OCP is initially 0.26V SCE but after 40 hrs it shifts to -0.33V SCE (shift 

towards bare steel).  In the coatings containing commercial Fe2O3, there is similar 

shift but it depends on the concentration of the filler. At 1% of Fe2O3, the shift is seen 

but it is more anodic than pure PVAc. On the other hand for macro-size Fe2O3 

especially at higher concentrations, the OCP is even lower than pure polymer and 

takes place within 40 hours.  This is associated with the defects / porosity in the inter-

particulate regions which can lead to ease of diffusion of corrosive ions. The more 

compact microstructure of the nanocomposite coating does not allow this process and 

hence it is more stable as compared to commercial Fe2O3 coating.  

 
 

Figure 4.10 : Potentiodynamic polarization plots for composition of PVAc – Fe2O3   
                     coating after 145hrs immersion at 45o C exposed to 3.5% NaCl solution 
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From these results the amount of nanoparticles was also found to be  relevant 

to the protective characteristic of the film. Thus, with lower quantity of nanosized 

particles incorporated into the PVAc coating, higher protective properties of the film 

are obtained. The most interesting features of these coatings are that these exhibit a 

self healing behaviour as regards corrosion protection. 

 

 
 

Figure 4.11: Time dependence of corrosion potential of PVAc- Fe2O3 coating at 450 C      
                     immersed in 3.5% NaCl solution 

 
Table 4.4: Study of OCP of different composition of PVAc - Fe2O3 nanocomposite  
                 coating at different temperatures like 45o C and 55o C 
  

 Composition Clear 
1%N 
Fe₂O3 

3%N 
Fe2O₃ 

10%N 
Fe₂O3 

7%C 
Fe₂O3 

20%C 
Fe₂O3 

30%C 
Fe₂O3 

Temp.(°C) Time(Hrs) 

0 0.259 0.443 0.463 0.463 0.371 0.496 0.347 
10 -0.023 0.256 0.105 0.2 -0.056 0.276 -0.14 
30 -0.334 -0.144 -0.154 -0.1084 -0.316 -0.315 -0.2 

45 68 -0.384 -0.198 -0.231 -0.116 -0.454 -0.468 -0.3 
91 -0.362 -0.155 -0.236 -0.127 -0.417 -0.405 -0.322 
145 -0.32 -0.125 -0.242 -0.144 -0.407 -0.391 -0.317 
0 -0.042 0.24 0.372 0.278 -0.121 -0.017 -0.03 

10 -0.25 -0.122 0.197 -0.286 -0.228 -0.25 -0.2505 
30 -0.272 -0.125 -0.1538 -0.226 -0.412 0.041 -0.379 

55 68 -0.166 -0.146 -0.174 -0.253 -0.459 -0.281 -0.36 
91 -0.265 -0.1978 -0.1442 -0.1834 -0.4389 -0.3144 -0.3754 
145 -0.324 -0.172 -0.268 -0.175 -0.446 -0.28 -0.333 
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The corrosion current (Icorr) was determined from the Tafel plots for  pure PVAc, 

nano and commercial Fe2O3 containing coatings and its variation with time indicated 

in Figure 4.12.  The initail value of  Icorr for all coating is low; in the range of 10-11 to 

10 -12 A which increases rapidly after exposure to saline conditions, for unfilled and 

commercial Fe2O3 filled coatings. On the other hand, for nanoparticle filled coatings 

there is little change in the Icorr value especially for filler content of <5%. It is 

interesting to note that in some of these nano-composite coatings, there appears to be 

some self healing effect as well i.e. the Icorr value decreases after exposure to saline 

condition (see 1% nano Fe2O3 curve). This may be due to ion exchange between the 

nano Fe2O3 and the -OH groups of PVAc which are invariably present in this 

polymer.  This in turn helps in the formation of protective coating at the metal – 

polymer interface.   

 

 
 

Figure 4.12: Time dependance of corrosion current of PVAc - Fe2O3 coating at 450 C    
                      immersed in 3.5% NaCl saline solution 
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Table 4.5 : Study of Icorr of different composition of PVAc - Fe2O3 coating at     
                  different temperatures like 45o C and 55o C 
  

 Compositio
n Clear 1%N 

Fe2O₃ 
3%N 
Fe2O₃ 

10%N 
Fe2O3 

7%C 
Fe2O3 

20%C 
Fe2O₃ 

30%C 
Fe2O₃ 

Temp.(°C
) Time(Hrs)        

  
  

45 
  
  
  

0 6.02E-11 5.71E-12 6.04E-14 1.37E-11 1.77E-11 2.79E-11 4.09E-11 
10 1.33E-10 3.39E-10 3.31E-11 3.83E-12 9.02E-08 3.51E-10 7.81E-10 
30 6.35E-08 4.46E-11 1.05E-10 2.11E-11 7.72E-08 1.29E-08 2.69E-09 
68 5.10E-08 7.21E-11 1.83E-10 6.23E-11 9.49E-08 2.20E-08 3.45E-09 
91 5.75E-08 3.06E-10 1.78E-10 6.23E-11 7.94E-08 1.48E-08 3.73E-09 

145 5.11E-08 3.85E-10 3.47E-11 2.58E-10 5.42E-08 1.16E-08 6.20E-08 
  
  

55 
  
  
  

0 2.31E-10 5.13E-11 2.24E-10 5.56E-10 9.18E-10 6.47E-09 5.23E-07 
10 3.57E-10 4.36E-11 2.45E-10 1.84E-10 6.49E-08 2.64E-09 7.65E-07 
30 4.02E-10 7.92E-11 1.69E-10 8.12E-10 1.37E-08 2.33E-09 1.25E-06 
68 2.50E-10 1.21E-10 3.35E-10 4.34E-10 4.45E-09 2.17E-09 1.61E-06 
91 2.97E-08 9.22E-10 3.28E-10 7.08E-10 6.57E-09 3.69E-09 2.99E-06 

145 1.34E-08 6.51E-10 8.80E-10 4.95E-10 5.29E-09 4.95E-09 3.06E-06 
 
4.6.2.2 Electrochemical Impedance spectroscopy (EIS) : 

The impedance value of the initial 0.0 hrs exposure for neat coating and the 

nano- Fe2O3 modified coatings remained high at low frequency as shown in Figure 

4.13 and Figure 4.14. Also, the coating resistance which is associated with the uptake 

of water by the coatings has been found to increase during initial stage of immersion. 

Nano Fe2O3 coating has higher resistance than the coatings with pure PVAc 

especially at low frequency which is associated with ionic transport through the film. 

All coatings have higher impedance on initial immersion in the electrolyte close to 

108 as shown in Table 4.6. However as immersion time increases the pure PVAc 

and commercial Fe2O3 degrade more quickly than that of the nano Fe2O3 coating and 

after around 90 hours the pure PVAc and commercial coated substrates show similar 

resistance, around 105 . One possible reason for this continued corrosion protection 

via the nano Fe2O3 coating due to the compact nanostructure sealing of the coating 

and penetration of corrosive species is very difficult so that after 100 hours the 

coating resistance is >107 . This also suggests that there is much lower ionic 

conductivity in nanocomposites than macro-particle composite coatings.  Here again, 

the self healing effect is seen i.e. the impedance decreases slightly first but on 

prolonged exposure, the impedance again increases which indicates there is a 

protective layer created within the matrix and or near the interface due to the 
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chemical reaction between the ions and internally liberated Fe3+ ions. This effect is 

very much pronounced in the nano-particle Fe2O3 filled coatings with 5% fillers.  

The excellent anticorrosion protection of nano-Fe2O3 incorporated coating is 

attributed to their small size and large surface area of the nanoparticles. In addition, 

the coating resistance of the neat coating and nano-Fe2O3 modified coatings after 

145hrs of exposure showed a decrease in their values 106 and 107 respectively. 

However, this suggests that nano- Fe2O3 due to their small size allow large amount of 

resin to get adsorbed on it and reduces the free space between the particle and resin 

thereby delays the diffusion of electrolyte to the coating and increases the resistance 

of the coating.  

 

 
 
Figure 4.13 : Frequency dependence of impedance log lZl  for different composition  
                      nano and commercial PVAc - Fe2O3 coatings after 145 hrs  
 

It can be concluded from Table 4.6 that the corrosion rate at different 

temperatures for commercial and neat coating is higher than that of nano-Fe2O3 

coating. This is attributed to increased compactness of nano-Fe2O3 which all act as a 

barrier for the electrolytes to inhibit corrosion [12, 16, 17, 18]. 
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Figure 4.14 : Time dependence of impedance of PVAc - Fe2O3 coating at 450 C  
                      immersed in 3.5% NaCl solution  
 
 
Table 4.6 : Study corrosion resistance(lZl) of different composition of PVAc - Fe2O3  
                  coating at different temperatures like 45o C and 55o C 
 
Composition 

 
Clear 

1%N 
Fe₂O₃ 

3%N 
Fe₂O₃ 

10%N 
Fe₂O₃ 

7%C 
Fe₂O₃ 

20%C 
Fe₂O₃ 

30%C 
Fe₂O₃ 

Temp.(°C) 
Time
(Hrs)               
0  3.81E+08  2.26E+07  8.40E+07  2.35E+08  4.39E+08  4.14E+07  1.02E+08 
30  1.04E+08  6.24E+07  4.69E+07  1.22E+07  5.34E+05  5.77E+06  1.65E+06 
68  1.02E+07  7.07E+07  8.95E+07  1.01E+07  6.69E+05  1.86E+06  1.40E+05 

45  91  1.49E+07  3.86E+07  5.43E+07  1.11E+07  7.54E+05  8.15E+05  1.24E+05 
125  8.14E+06  2.99E+07  4.70E+07  2.14E+07  8.30E+05  1.27E+05  1.37E+05 
145  2.41E+06  2.71E+07  3.81E+07  1.61E+07  8.59E+05  7.39E+04  1.57E+05 

0  6.04E+08  3.13E+08  3.33E+06  1.88E+06  5.09E+08  1.83E+08  1.11E+06 
30  1.35E+06  4.14E+07  1.73E+07  3.22E+06  4.44E+04  8.85E+06  1.74E+04 

55  68  3.98E+06  2.50E+07  2.90E+07  3.46E+06  1.06E+06  4.58E+06  6.20E+03 
91  5.15E+06  2.41E+07  1.72E+07  3.60E+06  2.14E+06  4.35E+06  4.49E+03 
125  3.16E+06  1.46E+07  1.81E+07  5.84E+06  2.39E+06  6.36E+06  4.24E+03 
145  3.56E+06  9.78E+06  6.91E+06  4.71E+06  7.75E+05  5.63E+06  4.46E+03 

 
Coating film degradation was studied from Bode plots, as shown in Figure 

4.15 and Figure 4.16, which represent the bode plot of coating exposed for 145 hrs 

and time based analysis in 3.5% NaCl solution, respectively. Bode plot shows major 

degradation of the polymer (0 filler) coating and commercial Fe2O3 coating of PVAc, 

which indicate that there was substantial electrolyte to penetration. The phase values 
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of nano- Fe2O3 modified coatings were high as compared to other coatings, 

suggesting that the coatings with nano-Fe2O3 contain no diffusion path for penetration 

of electrolyte.  

 
 

Figure 4.15 : Frequency dependance of phase of different composition of nano and  
                     commercial PVAc - Fe2O3 filled coatings after 145 hrs 
 

Amongst the various mechanisms for deterioration of  barrier coatings, 

physical defect formation during prolonged exposure to corrosive atmosphere is very 

improtant factor. In order to investigate these effects by impedance spectroscopy, the 

Bode plot is generally used. Figure 4.15 shows the phase angle with frequency for 

coatings containing various concentration of nano and macro particulate Fe2O3 filler 

after exposure to saline conditions at 45° C for 135 hrs. The increase of phase angle at 

high frequency region is indicative of defect formation in the coating. Figure 4.16 

shows the variation of phase angle at high frequency with respect  to time of exposure 

to corrosive conditions. This is very evident in the coatings containing macro-particle 

Fe2O3 where the phase angle rapidly shifts to upper side giving a broad band peak.  It 

may be attributed that the coating might had undergone some structural deformation 

due to uptake of saturated electrolyte during long exposure to the test solution. This 

results into electrochemical process on the metallic interface leading to the loss of 

coating adhesion. While addition of nano-Fe2O3 provides longer diffusion paths in the 
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film for the water and corrosive ions to arrive at the substrate and maintains the 

integrity of the coatings [20–21], there is no such change in the nano-particle 

containing coatings which remain intact. The ease of defect formation in the macro-

particle filled coatings is due to large amount of fillers as well as aggregate formation 

leading voids and micro-cracks which expand during aging / corrosion testing.  

 

 
 
Figure 4.16 : Time dependance of phase of PVAc-Fe2O3 coating at 450 C immersed in  
                      3.5% NaCl  solution 
 

From Table 4.7 coating tested after exposure to saline at temperature 45 and 

55o C, it is seen that there is enhanced corrosion protection effect of PVAc/nano-

Fe2O3 coatings on the metallic surface as compared to the pure PVAc based coatings 

might probably resulting from the enhancement of the adhesive strength of nano-

Fe2O3 modified coatings on the mild steel substrate relative to that of neat 

coating[22].  

For any anticorrosion coating, the charge transport mechanism is very important and 

critical to lead to barrier formation, especially electrostic potential barrier at the 

interfaces, grains etc. The real part of impedance of   the coating  ( /Z/ )  give the 

information on these internal charge transport phenomena. 
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Table  4.7 : Study of degradation of coating (Phase) of different composition of PVAc  
                   - Fe2O3 coating at different temperatures like 45o C and 55o C 

 

   Composition  Clear 
1%N 
Fe₂O₃ 

3%N 
Fe₂O₃ 

10%N 
Fe₂O₃ 

7%C 
Fe₂O₃ 

20%C 
Fe₂O₃ 

30%C 
 Fe₂O₃ 

Temp.(°C)  Time(Hrs)                      

   0  ‐101.4  ‐106.6  ‐105.1  ‐104.3  ‐96.2  ‐94.7  ‐101.8 
   30  ‐94.9  ‐96  ‐96  ‐95.1  ‐56.9  ‐57.2  ‐48 
45  68  ‐89.1  ‐96.4  ‐96.2  ‐96.3  ‐43.1  ‐37.4  ‐42.6 
   91  ‐87.3  ‐96.9  ‐96.1  ‐96.1  ‐44.1  ‐36.2  ‐43.3 
   125  ‐84.1  ‐96.5  ‐96  ‐96.3  ‐45.6  ‐34.9  ‐39.8 
   145  ‐74  ‐97.1  ‐95.5  ‐96.1  ‐50.5  ‐38.2  ‐37.1 

   0  ‐96.8  ‐105.3  ‐105.1  ‐106.7  ‐95.1  ‐103.2  ‐72.9 
   30  ‐58.8  ‐97  ‐96.4  ‐89.9  ‐86  ‐95.7  ‐60.3 
55  68  ‐65.3  ‐94.8  ‐95.6  ‐96.1  ‐66.9  ‐86.8  ‐35.6 
   91  ‐78.1  ‐95.9  ‐94.9  ‐94.6  ‐69.1  ‐84.3  ‐38.5 
   125  ‐76.4  ‐95.5  ‐94  ‐94.3  ‐75.4  ‐87  ‐48.5 
   145  ‐69.5  ‐95.6  ‐93.9  ‐94  ‐57.5  ‐86.5  ‐32.5 

 
4.6.3  Optical Microscopy study of PVAc-Fe2O3 nanocomposite  
             coating : 

Optical microscope images were studied for nanocomposite coatings analysis 

at different loading, representative images of coatings are shown in Figure 4.17 for 

nano 5% and Commercial 7%. Extensive damage was observed for commercial 7 % 

nanocomposite coating when exposed to corrosive conditions.  However, nanoparticle 

composite coatings remain intact with very small micro-defects under similar 

conditions of corrosive atmosphere. These results correlate the above conclusions as 

defect formation.  

 5% Nano Fe2O3                                           7% Commercial Fe2O3 

                                               
 
Figure 4.17 : Optical microscope images of PVAc - Fe2O3 coating after 145 hrs at               
                      45o C exposed in 3.5% saline solution 
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4.7 Corrosion inhibition study of PVB-Nano Fe2O3 composites : 
4.7.1 Open Circuit Potential(OCP) of PVB- Fe2O3 Coating: 

 

 
Figure.4.18 : Potentiodynamic polarization plots (Tafel)  for composition of PVB – 
                      Fe2O3 coating after 174 hrs immersion at 450 C exposed to 3.5% NaCl  
                      solution 
 

Figure 4.18 shows the Tafel plots of PVB-Fe2O3 composites coating on steel 

substrate. It can be clearly seen that addition of nano Fe2O3 in PVB enhances the 

corrosion protection as the OCP is shifted to more anodic side. Addition of 10 wt% 

nano Fe2O3 increases corrosion protection where as commercial Fe2O3 containing 

PVB composite coating exhibits lesser protection than that of synthesized Fe2O3-PVB 

coatings. This is attributed to the fact that reduction in the particle size of Fe2O3 

increases and compactness where by the penetration of electrolyte is hindered and 

hence corrosion protection is enhanced i.e., the barrier property of the composite 

coating is increased. 



     
                          CHAPTER - 4

 

129 
 

 
Figure 4.19 : Time dependance of corrosion potential of PVB-Fe2O3 coating at   
                      450 C immersed in 3.5% NaCl solution 
 

Change in OCP with time of exposure to the electrolyte determines the 

stability of the coating material. Figure 4.19 shows the OCP variation of PVB-Fe2O3 

coatings with respect to time. The OCP is decreased with time for all the coatings in 

the PVB-Fe2O3 system. However addition of nano Fe2O3 in the concentration range 

1-10 wt% in PVB show superior performance as at all time of exposure since the 

OCP is much higher on anodic region than that of commercial Fe2O3 filled PVB 

coatings. The OCP of 3 and 10 wt% Fe2O3 addition in PVB results in lesser OCP 

compared to that of 1 wt% addition probably due to agglomeration of nanoparticles. It 

may be noted that in this PVB-Fe2O3 case, there is very little self healing behaviour 

observed which was distinctly seen for the PVAc-Fe2O3. This may be due to absence 

of the functional groups which are responsible for co-ordinate bond formation with Fe 

atom and /or formation of FeO via OH groups which leads to passivation layer.   

 

4.7.2 Electrochemical impedance study of PVB-Fe2O3 coating : 

Impedance is a versatile tool to understand the corrosion behaviour of 

coatings. When the coating on bare steel starts deteriorating in the presence of 

electrolyte, the impedance decreases which can be due to penetrating ions. The 

variation of impedance with frequency for PVB-nano Fe2O3 and PVB-commercial 

Fe2O3 are presented in Figure 4.20. One can easily guess that impedance decreases 
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with increasing frequency as the coating is pierced by the electrolyte at higher 

frequency. With nano Fe2O3 added PVB exhibits higher impedance than other 

loadings as the dispersion of Fe2O3 is better at 1 wt%. This result suggests that PVB-1 

wt% nano Fe2O3 is more stable against corrosion because of enhanced barrier 

properties. Higher loading of nano Fe2O3 results in agglomeration and hence the 

impedance at low frequency is less. Commercial Fe2O3-PVB composites exhibit least 

resistance for saline attack and hence the synthesized nano Fe2O3 added PVB is 

better. 

 

 
Figure 4.20 : Frequency dependance of impedance log /Z/ for different composition  
                     nano and commercial PVB - Fe2O3 coatings  after 174 hrs   

 
Time dependence of low frequency impedance value is shown in Figure 4.21. 

This also supports the fact that nano-Fe2O3 filled PVB is superior as it has high 

impedance and the reduction in impedance at high exposure time is less than that of 

commercial Fe2O3 filled  PVB. It should be noted that 1 wt% nano Fe2O3 filled PVB 

exhibits much less decrease of impedance with respect to time than other coatings due 

to better dispersion and absence of defects as explained earlier. Similarly the phase 

variation with respect to time at 45o C proves that nano Fe2O3 filled PVB is better as 

the increase in phase is lesser compared to other compositions and commercial Fe2O3 



     
                          CHAPTER - 4

 

131 
 

filled PVB as shown in Figure 4.21. This is due to the fact that nano Fe2O3 filled PVB 

is effective against corrosion. 

 
 

Figure 4.21 : Time dependance of impedance of PVB-Fe2O3 coating at 450 C  
                      immersed in 3.5% NaCl solution 

 
After prolonged exposure of of PVB-Fe2O3 coating to 3.5% saline solution, 

the coatings deteriorate due to various reasons. The Bode plot is generally used to 

investigate the mechanism for aging of coating.  The increase of phase angle at high 

frequency region is indicative of defect formation in the coating. Figure 4.22 shows 

the variation of phase angle at high frequency with respect  to time of exposure to 

corrosive conditions . This is very evident in the coatings containing macro-particle 

Fe2O3 where the phase angle(-77.9, -74.5, -60.1 for loading 7%, 20%, 30%) rapidly 

shifts to upper side giving a broad band peak while there is no such change in the 

nano-particle containing coatings which remain intact(-93.4, -87.9, -82.5 for loading 

1%, 3%, 10%). The ease of defect formation in the macro-particle filled coatings is 

due to large amount of fillers as well as aggregate formation leading voids and micro-

cracks which expand during aging / corrosion testing. The nanocomposite coating 

with Fe2O3 nanoparticles shows good barrier properties because it form good compact 

structure due to high surface area and aspect ratio. Due to compact structure corrosive 

species restrict to penetrate that gives better corrosion resistance.   

 
. 
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Figure 4.22 : Time dependance of phase of PVB-Fe2O3 coating at 450 C immersed in  

                      3.5% NaCl solution 

 
4.8 Corrosion inhibition study of PVAc-Nano Fe2O3 hybrid  
           composites : 

 

 
 

Figure 4.23 :  Potentiodynamic polarization plots  for composition of PVB- PANI- 
                      nano Fe2O3 hybrid coating after 150 hrs immersion at 450 C exposed to  
                      3.5% NaCl solution 

The OCP vs Time Graph shows that gradual decrease in potential due to the 

initial degradation of coating but the self healing and  formation of passivation layer 

by PANI leads to  increase in the potential with respect to the time. In the above 

graphs, it is observed that PVB+ PANI coating shows little higher OCP values than 
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pure PVB and little self healing. However, in case of PANI with 1%,5%, 10% Fe2O3  

the OCP moves to more anodic side. There is tremendous self healing affect observed 

in these hybrid coatings as compared to single filler system.  Thus, the PANI+ 

nanoFe2O3 containing coatings have much better performance in corrosive 

environment  beyond the normal expected life of the common coating. These results 

together with epoxy hybrid coatings have been published and discussed in detail 

elsewhere [ 24].    

 
 

Figure 4.24 :  Time dependance of open circuit potential of PVB-PANI-nano Fe2O3  
                       coating at 450 C for 3.5% NaCl solution 
 

4.9 Conclusions : 
Fe2O3 nanoparticles have been synthesized using polymer mediated growth 

technique and further characterized for their structure, particle size and optical 

properties. The effect of polymer molecular weight with the initial reactant, blending 

on the Fe2O3  produced has been studied. There is a clear shift in the particle size to 

nano region with increasing molecular weight of  PEG used and blending this with 

PVAc further reduces the Fe2O3 size formed in the matrix. The coatings incorporated 

nanoparticulate Fe2O3 exhibit much superior optical properties such as gloss. These 

coating also have much higher corrosion resistance as compared with coatings 
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containing commercial Fe2O3. There some self healing effect in PVAc-nano Fe2O3 

coatings for corrosion resistance. This effects very much enhanced in the hybrid 

coatings containing polyaniline with nano Fe2O3. Thus, the nano Fe2O3 give much 

better coatings withstanding highly corrosive environment.  
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CHAPTER 5 
 

 
5.1  Introduction : 

 

Barium sulphate commonly referred to as barite, is one of most important 

fillers used in the plastics, rubber and paint industries and also used in pharmaceutical 

formulation. The synthesis of inorganic nanoparticles with controlled morphology has 

attracted great interest due to its important application in various fields. BaSO4 

nanoparticles were widely used as additive in painting to improve the polish. In 

papermaking, the addition of BaSO4 nanoparticles would make it smooth and the 

paper obtained would have some novel properties for instance, radiation protection 

[1]. In other field, such as cosmetics, ceramics, pigments, and off shore oil, the 

performance of the products would be promoted by addition by BaSO4 nanoparticles. 

Often the products were endowed with some novel properties. Recently, a great deal 

of attention has been placed on the mass production of BaSO4 nanoparticles. 

Barium sulfate (BaSO4) is one of the versatile mineral fillers used in 

polymeric compounds to gives improved optical and chemical properties etc.. It has 

good optical brightness (i.e. whiteness). Due to high brightness, barium sulphate is 

used as an extender to provide the weight that customers equate with quality and 

because of its low binder demand for high loadings. Blanc fixe (precipitated barium 

sulfate) is used where a finer particle size is needed for denser packing of the paint 

film, as in premium metal primers and to provide resistance to corrosion by acids and 

alkalis. Contrast to other heavy metal barium sulphate is nontoxic and is reasonably 

priced, qualities that may ensure good commercial potential for these white fillers. 

The barium sulfate filled polymer systems have been studied by many researchers [2–

3]. From all theses study we analyzed that the effects of addition filler on the 

mechanical and other properties of the composites depend not only on filler type, but 

also strongly on the filler’s particle shape and size. Not as much of research about the 

application of nano-BaSO4 into polymeric matrix has been reported. These systems 

appear as a new class of materials in which inorganic particles with nanoscale 

dimension are dispersed in the organic polymer matrix. 
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Barium has been incorporated into polymers to electrically insulating barium 

sulphate-epoxy composite with x-ray attenuation properties. It is also applied in the 

studies of biominerilisation and molecular recognition [4-6]. It is very good thermo 

luminescence material, which is used in the radiation dosimeter field. So far many 

methods have been proposed to produced the barium sulphate nanoparticles such as 

precipitation [7], micro emulsion [8], filtration dispersion method [9], modifying 

different organic acids [10], membrane dispersion [9], presence of polymeric 

additives [10] and so on. Now a day it is an important challenge to obtain the 

nanoparticles by simple and versatile method.  

  One of the important issue in the synthesis of nanoparticles is to curb the 

particle size and its distribution [1].  Nanoparticles are prone to aggregate because of 

the high surface area to volume ratio, which affect their application. Among the 

various methods, precipitation is the most attractive due to its simple operation, easy 

of mass production and demand for less apparatus compared to other processes. On 

the other hand precipitation leads to agglomeration and uneven particle size. It is 

necessary to explore for an efficacious method to resolve this contradiction to extend 

the application of precipitation. To exert of a mixed solvent is doubtless a new 

approach path in material synthesis and processing [11]. However, there are only few 

studies are carried out on the formations of nanoscale materials in the mixed solvent 

method. 

The studies on effect of nanoparticle size of barium sulphate on optical, 

mechanical and barrier properties of polymer nanocomposites are described in this 

chapter. These properties are affected due to volume fraction, orientation, aspect 

ratio, dispersion, interfacial adhesion and filler hydrophilicity of nanoparticles. This 

performance is compared with those of conventional composites because their unique 

phase morphology maximizes interfacial contact between inorganic and organic 

phases and enhanced interfacial properties [14-16]. Ethylene-propylene-diene 

(EPDM) elastomers have proven to be a useful barrier material in the automotive and 

electrical construction industries, due to their unique mechanical and chemical 

properties [17]. 

  



   CHAPTER- 5
 

139 
 

5.2  Synthesis of Nanoparticles of Barium Sulphate using PEG    
           with different Molecular Weights :  

An extensive discussion of PMG method and nanoparticles synthesis is given 

in chapter-2 [18-22] together with general features pertaining to the design of 

polymer-nanoparticles assemblies. There is different ways to control structural 

parameter in polymer-mediated nanoparticles assemblies. 

In this method PEG was used with different molecular weights (20000, 

35000) and also blended with PVAc. Molecular weight of PEG plays a vital role in 

maintaining interparticle distance between first reactant as well as diffusivity of 

second component which controls the particle size of final product. While controlling 

nanoparticles formation, the interparticle distance is very important which can be 

achieve through manipulation of the separating functional group of polymer which is 

generate space between two particles and regulate the interparticle distance is 

advantageous as it is modular and can be done with simpler building blocks (23-24) 

and the diffusion behavior for a given polymer-penetrant system varies with change 

in molecular weights of polymers. This behaviour depends on the free volume within 

the polymer, end groups of the chains and on the segmental mobility of the polymer 

chains.  

From Table 5.1 we can see the particle size of BaSO4 is decreases with 

increasing in molecular weight of PEG. As molecular weight increases the diffusivity 

is also found to with decrease. If the molecular weight of polymer is less, the length 

of polymer chains is small and tends to stay away from each other. The path for freely 

moving sulphate ions in the solution gets easier. Thus, the resistance to the movement 

of sulphate ions is less. As a result, sulphate ions diffuse more freely and hence 

diffusivity is more. Based on these findings, it can be said that the rate of diffusion 

also increases with decrease in molecular weight. If the molecular weight is higher, 

the length of polymer chains is larger, the molecules entangle with each other so inter 

particle distance is also more. As a solution becomes highly viscous and polymer 

chains will very close having close packing as compare to lower molecular weight.  
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Due to close packing of polymer, the movement of carbonate ions is hindered by 

polymer.  

Table  5.1: Change in crystallite size of synthesized BaSO4 with different molecular 
weight of PEG and blended with PVAc 
 

   Sample PEG molecular 
weight 

Crystallite 
size (nm) 

A 20000 13.5 

B  35000 12.5 

C  35000 + 20%  
PVAc 

10.44 

D Commercial* 
BaSO4 

87.3 
 

 
*The commercial grade mentioned in the table is the precipitated grade used for 
coatings.  
 

5.3  XRD Characterisation of BaSO4 nanoparticles : 
The nanoparticles of BaSO4 formed from solutions of different molecular 

weights are compiled in Table 5.1. Nanoparticles prepared were subjected to XRD 

analysis to find out the particle size, which was calculated by using Scherer’s formula 

(Where D, λ, β and θ are the average D = diameter, the X-ray wavelength, half width 

of the peak (full width at half maximum) and the Bragg’s diffraction angle 

respectively. The crystalline sizes of the BaSO4 are estimated for high intensity peaks. 

According to Scherrer equation, the average particle size of BaSO4 is range between 

10.44 to 13.5 nm) as mentioned earlier [18-22]. Figure 5.1 shows the XRD scans of 

barium sulphate nanoparticles synthesized using PEG as a polymer medium with 

different molecular weight. It is observed that, in XRD relevant peaks were becoming 

broader with increase in molecular weight of PEG. Which indicates that with increase 

in MW of PEG particle size is decrease the particle size has been reduced from 13.5 

nm to 10.44 nm by increasing molecular weight of PEG from 20000 to 35000 and 

blend of PVAc?               
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Figure 5.1 :  X-ray diffraction scan of synthesized BaSO4 with PEG mol. wt. of 20000 

The XRD patterns of the nano BaSO4 particulate with 20000 molecular 

weight of PEG are shown in Figure 5.1. The samples display the typical orthorhombic 

structure of BaSO4. The d-values of BaSO4 nanomaterial is 4.34, 2.125 and 3.904 

(JCPDS No. 83-1718), 3.44, 3.10, and 2.127 (JCPDS No. 83-2053) with hkl values of 

(101), (311), (111) and (210), (211), (401) respectively. The XRD pattern was 

indexed with reference to the unit cell of the barite structure (a~8.87, b~5.45, c~7.15 

Aº; space group. The intensity of the peaks and broadening of the XRD peaks 

showing crystallite size of nano BaSO4. As the molecular weight of PEG increased, 

the crystallite size of BaSO4 is decreased which can be seen by comparison with 

Figure 5.2 where XRD of nanoparticles prepared with PEG 35000 is displayed. 

Another important feature is seen if these two XRD patterns are compared: the 

intensities of some of the peaks is seen to decrease for BaSO4 synthesized in higher 

molecular weight PEG. This is due to restrict growth of the crystallite in certain 

direction giving rise to less number of available reflections.   
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Figure 5.2 : X-ray diffraction scan of synthesized BaSO4 with PEG mol. wt. of 35000  

 
TEM image shown in Figure 5.3 indicates that there are nanosize particles 

embedded in polymer matrix. In this image the aggregation is obvious due to the 

polymer binding the particles. However, the smaller dark particles can be distinctly 

seen which have spherical shape. From the TEM taken at higher magnification (not 

shown here due to lack of sharp contrast) the particles obtained with PEG 35000 had 

the diameter in the range of 10-15 nm. The average diameter was about 12.50 nm as 

shown in Table 5.1. 

 
Figure.5.3 TEM image of nano BaSO4 synthesized by PEG 35000 
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5.4  Synthesis of nanoparticles of Barium Sulphate  using PEG-   
           PVAc blend : 

As per discussion in section 5.2, the complex forms between PEG-BaCl2 

which is more stable in high molecular weight PEG.  In blend of PEG-PVAc system, 

synthesis of nanoparticles of barium sulphate, the particles of BaCl2 form a complex 

with PEG when the PVAc form more complex structure around PEG-BaCl2 through 

additional hydrogen bonding which is restrict the movement of BaCl2 particles and 

form more stable complex network due to that the diffusivity of second reactant take 

place very slowly. 
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Figure 5.4 : XRD scan of synthesized BaSO4 by blending PEG 35000 and 20% PVAc  

 
The Figure 5.4 shows the typical XRD pattern of BaSO4 particles prepared 

with PMG having blend of two polymers. The diffraction peaks of (h k l) values 

(101), (111), (021), (121), (002) and (212) were the characteristics of orthorhombic 

BaSO4 crystals, only BaSO4 peaks were observed in the XRD spectra which indicates 

very little presence of polymer.  There is broadening of x-ray peaks, which is showing 

that the crystallite size of the particle is considerably reduced in blend system.  The 

nanoparticles are stabilized due to polymer blend through additional hydrogen 

bonding and lack of agglomeration due to the particles getting coated with PEG-

PVAc.  The crystallite size was calculated using the Scherrer’s equation, which is 

shown in Table 5.1.   
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From XRD (Figure 5.4) and TEM (Figure. 5.5) it appears that blend of PEG 

and PVAc resulted in smaller size (10.5 nm) and with better dispersion. The average 

diameter of the particles decreased greatly due to PEG 35000 blend with PVAc.  

 
 

Figure 5.5 : TEM image of nano BaSO4 synthesized by PEG 35000:PVAc 20% blend 
 
 

5.5 Fourier Trannsform Infrared Spectroscopy(FTIR) study of commercial and 

nanoparticles of BaSO4 : 

The surface characteristics of commercial and nanoparticulate of BaSO4 
powder materials were examined by the infrared (FTIR) spectra.  According to Alder 

and Kerr, (1965) [25], the sulfur-oxygen (S-O) stretching of inorganic sulfates are 

found in the region 1179 – 1083 cm-1. The bands centered at 1187 to 1079cm-1 and 

the shoulder at 982cm-1 is the symmetrical vibration of SO4
2-. From this observation 

the slight shift in the peak position may be attributed to the smaller particle size. 

Hence, the FTIR spectra were recorded in the present case, which are shown in Figure 

5.6.  There are four major bands and a few minor peaks observed in both the cases. 

However, the peaks at 1170, 1080, 980 and 637 cm-1 are substantially shifting in 

smaller particle size of BaSO4.   
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Figure 5.6 : FTIR Spectra of BaSO4 A) without PEG B) PEG 35000    

 
According to Shen et al. (2007) [26], the peaks at 608 and 637 cm-1 are due to 

the out-of- plane bending vibration of the SO4
2-. Generally, bending bands are 

shaper than the stretching bands, which is observed in the above spectrum. In order 

to correlate the particle size and the peak position of the 1170 to 1080 cm-1 band, 

this region was studied in detail  Figure 5.7A shows the FTIR in this region for all 

the BaSO4 particles synthesized by PMG route along with the commercial grade. It 

is evident that the particle size has considerable effect on the peak position. This is 

more clear from Figure 5.7B which gives the plot of peak position with (1/particle 

size). The weak absorption peaks also appeared at about 3421 and 1634cm-1 which 

are due to the stretching and deformation of adsorbed molecule. The bands at 2855 

and 2925cm-1 could be assigned to the symmetric and asymmetric vibrations of –

CH2 and –CH3 groups. The p o l y ethylene glycol absorption band occurred around 

2925 cm
−1 (ν(CH2 )), 1437 cm

−1 (δ(CH2 )) which are consistent with the 

appearance of the alkyl groups from the polyethylene glycol. According to Manam 

and Das, (2009) [27], the peaks near 2000cm-1 are overtones and combination bands 
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of the lower wave number of sulfur-oxygen stretching and bending vibrations and 

these peaks do not affect the identification of the substance involved in the 

experiment. It may be pointed out that smaller the particle size, greater is the surface 

area and surface defects. Thus, the smaller particles are expected to retain the 

adsorbed low molecular weight fraction of the PEG used during synthesis. This is 

confirmed by the FTIR spectra which clearly show increase in the intensity of the 

bands in the region of 2925 and 2855 cm-1.    

 

 
Figure 5.7A :  FTIR Spectra of   nano BaSO4 having different particle size together 

with commercial grade included for comparison. Inset shows full region spectra 
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Figure 5. 7 B : Shift of the FTIR absorption band with inverse of particle size for   

                        BaSO4  

 
The earlier reports had only mentioned that FTIR bands are sensitive to 

particle size but now the present studies gives detailed analysis of the exact co-

relationship between peak shift and the particle size. 

 
5.6  Preparation of PVB-BaSO4 based nanocomposites coating for    
          optical and corrosion studies : 
 

PVB is widely used in paints and coatings due to its high transparency and 

good adhesion to various types of surface. It also enhances mechanical properties of 

coating. It’s one of the major application in paints is as “wash primer”. These wash 

primers prevents corrosion in single treatment by several means. These anti corrosive 

primers adhere better and dry faster than conventional materials.  It is widely used on 

a variety of metal surfaces, such as storage tank, ship, airplane, bridge, dam lock, 

electronic appliances etc. Incorporation of nanoparticles of BaSO4 in “wash primer” 

improves the anti corrosive properties further since it is expected to enhance the 

barrier properties of “wash primer”. Nanocomposite “Wash primer” is more effective 
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than other corrosion inhibiting materials [28-30]. Hence, PVB-nano BaSO4 coating 

were prepared by the procedure given in chapter 2 and studied for different 

properties.  

5.6.1  Optical properties : 

  Optical properties of polymer composite coatings are dependent on particle 

size, shape and loading of the filler. These are also important for the final appearance 

of the coatings. The properties such as gloss, transparency and blistering are 

considered here. 

5.6.2.1  Gloss : 

Gloss being one of the important characteristics of optical properties was 

studied and compared for commercial and lab synthesized nanoparticulate BaSO4, 

with different loading percentage, which affects surface smoothness, and leveling of 

the film [31]. Figure 5.8 indicates the gloss observed at 60o for the nano and 

commercial grade BaSO4 at different loading levels. Higher concentration of 

nanoparticle fillers (>15%) could not be used due to high viscosity of the slurry. It is 

evident that the nano particle containing coatings have much higher gloss than the 

commercial grade. Further there is rapid decrease in gloss in coatings with 

commercial grade BaSO4 that is due to surface roughness.  It was observed that with 

>7% loading of BaSO4 nanoparticles, gloss level dropped down significantly which is 

attributed to the formation of agglomeration of nanoparticles due to increase in higher 

loading level above the critical pigment volume concentration (cpvc) for the system. 

In case of commercial filler there is also surface roughness and uneven surface. This 

can be attributed to heavy particles in commercial grade which do not disperse well in 

the matrix and settle during drying /curing of the coatings.  
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Figure 5.8 : Comparison of gloss between commercial and nanoparticles of BaSO4    
                    in PVB coating at 60o angle 
 
5.6.2.2  Transparency : 

From Figure 5.9 depicts the transparency of the coatings recorded at 550 nm 

for the case of nano BaSO4 and commercial grade BaSO4.  It is quite clear that the 

transparency of nanoparticulate coatings is very much higher than the coatings with 

commercial grade filler.  Poor transparency in commercial grade BaSO4 containing 

coatings is due heavy light scattering from the large particles rendering the coating to 

be opaque.  
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Figure 5.9:  Transparency variation with filler concentration of synthesized BaSO4  in  
                    PVB - BaSO4 nanocomposite coating             
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5.6.2  Corrosion resistance study :   
The BaSO4 coatings are usually applied on metal surfaces for radiation 

protection in radiological departments such as hospitals. It is exposed to humid 

conditions and it has to withstand all the rough handling. To protect a substrate 

against moisture, the organic coatings must possess well-defined “hygro” properties. 

In other words, this means that the organic coatings must be formulated with specific 

moisture characteristics, such as coefficients of permeability, diffusion and solubility, 

for each type of substrate. To conceive such type of organic coatings, it is necessary 

to know how the pigmentation affects the water transport.  In order to study the effect 

of pigment filler loading on the coating performance, these were studied by 

electrochemical techniques after continuous prolonged exposure to saline corrosive 

environment.  

5.6.2.1  Polarisation Measurement (Tafel Plot) : 

The Tafel plots of PVB-BaSO4 coatings having nanoparticles (synthesized 

using PEG35000 12.5 nm) and commercial grade material are shown in Figure 5.10. 

These are typical plots obtained after exposure to saline environment at 450 C for 300 

hours, similar curves were also obtained for other times of exposure.   From these 

figures, the open circuit potential (OCP) in each case was derived and its dependence 

on exposure time plotted as indicated in Figure 5.11. The OCP shifts considerably to 

cathodic side after exposure of 40 hours in the case of commercial BaSO4 coatings 

while it remains on the high anodic regions with respect to bare steel for nano BaSO4 

composite coatings. In the nanoparticle cases, there is only a small change of OCP 

even after 300 hours exposure at 450 C to corrosive conditions.  

The tafel plots shown in Figure 5.10, reveals that the nanocomposite coating 

have Ecorr potential at anodic side (0.051, -0.106 and -0.136 V) which indicate the 

good corrosion protecting properties even after 300 hrs. In case of pure PVB coating 

the curve is considerably on the negative potential side as compared to 

nanocomposite coating (-0.269). Coatings with commercial BaSO4 also exhibit Tafel 

curve on the negative (cathodic side -0.324,-0.354, -0.340 V)  after 300 hours which 

is close to bare steel (-0.46 V) which indicates that the coating for these commercial 

BaSO4 are almost destroyed under such corrosive conditions. 
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Figure 5.10 :  Potentiodynamic polarization plots(Tafel) for composition of PVB–   
                     BaSO4 coating after 300 hrs immersion at 450 C exposed to 3.5% NaCl   
                      solution       
     

Figure 5.11 shows OCP with exposure time for all the samples. In coatings 

with commercial BaSO4, the OCP drastically come down after 40 hrs and 

continuously drops till the end of the experiment. Similar trend is seen for polymer 

coating without additives. In nanocomposite coatings, the OCP decreased slightly 

initially at nominal level and then remained almost steady after 300 hours. It was high 

on anodic regions even after 300 hours for 5% nanoparticle coatings, which implies 

high corrosion resistance for these compositions. This clearly suggests nanocomposite 

have good compact structures which restrict the transport the corrosive ion though the 

coatings and this trend is observed in case 1 to 5% of nanosize additive. 

 
Figure 5.11: Time dependance of corrosion  potential of PVB- BaSO4 coating at 450C    

                    exposed in 3.5% NaCl solution 
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Figure 5.12 shows Icorr with respect to exposure time in polymer with and 

without additives for nano and commercial grade BaSO4. In nanocomposite coatings, 

Icorr values are much lower than 10-11 A while the commercial grade BaSO4 

containing coatings exhibit rapid increase of Icorr even beyond 10 -8 A. The rapid rise 

of Icorr in macro particle cases is indicative of degradation of the coating surface. Thus 

the nanocomposite coatings are clearly remaining intact even after 300 hrs of 

exposure. This is especially true for 5% nano BaSO4 coating  

 
Figure 5.12 : Time dependence of corrosion current of PVB - BaSO4 coating at 450C for    

                      3.5% NaCl  saline solution 
 
 
 5.6.2.2  Electrochemical Impedance spectroscopy (EIS): 
 

EIS study characterised the stability and corrosion resistance properties of 

PVB-BaSO4 coatings.  This test is carried out over a 300 hours in 3.5% Saline 

solution at 450 C. The time dependent Bode plots were recorded from which the high 

frequency phase angle was estimated. Figure 5.13 shows the variation of phase angle 

with time for coatings containing different amount of nano and macro BaSO4. It can 

be seen that even after 300 hours, the nanocomposite coating remain more intact since 

there was no rapid increase of phase angle. The phase value with different percentage 

of loading of nanofiller 1, 5 and 7% was -79.6, -85.9, and -82.9 degrees respectively. 

The coatings of pure polymer or with commercial grade BaSO4 gets damaged as 

indicated by rapid rise in phase angle at higher frequency with time of exposure to 

corrosive solution.   
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Figure 5.13 : Time dependance of phase of PVB - BaSO4 coating at 450 C immersed     
                      in 3.5% NaCl solution 

 
In pure PVB coating, initially the phase angle value is -90 indicating that 

resistance is more. But after 40 hours it starts to detoriate because ionic conduction of 

electrolyte through film breaks down such as pores or crevasse. Due to the pores the 

electrolyte contact with metal and corrosion process taken place at delamination area 

of coating. In commercial coating the phase angle values are -35, -20 and -22.8 it self 

shows that commercial coating deteriorates more because of the micro sized filler 

portrate have more porosity so ion transport becomes fast.  

The low frequency impedance was used to characterize corrosion properties of the 

PVB coating with respect to time of exposure to corrosive environment.  The test was 

carried out for over 300 hrs without the coating dissolution. The selected impedance 

plots are shown in Figure 5.14, which indicate how stable the coating was over that 

time period. 
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Figure 5.14 : Frequency dependance of impedance log /Z/ for different composition  
                     nano and commercial PVB - BaSO4 coatings after 300 hrs  
                       

The coating impedance (Figure 5.14) and low frequency impedance with time 

(Figure 5.15) were somewhat stable over this time period in clear and commercial 

coating. There was a decrease after 40 hours for the coating resistance, which is 

consistent with the time till after 300 hours. The drop is believed to be due to micron 

size of commercial filler, which allow the corrosive ion to penetrate due to high 

porosity. About nanocomposite coating all plot exhibited high impedance vale high 

coating resistance at all frequencies. Since these low values of resistance at low 

frequencies correlate to the ionic conductivity, it is likely to originate from the ionic 

diffusion through defects.  

 
 
Figure 5.15 : Time dependance of impedance of PVB - BaSO4 coating at 450C immersed  
                      in 3.5% NaCl solution 
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The optical polarized micrographs in reflection mode for the coatings after 

treatment to corrosive conditions are indicated in Figure 5.16 for nano and 

commercial grade BaSO4. It is quite evident that there are large voids and defects 

created in coatings with commercial grade BaSO4 while the are only few microvoids 

in the nanocomposite coatings. Thus the latter type are much more stable under 

corrosive environment. 

a)  PVB-5%nanoBaSO4 coating                                b) PVB-5%comm.BaSO4 
 

                                   
          

Figure 5.16 : Optical Microscopy image in reflection mode for PVB-BaSO4 coating  
                      exposed for 300hrs in 3.5% NaCl solution 
 

 

 

 

5.7 Preparation of epoxy–BaSO4 Coating for optical and corrosion 
studies : 
 
Application of epoxy resin has been widely used as a coating material to shield 

the steel reinforcement in concrete structures, pipe coating, rebar coating [34–35], 

because of its outstanding processability, excellent chemical resistance, good 

electrical insulating properties, and strong adhesion/affinity to heterogeneous 

materials. Epoxy coatings are good for decrease in the corrosion of a metallic 

substrate subject to corrosive species in two different mechanisms. Firstly, it acts as a 

physical barrier layer to control the way in of deleterious species due to high cross 

linked structure. Secondly, it acts as a reservoir for corrosion inhibitors to aid the steel 
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surface in resisting attack by aggressive species such as chloride anions. About 

second mechanism there is possibility of introduce localized defects in the coating 

and damage their appearance and mechanical strength. This defect can introduce the 

pathways to the ingress of water, oxygen and aggressive species onto the metallic 

substrate, which is responsible for localized corrosion. Furthermore, due to 

hydrophilic in nature, epoxy coatings can absorb water from surrounding at the time 

of curing process, which is responsible for large volume shrinkage [36-37]. This 

forms the pores in the cured epoxy coating and can assist in the movement of 

absorbed water and other corrosive species to the epoxy–metal interface, which could 

start of corrosion of the metallic substrate and delamination of the coating. 

The barrier performance and optical properties of epoxy coatings can be 

enhanced by the introducing nanoparticulate in the coating. This is responsible for 

decreasing the porosity and forms compact structure of coating due to which the 

diffusion of corrosive species controlled.  Inorganic filler particles at nanometer scale 

can be dispersed within the epoxy resin matrix to form an epoxy nanocomposite. The 

incorporation of nanoparticles into epoxy powder coating paints can enhance the 

integrity and durability of coatings, since the fine particles dispersed in coatings can 

fill the cavities [38–40]. Nanoparticles tend to occupy small hole defects formed from 

local shrinkage during curing of the epoxy resin and act as a bridge interconnecting 

more molecules. This results in a reduced total free volume as well as an increase in 

the cross-linking density [41-42]. In addition, epoxy coatings containing 

nanoparticles offer significant barrier properties for corrosion protection [43-44] and 

reduce the trend for the coating to blister or delaminate. 

Optical properties are a function of the properties at the interfaces. Gloss is the 

ratio of specularly reflected light to incident light. For optically smooth surfaces, 

gloss varies with refractive index and angle of incidence. 

Barium sulphate in one of the important filler in epoxy powder coating. This 

topic is concern with impact of nanoparticles of barium sulphate on epoxy powder 

coating on its optical, mechanical and chemical properties and particularly influence 

of nanoparticles of BaSO4 on the anticorrosion behavior and optical properties of 

epoxy coatings.  
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5.7.1 Optical properties : 

In the case of the epoxy–BaSO4 coating containing nanoparticle and 

commercial filler the gloss was determined as described previously. We can see in 

Figure 5.17 that loading of nanoparticle with 1%, 3% and 5% (99, 98 & 97.3%) the 

gloss level reduces very less but in case of 7 and 10% (93 and 87.3%) loading of 

nanoparticles, the reduction is significant. 
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Figure 5.17 : Comparison of gloss between commercial and nanoparticles of BaSO4 in   
                      epoxy coating at 60o angle 

 
This is due to higher loading of nanoparticles which impact on surface 

smoothness along with aggravated micro cracks. Epoxy coating with commercial 

BaSO4 particles shows drastic decrease in the gloss value with increase in filler 

loading from 5 to 30% and gloss dropped down from 94.3 to 75.6%. It may be noted 

that although the above behaviour is quite similar to vinyl coatings studied and 

reported in the earlier chapters of this thesis, there difference in the gloss value 

between the nano and macro BaSO4 is not that high for epoxy coatings at low filler 

loading.  This can be due to the crosslinking of epoxy which is main factor deciding 

the surface gloss rather than particle dispersion and size.  
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5.7.2 Thermal analysis of Epoxy- BaSO4 coating : 

The effect filler is confirmed by the high values of the glass-transition 

temperature obtained, evaluated by DSC analysis: an increase in the Tg values was 

observed with increase in BaSO4 content in the nanocomposite formulations. In 

general, the increase in the Tg values is attributed to good adhesion between the 

polymer and the filler, such that the nanometer-sized particles can restrict the 

segmental motion. In the present case, this good adhesion is possible due to the 

functional groups present on the nanofiller surface, which takes part in the 

polymerization process. Furthermore, the inorganic component with a small particle 

size can easily infiltrate the free-volumes of the organic phase; thus, the decrease of 

the free-volume leads to a further increase in the Tg values. 

 
 

 
Figure 5.18 : TGA polt of Commercial and Nano Epoxy Coating    
 
 
 
 
5.7.3  Corrosion Resistance Study : 
 
5.7.3.1 Polarisation measurement (Tafel Plot) : 

Electrochemical polarization was run to measure the resistance of the coating. 

It was believed that electrode polarization could cause due to degradation of the film. 

The film degradation depends on cross linking and porosity of the coating.  Figure 

5.19 shows Tafel plot of epoxy coating containing nano and commercial BaSO4 
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having different concentration. The open circuit potential (OCP) determined from 

these plot recorded after different time of exposure to hot 3.5% NaCl solution are 

indicated in Figure 5.20. The initial OCP of pure epoxy and commercial BaSO4 

coating on to be cathodic side (0.006V SCE) and (0.109V SCE) respectively, than 

that of bare steel (-0.6V SCE) but after prolong exposure to corrosive environment, 

the OCP shifted to more cathodic region (-0.386V SCE).  On the other hand the 

coating containing nanoparticles of BaSO4 exhibit a good barrier effect that is 

showing the OCP, which is shifted to more anodic side than other cases. 

  

 
 

Figure 5.19:  Potentiodynamic polarization plots(Tafel) for composition of epoxy –  
                      BaSO4 coating after 500 hrs immersion at 450 C exposed to 3.5% NaCl  
                       solution 
 

Although, there is tendency of shifting the OCP to the potential more noble 

side with the incorporation of nanoparticle BaSO4 in epoxy coating, it is also seen 

that the difference in macro and nano BaSO4 is not as high as in the case of vinyl 

coatings. This can again be attributed to the crosslinked matrix and good interaction 

between the particle and the matrix, which make is more intact even after exposure to 

corrosive environments. 

Figure 5.20 shows variation of OCP with exposure time for epoxy coatings 

incorporated with different concentration of nano  (12-13 nm) and macro-BaSO4 

particles Here again one sees the drop in OCP in the initial period but then tending to 
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a constant value which is much above than that of bare steel and coating without 

fillers. Addition of nano BaSO4 particle clearly enhances barrier performance of 

coating. From Tafel plot it was observed that nanocomposite coating served as 

anodic-type corrosion inhibitor.  The corrosion protection increases with increase in 

nanoparticles by loading from 3% to 5% with value -0.144V and -0.118V 

respectively.  

 
 
Figure 5.20: Time dependence of corrosion potential of epoxy - BaSO4 coating at   
                      450 C exposed in 3.5% NaCl solution 

From Figure 5.21corrosion current (Icorr) variation with exposure time is seen. 

The initail low value of Icorr for all coating which is about 10-12A to 10 -13A showing 

protective behaviour, increases  but after 30 hours the nanoparticle coatings have 

much lower Icorr value than the macro-particle coatings as well as the pure epoxy. 

Thus, there is no continued degradation of nanoparticle coatings while the other 

coatings degrade over the whole period of exposure.  This behaviour is also similar to 

that observed for vinyl coatings. However, in the case of epoxy coatings, the Icorr 

values are much lower than those for vinyl coatings. This indicates that only small 

level of defects are created in the case of epoxy coatings and its base resistance is 

quite high. 
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Figure 5.21 : Time dependance of corrosion current of epoxy - BaSO4 coating at  
                      450C exposed in 3.5% NaCl saline solution 
 
5.7.3.2 Electrochemical impedance study :  
 

For steel protected by the nanocomposite epoxy coatings, incorporation of 

nanoparticles into the epoxy coating significantly enhanced the coating resistance.  

The Bode plots for epoxy-coated steel in 3.5% electrolytes solution after 500hr 

exposure is shown in Figure 5.22. The high frequency ragion mainly provide 

information about coating defects and delamination of coating at metal surface. As  

we know for any coating, the a.c. impedance response of the steel specimens with 

composite coatings is dependent on immersion time in the sodium chloride 

environment for anticorrosion coating. The phase angle in the high frequency region 

hardly changes for all the coatings. On the other hand there is a broad peak appearing 

in the low frequency region in coating with no fillers or commercial BaSO4 

containing coatings. This can be due to ionic diffusion and resulting conductivity. 

Figure 5.23 shows the variation of high frequency phase angle with exposure time for 

all these cases. The increase of phase angle is more pronounced in the case of unfilled 

and macro–BaSO4 filled coatings than that for nanoparticle containing coatings. 

These finding support the above conclusions regarding the intactness of 

nanocomposite coatings.   
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Figure 5.22: Bode plot of epoxy- BaSO4 coating after 500 hrs immersion at 450 C 
exposed in 3.5% NaCl solution 

 
 

 
 

Figure 5.23: Time dependance of phase of epoxy - BaSO4 coating at 450C exposed in   
                     3.5%  NaCl solution 
 

Epoxy-nano BaSO4 coating has higher resistance than the coatings with pure 

PVB especially at low frequency, which is associated with ionic transport through the 

film. All coatings have higher impedance on initial immersion in the electrolyte close 

to 109
  as shown in Figure 5.24.  
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Figure 5.24 :  Frequency dependence of impedance log /Z/for different composition   
                       of nano and commercial epoxy-BaSO4coating after 500 hrs.  
 

However as immersion time increases the pure PVAc and commercial BaSO4 

degrades more quickly than that of the nano BaSO4 coating and after around 500 

hours the pure PVB and commercial coated substrates show similar resistance, around 

108
. One possible reason for this continued corrosion protection via the nano 

BaSO4 coating due to the coating having compact nanostructure sealing and 

penetration of corrosive species is very difficult so that after 200 hours the coating 

resistance is 109 . It should be noted that the measured resistance consists of a 

component characteristic of the coating-electrolyte interface inside the coating 

(indicating coating porosity/compactness) and another component characteristic of 

the steel-electrolyte interface (indicating charge transfer resistance). Also, 3.5% NaCl 

solution can be used to estimate the relative void fractions within the coating matrix, 

assuming an inverse proportional relationship between the coating compactness and 

the measured resistance value. Thus, nanoparticle BaSO4 containing epoxy coatings 

have very good compactness than other coatings studied.  
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Figure 5.25: Time dependence of Impedance of epoxy - BaSO4 coating at 450 C for       
                      3.5% NaCl saline solution 

The coating resistance of epoxy-BaSO4 has higher side than the coatings with 

pure epoxy especially at low frequency, which is associated with ionic transport 

through the film. So it seen in Figure 5.25 with time, all coatings have higher 

impedance on initial immersion in the electrolyte close to 109 . However as 

exposure time increases the pure epoxy and commercial BaSO4 degrades more 

quickly than that of the nano BaSO4 coating and after around 90 hrs the pure coated 

substrates show similar resistance, around 107
. One possible reason for this 

continued corrosion protection via the nano BaSO4 coating may be due to the fact that 

coating having compact nanostructured sealing and penetration of corrosive species is 

very difficult so that after 90 hours the coating resistance is 108 . 

 

 

 

 

 

5.8 Conclusion : 
BaSO4 has been synthesized in nanoparticle size using PMG route using 

different molecular weight PEG as the growth matrix. These nano-BaSO4 were well 

characterized by XRD, TEM as well as FTIR. The structure was confirmed as 
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orthorhombic baryte type by comparing the d-values with standard. The particle size 

ranged from 10 to 13 nm as confirmed by TEM.  The most interesting part of present 

observations was in FTIR spectra which showed clear shift of the absorption band 

with particle size. Also, it indicated the presence of adsorbed PEG which increased 

with lowering of particle size.  The coatings were made using nano-BaSO4 and 

commercial grade BaSO4 which were studied for optical and corrosion resistance 

properties. PVB as well Epoxy were used as matrix for coatings on steel substrates 

with latter being made by powder coating technique. The comparison of the data 

shows that nano-particle BaSO4 coatings are very much superior to the macro 

commercial grade BaSO4, especially for PVB (or vinyl) coatings. The epoxy coatings 

show some improvements with incorporation of nano-particle BaSO4 but the 

crosslinking effects are more dominant in controlling the final properties of the 

coatings.  Hence, nanoparticles are more effective in vinyl polymer based coatings.    
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CHAPTER - 6 
 

 

Nanomaterials in general and nano-particulate additives in particular have 

attracted tremendous attention in recent years for their variety of applications in 

diverse areas. Amongst these, nanoclays have been used in commodity polymers and 

in recent times also for paints and coatings. However, common fillers and additives 

used in the coating industry have not been studied extensively in nano-particle sizes.   

The additives such as CaCO3, Fe2O3 and BaSO4 are the most attractive for different 

organic coatings and hence these were chosen for the present studies. Synthesis 

characterisation and application of these compounds in polymer nanocomposite 

coatings has been carried out and the present thesis describes the novel results 

obtained for the various systems. 

 

Polymer mediated growth technique was employed for the synthesis of the 

nano-particulate additives.  In this technique a polymer such as PEG, PVAc, etc was 

used for modification and control the morphology, crystalline phase, and orientation 

and growth habit of the final product. It was shown that the PMG can be effectively 

used for the synthesis of nano-particulate additives on large scale. These were then 

incorporated in polymer matrix mainly vinyl coatings and studied for their corrosion 

resistance properties. 

 

The synthesis of nano particulate CaCO3, Fe2O3 and BaSO4 was carried out 

using the PMG route by first complexing the reacting salts with PEG and PEG/PVAc 

blend in aqueous or mixed solvent media and then allowing the diffusion of ions 

which reacted to give in situ precipitation of the final product. Typically, CaCl2 was 

complexed with PEG first and then K2CO3 was allowed to diffuse through the 

polymer to form CaCO3. Similarly FeCl3 bound by PEG and BaCl2 with PEG was 

reacted with NaOH and Na2SO4 respectively to give the corresponding compounds in 

nanoparticle form. The resulting products were characterized by XRD, SEM, FTIR 

etc. 
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The nanosize calcium carbonates were synthesized by using the PMG 

technique using PEG of different molecular weight, concentrations and blending with 

PVAc. The in-situ generated particles using PMG technique had crystallite sizes 

ranging from 50 nm to 15 nm. The effect of polymer concentration and molecular 

weight of polymer medium on the particle size indicated that viscosity of the growth 

medium plays the most important role since it controls the diffusion of reacting ions. 

The crystallite size was found to decrease with increasing molecular weight of 

polymer and medium viscosity. The molar ratio of the reactant to the monomer unit 

of the polymer also is important for good stability of the complex initially formed.  

 

The coatings prepared from PVAc and PVB containing commercial as well as 

nanoparticles of CaCO3 were prepared by using dip coating technique in aqueous 

slurry. The optical properties such as gloss, reflectance, transparency, etc. of PVAc 

and PVB containing commercial as well as nanoparticles of CaCO3 gave an ample 

proof of uniform dispersion of the CaCO3 nanoparticle addition in polymer matrix. 

The gloss at 60o angle was observed to increase upto 95 by the addition of only 1% of 

nano CaCO3 fillers. For concentration of 10% or greater of nano-CaCO3 fillers the 

gloss decreased to 86 which could be due to agglomeration of particles. On the other 

hand, the gloss was observed to decrease from 84 to 69 after the addition of 

commercial grade CaCO3 in polymer matrix. The opacity was observed to decrease 

from 60 to 26 by an addition of commercially available CaCO3 in the polymer matrix 

while in case the of nano CaCO3.  The opacity was observed to decrease from 95 at 

1% nano-CaCO3 to 63 at 10% nano-CaCO3 addition. Thus, nano-CaCO3 have much 

better  optical properties than commercial grade filler.  

 

The corrosion protection ability for PVAc and PVB with nano CaCO3 was 

studied using electrochemical impedance spectroscopy at periodic intervals during 

exposure to hot saline (450 C and 550 C) conditions for prolonged durations over a 

period of 122 hrs and 150 hrs for PVAc and PVB coating respectively. The open 

circuit potential (OCP) was found to shift with time from −0.435 V SCE to more 

anodic side (−0.022 V SCE) much above that of bare steel (−0.5 V SCE). The 
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presence of nano-CaCO3 was found to be vital in the prevention of corrosion and the 

shift of OCP to anodic side. The exceptional improvement of performance of these 

coatings has been associated with the increase in barrier to diffusion of ions and 

prevention of charge transport by the nano-size CaCO3. The Bode plot data was used 

to calculate the impedance and coating resistance of nanoparticulate and commercial 

filler incorporated coatings with PVB and PVAc polymer matrix. This indicated that 

the incorporation of Nano-CaCO3 into polymer matrix exhibited quite high Coating 

resistance of the order of 109 Ω to 107 Ω at different operational temperatures (450 C, 

and 550 C) while commercial CaCO3 coating shows much coating resistance of the 

order106 Ω to105 Ω under same conditions. 

 

The nanosize iron oxide particles were synthesized using PMG technique as 

explained above. The insitu generated iron oxide particles using this technique had 

crystallite sizes ranging from 25 nm to 7 nm. The crystallite size was found to 

decrease with increase in molecular weight of polymer medium. The crystal structure 

and particle size were investigated by using X-ray diffraction (XRD) and TEM. 

Reflectance spectra of Fe2O3 nanoparticles show shifting the wavelength from 636.5 

to 544 with respective decrease in crystallite size (7 to 25 nm). A brief introduction to 

polymer nanocomposites containing Fe2O3 nanoparticulate used in coating 

applications and Fe2O3 nanoparticulate used in coating because it enhances the optical 

and corrosion resistance through high barrier resistance and self healing was 

associated with the scavenging of ions which prevented corrosion of the underlying 

substrate. 

 

The optical properties of coating containing nanoparticulate such as gloss 

showed higher value 95 to 85% as compared to commercial Fe2O3 (87 to 56%). The 

electrochemical impedance spectroscopy was studied at periodic intervals during 

exposure to hot saline conditions (3.5% NaCl solution) for prolonged durations over a 

period of 145 hrs for PVAc coating. The OCP value of PVAc coating containing 

Fe2O3 nanoaparticles was found to shift with exposure time from −0.446 V SCE to 

more anodic side (−0.168 V SCE) much above that of bare steel (−0.5 V SCE). The 
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exceptional improvement of performance of these coatings has been associated with 

the increase in barrier to diffusion, prevention of charge transport by the nano-size 

Fe2O3. By adding of nano-Fe2O3 into polymer matrix exhibited a high barrier 

resistance (determined from Bode plot) of the order of 107 Ω to 106 Ω while 

commercial Fe2O3 coating shows barrier resistance of the order 106 Ω to104 Ω after 

testing at different operational temperatures in aggressive saline condition . 

 

The corrosion protection properties of PVB hybrid composite coatings filled 

with Fe2O3 nanoparticles and polyaniline composite were studied. Electrochemical 

impedance spectroscopy has been used for monitoring the barrier characteristics of 

the bulk phase of the coating. The open circuit potential (OCP) was found  −0.432 V 

SCE for commercial Fe2O3 while for nano-Fe2O3 very much on the anodic side 

0.234 V SCE much above that of bare steel (−0.5 V SCE). 

 

The nanosize barium sulphate particles were synthesized using PMG 

technique as explained above. The insitu generated barium sulphate particles using 

this technique had crystallite size of 35 nm. The crystal structure and particle size 

were investigated by using X-ray diffraction (XRD) and TEM.  

 

The electrochemical impedance spectroscopy was studied for prolonged 

durations over a period of 150hrs and 460hrs for PVB and Epoxy coating respectively. 

The open circuit potential (OCP) was found to shift with time from −0.325 V SCE to 

more anodic side (0.033 V SCE) much above that of bare steel (−0.5 V SCE). The 

presence of nano-BaSO4 was found to be vital in the prevention of corrosion and the 

shift of OCP to anodic side. The exceptional improvement of performance of these 

coatings has been associated with the increase in barrier to diffusion, prevention of 

charge transport by the nano-size BaSO4. The Bode plot data was used to calculate 

the capacitance evolution of Nanocomposite and commercial coating PVB and Epoxy 

polymer matrix. This indicated that the incorporation of nano-BaSO4 loading into 

polymer matrix exhibited a high barrier resistance of the order of 109 Ω to 108 Ω 
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different operational temperatures (450 C and 550 C) while Commercial BaSO4 

coating shows barrier resistance of the order107 Ω to106 Ω under same conditions. 

 

Table 6.1: Comparison of additive performance in nano-composite coating protection  
 

 
 

From these different studies, a few salient features emerge as regards the 

effective performance of the nano-size additives in coatings for metal protection. A 

comparison has been made in Table-1 of this chapter for the decay of coating 

resistance with time using the data reported earlier chapters 3, 4 and 5. The decay rate 

was estimated from the log Z with respect to  time of exposure to saline condition at 

450 C. This data is compiled in Table-1 for different filler/ polymer systems used in 

the present studies for comparison. It is interesting to note that the nano-particulate 

filler is very effective in reducing the decay of coating resistance in all cases 

especially in vinyl coatings. Amongst the various materials studied, nano CaCO3 

appears to be the most effective in enhancing the coating stability in saline conditions 

for the vinyl coatings. The macro-size particulate fillers give some enhancement 20 to 

30% in terms of reduction of decay rate. The effect is least for macro size BaSO4 

while better results are obtained for vinyl coatings with CaCO3 and Fe2O3. The nano 

fillers are much more effective by reducing the decay to 0.11 or 0.2 of original, thus  

giving 80 to 90% improvement in the stability under similar conditions. Another 

reason for nano CaCO3 having better properties in coatings can be the density of the 

substance. The material density is lowest for CaCO3 and highest for BaSO4 with 

Fe2O3 lying in between. During mixing of the coating formulations the heavier 

particles will not disperse properly and would have tendency to settle down and this 

will be also taking place during the drying and curing of the final coating. Thus the 

nano CaCO3 particles will be uniformly dispersed throughout the matrix while BaSO4 

Sample Normalized Log (Coating  Resistance )decay rate /day 
 CaCO3 

PVAc 
CaCO3 
PVB 

Fe2O3 
PVAc 

Fe2O3 
PVB 

BaSO4 
PVB 

BaSO4 
Epoxy 

No additive 1 1 1 1 1 0.1 
3-5% Nano 0.11 0.13 0.28 0.35 0.27 0.06 
10 % Macro 0.77 1 0.8 0.71 0.95 0.09 
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possibly not. Further, the nano- particle matrix interaction is better for CaCO3 / vinyl 

system which is further enhanced due to adsorbed PEG. Hence, the performance of 

these nano-particle additives is seen to follow the order nano-CaCO3 > nano-Fe2O3> 

nano-BaSO4.    Epoxy coatings on the other hand have as such excellent life and very 

little change is seen in their properties over long durations of exposure. This is 

because the epoxy coatings are highly cross linked and there is very little diffusion of 

ions/ water through these at ordinary temperatures. The nano additives give some 

more improvements of already stable epoxy coatings.   

 
 

Thus, it is seen from these studies, that the common additives if made in 

nanoparticulate form, impart very much higher properties in vinyl coatings and that 

too at quite low additive concentrations. It may be mentioned here that the cost has 

been a barrier in the past for extensive use of nano particulate materials. However, the 

present studies clearly open up a new route to synthesize common materials in nano 

form on large scale and which is easy for industrial implementation. This has been 

demonstrated by making sufficient quantity of the nano additives, formulating coating 

compositions in the industrial environment and applying these on coupons in the 

usual manner which is practiced for industry. One can now certainly state that these 

nano-particulate additives are not just laboratory curiosity but industrially useful 

novel new materials.   
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