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EXECUTIVE SUMMARY 

 

Numerous engineering applications require surfaces with low adhesion and 

stiction. Adhesion and stiction of oil on the solid surface is consider to be one 

of the critical problem in many engineering and industrial application. These 

problems can be minimized by oleo-phobic polymeric surface which requires 

high contact angle, low surface energy, low contact area and high surface 

roughness. It has been suggested that extremely oil repellent surfaces 

produced by creating micro/nano ordered roughness may satisfy the need for 

the non-adhesive surfaces. Highly ordered roughness is inversely proportional 

to the wettability of liquid on solid surfaces. 

In this regard limited work has been done and it has been reported that the 

coated surface shows oleophobic property. Heish et al. developed a oil 

repellent silica coated polymeric surface developed and investigate the roll off 

behavior. Lee et al. studied the motion of the oil drop on fluorosilane grafted 

nylon film which is oleophobic surfaces. He also designed superoleophobic 

Nylon cotton fabric lyophobic surfaces with alteration of chemical 

composition and Hsieh et al. improved oil repellency on wood substrates by 

using fluorinated silica nanocoating. Narayan Prabhu studied the effect of  

surface roughness on wetting behavior of oils. The surface roughness degrades 

with the time in chemically generated polymeric surfaces which decrease the 

oleophobicity.   

The surface modification i.e. increase in surface roughness of polymers has 

received much attention recently.  In recent years, therefore, there has been 

much interest in developing surface treatment technologies to alter the 

chemical and physical properties of different polymeric surfaces to make these 

more useful. Different methods such as γ-ray, electron beam, plasma, UV and 

chemical initiator can be applied to modify the surfaces. Among all the 

methods of modifications, chemical graft copolymerization is one of the 

promising methods. In principle, graft copolymerization is an attractive 

method to impart a variety of functional groups to a polymer. Grafting 
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reaction involves the copolymerization of a monomer onto polymer backbone. 

This grafting will be more beneficial if we irradiate grafted co-polymer with 

low energy ion beam which will enhance the surface roughness with greater 

stability. 

Ion beam is a unique tool to generate roughness on polymeric surfaces in a 

controlled manner by selection of specific ion species and energy and this 

makes it an attractive tool for many industrial applications. The low energy 

ion beam interaction with the grafted co-polymer produced chemically active 

sites which may play a vital role in the modification of the surface chemistry 

of the polymers. The interaction of grafted surface with ion beam increases the 

surface roughness with greater stability because of energy transfer to the 

surface. The degree of roughness or imperfection may also increase with 

increase in ion beam interaction time.  

We opted two fold methodologies to increase the micro order roughness in our 

thesis work. First is grafting of suitable monomer on polymeric surface under 

different reaction conditions and second is low energy ion beam interaction 

with grafted co-polymer to enhance the order of surface roughness. For this 

purpose commercially available polytetrafluoroethylene (PTFE/Teflon) films 

of thickness 150µm was obtained. The PTFE film was sliced into square strips 

of about 2cm x 2cm in size. To remove the organic residue on the surface, the 

PTFE film was washed, dried and stored in clean and dry box. Benzoyl 

peroxide (BPO) and acetone have been used in this work to create active site 

for grafting Methyl Methacrylate (MMA).  

The temperature of grafting medium is one of the most important reaction 

parameters that have a strong effect on the grafting yield. This experiment was 

performed at different temperatures 40, 50, 60 and 70 
°C with an accuracy of ± 

2°C for two hours with monomer concentration 10% and initiator 0.03M 

(optimized time as per reported in literature). After the grafting reaction, the 

samples were taken out from the monomer solution and washed with acetone 

to remove the remaining co-polymer. The washed samples were again 

weighed to know about any changes in weight due to grafting process. 
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The increase in temperature of grafting mixture up to 50°C initially increases 

the degree of grafting. This may be due to the increase of the initiation and 

propagation rates of graft copolymerization. Increase in the degree of grafting 

with increasing temperature is also due to increase in the decomposition of the 

initiator leading to the formation of more free radicals and generation of active 

sites on the polymeric backbone. But beyond 50°C, grafting rate decreased 

and the film became brittle. This is because at higher temperature, higher 

combination rates of monomer are obtained increasing homo polymerization 

reactions, which results in a decreased grafting rate. Maximum grafting was 

obtained at 50oC, with very little grafting at 40oC and also at 60oC and 70oC. 

The change in morphology of PTFE surface after modification by grafting 

with MMA was studied by FE-SEM. 

The result suggested that the surface initiated free radical polymerization has 

given rise to non-uniform molecular weight distribution and dense coverage of 

MMA on PTFE surface. The bumps in the form of white patches appear in 

FE-SEM image of grafted PTFE at 50°C. The height at this section of image is 

not similar to ungrafted surface. This white spot section in grafted image is 

nearly one third of the total surface area clearly indicates the increase in 

roughness of the surface. In similar fashion, deep dugs in the form of dark 

black spots also appear in images. Points represent duggy spots which are little 

dark in colour showing non-uniform structure of surface and hence depict 

increase in surface roughness. The non-uniformity in image is reduced at 

higher temperatures showing reduction in percentage of white patches. This 

was because of grafting rate reduction at higher temperature change in 

morphology of surface.  At 50⁰C maximum % of grafting i.e 9.77% was 

achieved resulting in maximum change in surface morphology of PTFE 

polymer. The XRD analysis of grafted polymer at various temperatures 

indicate maximum crystallographic changes at 50⁰C grafted temperature.  

Contact angle goniometry concludes that contact angle is a function of 

percentage grafting. The value of the contact angle increased from 40⁰C to 

50⁰C and its maximum value i.e 95.5⁰C exists when PTFE is grafted at 50⁰C. 
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After and before of this grafted temperature50⁰C the value of contact angle 

decreases and  minimum value exist at the 70⁰C. 

Pristine PTFE and grafted polymer samples were exposed to Ar+ ion beam for 

10 and 100 seconds respectively. The irradiated samples were stored in air 

tight box for safety purpose. In order to know the effect of ion beam on 

polymer surface and changes in surface chemistry, we characterized the 

irradiated polymer using FESE, EDS, XRD and contact angle goniometer.  

To make comparative analysis and to study optimum roughness condition, two 

sets of  irradiated samples of PTFE were studied. (i) irradiated with beam time  

of 10 sec (ii )irradiated  with beam time of 100 sec. For each category three 

sets when grafted at 50, 60, 70°C were examined.  

The contrast in an SEM image reveals information about the surface 

morphology and composition of the material. SEM observation showed that 

the surface of pristine PTFE has low but uniform roughness without sharp 

edges. The surface is more or less uniform and smooth. Few dark spots at 

some portions of surface indicate little irregularity in the height of sample 

surface. 

 FE-SEM observation of PTFE samples irradiated for 10 sec and grafted at 

50°C showed mild bumps with shallow irregularities  on the surface. The peak 

to valley height did not exceed approximately 0.5mm. Approximately equal 

portion of  dark and light spots are present, indicating in surface roughness due 

to irradiation. Slight crack was also seen at one portion of the image 

Approximately similar observations were made in second set of samples 

irradiated for 100s. Dark and mild spots were almost equal indicating of 

maximum roughness for sampled grafted at 50oC. Samples grafted at 60oC and 

70oC  showed cracks which were also present when irradiated for 10 sec.  

There was no change in the composition of the elements as found via EDS 

analysis. This clearly shows that the ion beam which we have used to increase 

the oleophobicity of the grafted Teflon has only imparted the energy to 
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decrease the smoothness of the sample. The ions did not got embedded in the 

sample. 

The contact angle is a direct measure of wettability whereas surface roughness 

is only indicative of change in wettability. Contact angles of pristine, grafted 

and irradiated samples were measured using CH3I as oil phase liquid with 

contact angle goniometer. Grafted polymer treatment was performed with ISE 

10 Ion Gun using 3 KeV Ar+ ions and a defocused ion beam. 

Monomer grafted PTFE samples showed slight increase in contact angle. 

However, after irradiated further increase of 8 to 10o was observed. This 

definite change in contact angle corroborated well with increase in surface 

roughness as seen in FE-SEM images. 

Ion beam irradiation enhances surface roughness at micro-scale leading to 

change in surface wetting has been established in this work. Further extensive 

studies are needed to increase this change to produce truly super oleophobic 

surfaces for engineering applications. 
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Chapter 1 

INTRODUCTION 

 

1.1  INTRODUCTION  

The polymeric surfaces with non-adhesiveness and less stiction are required 

for proper functioning in most of the industrial application. It was suggested 

that extremely repellent surfaces produced by applying a micro/nano patterned 

roughness may satisfy the need for non-adhesive surfaces. The term oleo-

phobic is applied if we consider in context of oil repelling surfaces.  

Roughness induced olephobicity has been suggested as a way to reduce the 

wettability of oil on surfaces.  The surface energy has been found a useful 

concept for interpreting adhesion, spreading and wetting behavior of oil on 

surfaces. The primary parameter that characterizes poor wetting is the high 

static contact angle, high surface roughness, low surface energy and low 

contact angle hysteresis. 

 Fluorocarbon polymers are suitable polymers for these applications due to 

their unique properties, such as high thermal stability, excellent chemical 

resistance, low friction coefficient, superior weatherability, oil  repellence, low 

flammability, low dielectric constant, chemical inertness and a low coefficient 

of friction  and stiction etc.[1-4]. In this context, poly-tetrafluoroethylene 

(PTFE) is considered to be the “benchmark” low surface energy material in 

fluoro carbon polymer group.  

1.2 PREVIOUS LITERATURE 

Oleophobic surfaces have not been studied as extensively as hydrophobic 

surfaces. Heish et al. [5] developed an oil repellent, silica coated, polymeric 
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surface and investigated the roll-off behavior of oil droplet. Lee et al [6] 

studied the motion of the oil drops on fluorosilane grafted nylon film which is 

an oleophobic surface. These workers also designed superoleophobic nylon -

cotton fabric with alteration of chemical composition [7]  and Hsieh et al [8] 

improved oil repellency on wood substrates by using fluorinated silica 

nanocoating. Prabhu et al [9] studied the effect of surface roughness on 

wetting behavior of oils. However, the work  was limited on to the degradation 

of stability of oleophobic surface with time. 

Tuteja et al. [10] develop design parameters that enable the evaluation of the 

robustness of the composite interface on a oleophobic surface. Based on these 

design parameters, they also rank various superoleophobic substrates 

discussed in the literature, with particular emphasis on surfaces developed 

from inherently oleophilic materials. Hoefnagels et al. (2007) [11] explains 

when a perfluoroalkyl chain is introduced to the silica particle surface, the 

textile becomes highly oleophobic, as demonstrated by a static contact angle 

greater than 110° and a roll-off angle of 24° for a 15 µl sunflower oil droplet. 

Bigelow et al. [12] explain the development of oleophobic monolayers. His 

observations were made to determine the smallest concentrations of various 

types of oleophobic compounds which would permit the formation of 

oleophobic monolayers on platinum. 

Jung et al. (2009) [13] studied the oleophobic surfaces that have the potential 

for self-cleaning and antifouling from biological and organic contaminants in 

both air and water. The surface tension of oil and organic liquids is lower than 

that of water, so to create a oleophobic surface, the surface energy of the solid 

surface in air should be lower than that of oil. The wetting behavior of oil 

droplets for oleophobic/philic surfaces in three-phase interfaces was studied. 

In order to make the surface oleophobic at a solid−air−oil interface, a material 

with a surface energy lower than that of oil was used. In underwater 

applications, the oleophobicity/philicity of an oil droplet in water was studied 

on the surfaces with different surface energies of various interfaces and 

contact angles of water and oil droplets in air. A model for predicting the 

contact angles of water and oil droplets was proposed. To validate the model, 
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the wetting behavior of flat and micropatterned surfaces with varying pitch 

values were studied. 

Liu et al. [14] design oleophobic surfaces which requires an understanding of 

the effect of the geometrical shape of etched silicon surfaces on the contact 

angle and hysteresis observed when different liquids are brought into contact 

with oleophobic surfaces. This study used liquid-based metal-assisted etching 

and various silane treatments to create superoleophobic surfaces on a Si 

surface. Etch conditions such as the etch time and etch solution concentration 

played critical roles in establishing the oleophobicity of Si When compared to 

Young’s contact angle, the apparent contact angle showed a transition from a 

Cassie to a Wenzel state for low-surface-energy liquids as different silane 

treatments were applied to the silicon surface. These results demonstrated the 

relationship between the re-entrant angle of etched surface structures and the 

contact angle transition between Cassie and Wenzel behavior on etched 

Si(111) surfaces. 

Segal et al. [15] shows the application of some fluorochemicals to cotton 

textiles to impart oleophobic surface characteristics to the materials has been 

investigated further. The chromium complexes of perfluoromonocarboxylic 

acids were used in conjunction with acrylic emulsion. These were employed in 

separate operations as well as combined with the complexes into one 

emulsion.  

Torchinsky et al. [16] explain the wettability modification of materials by low-

energy electron flux. In this work, they define the method that they developed 

for electron-induced surface energy and modification. The applied technique 

has afforded gradual tuning of the surface free energy, resulting in a wide 

range of wettability modulation. 

Cao et al. [17] report a facile process for fabrication of highly oleophobic 

surfaces through assemble of silica nanoparticle. The layer by layer assembly 

techniques is used in this process. Lee et al. [18] Develop a oleophobic 

material by  two criteria: low surface energy and properly designed surface 

morphology. The relationships among surface tensions, contact angles, contact 

angle hysteresis, roll-off angles, and surface morphologies of such materials 
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are studied. Numerical formulae related to the surface energy of liquids and 

solids are used to predict the wetting behavior of oleophobic materials. Using 

chemical and geometrical modifications, a oleophobic surface was prepared. 

Good agreement between the predicted and measured contact angles and roll-

off angles were obtained. The effect of the contact angle hysteresis on the roll-

off angle is described to understand the motion of a droplet when the droplet 

begins to roll off.  

Ohkubo et al. [19] develop a novel method for preparing and characterizing 

oleophobic surface. Aluminum (Al) substrate was roughened by sandblasting 

and electrolytic etching to obtain micro- and nano-sized complex 

morphologies. Then, its substrate was covered by a chemically adsorbed 

monolayer containing a fluorocarbon group. The surface of the wettability was 

characterized by contact angle measurements and its surface indicated the oil 

contact angle (OCA) of hexadecane was nearly 110°. The wettability was also 

characterized by solid surface energy. The solid surface energy of  solvent was 

obtained and the values were extremely low, ranging from 0.31 to 1.29 mN/m. 

Their values indicated that the oleophobicity of their sample reached the 

highest level possible.  

1.3 SPECIFIC OBJECTIVES 

a) Grafting of Poly-methylmethaacrylate (PMMA) on poly-tetra 

fluoroethylene (PTFE) at different temperatures. 

b) Low energy ion beam interaction with grafted polymer. 

c) Comparative study on effect of ion beam on pristine and grafted polymer. 

d) Characterization of samples with Field Emission Scanning Electron 

Microscope(FE-SEM), Energy Dispersive Spectrum Analysis (EDSA), 

Contact Angle Goniometer (CAG) and X-Ray Diffraction (XRD). 

1.4 RESEARCH METHODOLOGY 

The surface modification of polymers has received much attention recently. In 

recent years, there has been much interest in developing surface treatment 

technologies to alter the chemical and physical properties of different 

polymeric surfaces to make them more useful. Different methods such as γ-
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ray, electron beam, plasma, UV and chemical initiator can be applied to 

modify the surfaces.  Among all the methods of modifications, chemical graft 

copolymerization is one of the promising methods. In principle, graft 

copolymerization is an attractive method to impart a variety of functional 

groups to a polymer. Grafting reaction involves the copolymerization of a 

monomer onto a polymer backbone.  

Fig. 1.1 shows the flow diagram of the steps followed in this research work. 

PTFE film was characterized with respect to its surface property and was then 

grafted with MMA copolymer. 

The grafted PTFE film was irradiated with low energy (3 KeV) Ar+ ion beam 

which was once again characterized. The data were than analyzed and 

conclusion drawn. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1 : Research methodology 

Step 1 

Procurement of PTFE  

(150 micron) 

Step 2 

Grafting 

(Monomer MMA) 

Step 3 

Ion Irradiation 

(Low energy Ar+ ionic beam 

with energy 3KeV) 

Step 4 

Characterization 

(XRD, FE-SEM, EDS, CAG) 

Step 5 

Data Analysis and Result 
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The thesis is organized in eight chapters which comprises the following:  

Chapter 1 deals with the introduction of the problem, brief literature review 

and research methodology related to the work. The details of the others 

chapters is also given at the end. 

Chapter 2 deals with the  mathematical formulation required to characterize 

the wettability of solid surfaces to static contact angle and contact angle 

hysteresis.  

In this chapter the effect of gravity, de-stabilization due to gravitation waves 

and limitations of Wenzel and Cassie equation are discussed. Naturally 

existing oleophobic surfaces and roughness induced oleophobic behavior have 

been analyzed.                                                                                                                                                                              

Chapter 3 presents the detailed methodology to increase the surface 

roughness through chemical grafting process. Apart from that the effect of 

various parameters on grafting like monomer concentration, temperature and 

reaction time are discussed. 

Chapter 4 gives an idea of source of energetic ions and ion beam irradiation. 

The idea of energy loss in polymer with range and damage distribution is 

discussed. The detailed mechanism of sputtering with impact of irradiation on  

on polymer is also discussed in this chapter. 

In Chapter 5, details of the methodologies used for characterizing the 

polymer samples are presented. Characterization of polymer as well as treated 

polymer film by Field Emission-Scanning Electron Microscopy (FE-SEM), X-

ray Diffraction (XRD), Energy-Dispersive X-ray Spectroscopy (EDS) and 

Contact Angle Goniometry (CAG) are described in details.  

In Chapter 6, the detail of monomer grafting on polymer backbone are 

presented. The surface morphology of PTFE polymer was modified through 

grafting of MMA by chemical reaction. The effect of monomer, initiator, 

temperature and reaction time were studied and analysed. Surface 

modification before and after grafting as analysed through FE-SEM and 
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discussed. Crystallographic changes and elemental composition after grafting 

as measured through EDS and XRD are also included and contact angle 

goniometry is applied to measure the contact angle before and after grafting 

and/or irradiation. 

In Chapter 7, the analysis about the change in surface morphology after the 

irradiation is presented. The comparative analysis of the images by FE-SEM 

before and after irradiation is discussed. The data pertaining to the contact 

angle measurement and their comparison with grafted PTFE surface is also a 

part of this chapter. The EDS analysis for elemental composition after the 

irradiation and XRD analysis for surface orientation and crystallinity are also 

discussed in this chapter.  

In Chapter 8, the final conclusions drawn from the study are presented. 

Recommendations has been made for further research work in this area 

keeping in view, the potential practical application of this result in  

engineering and industry. 
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Chapter 2 

FUNDAMENTAL AND BASIC PRINCIPLE OF 

OLEOPHOBICITY  

 

2.1  INTRODUCTION 

Numerous applications in various fields require surfaces with low adhesion 

and stiction. As the size decreases, surface forces tend to dominate over  

volume forces, and adhesion and stiction constitute a challenging problem for 

proper operation [20, 21]. This makes the development of non-adhesive 

surfaces crucial for many of emerging applications. It has been suggested that 

extremely oil-repellent (superoleophobic) surfaces produced by applying 

micro-patterned roughness may satisfy the need for the non adhesive surfaces. 

The non-adhesiveness of any surface can be characterize by the contact angle. 

The value of contact angle is different for different surfaces i.e. homogeneous 

surfaces and heterogeneous surfaces. Young’s successfully explained the 

wettability of liquid on homogeneous surface while Wenzel [22] and Cassie 

Baxter [23] explains heterogeneous surface. 

2.2  CONTACT ANGLE ANALYSIS 

The dependence of the contact angle on the surface tension is considered for a 

liquid in contact with smooth and a rough solid surface, forming a 

homogeneities interface. The surface atoms or molecules of liquids or solids 

have energy above that of similar atoms and molecules in the interior, which 

results in surface tension or free surface energy being an important surface 

property. This property is characterized quantitatively by the surface tension 

or free surface energy ϒ, which is equal to work that is required to create a 

unit area of the surface at constant volume and temperature. The unit of  ϒ are 

J m-2 or N m-1 and can be interpreted either as energy per unit surface area or 

as tension force per unit length of a line at the surface. When a solid is in 
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contact with liquid, the molecular attraction will reduce the energy of the 

system below that for the two separated surfaces. This may be expressed by 

the Dupre equation: 

    -    Eq. (2.1) 

where WSL is the work of cohesion per unit area between two surface, ϒSA and 

ϒSL are the surface energies (surface tensions) of the solid against air and 

liquid and ϒLAis the surface energy of liquid against air [24] .  

The contact angle depends on several factors, such as roughness and the 

manner of surface preparation and its cleanliness. The term ‘oleophobic/ 

philic’ is  used with regard to the wetting by oil. Surface with high energy, 

formed by polar molecules, tend to be oleophobic, whereas those with low 

energy and built of non-polar molecules tend to be oleophilic. If the oil wets 

the surface (referred to as a wetting liquid or a oleophilic surfaces), the liquid 

value of the static contact angle is 0o ≤ θ ≤ 90o, whereas if the liquid does not 

wet the surface (referred to as a non-wetting liquid or a oleophobic surface), 

the value of the contact angle is 90o ≤ θ ≤ 180o.  The term oleophobic/philic, 

which was originally applied only oil (oleo means oil in Greek), is often used 

to describe the contact of a solid surface with any liquid. 

 

Fig. 2.1 Liquid drop on solid surface 

LVγ

SLγ
 SVγ
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Spreading constant S�=�γ
SV

–�γ
SL

+γ
LV

cosθ� decides that the surfaces are 

oleophobic or oleophilic. If S is positive i.e. �γ
SV
	�γ

SL
+γ

LV
cosθ�, then surface 

contact area will be greater and will show the low contact angle or greater 

wettability. On the other hand if S is negative i.e. �γ
SV

�γ

SL
+γ

LV
cosθ�, then 

the contact angle should be high and show the poor wettability. 

2.3 ROUGH SURFACES 

Wetting in reality is more complex than described above. This is mainly due to 

the non-ideality of the surface, which can be both rough and chemically 

heterogeneous. While the latter can be accounted for by considering a locally 

different compound with different properties (and thus a different surface 

tension), the former cannot be corrected this easily. The earliest work on the 

effect of surface roughness on contact angles can be attributed to Wenzel and 

Cassie and Baxter . They provided different expressions for apparent contact 

angles, based on different average characteristics of a rough surface. 

Wenzel state assumed the liquid completely fills up the grooves in on a rough 

surface (Fig. 2.2) and state that on a rough surface for an identically same 

increase in the free liquid area at the upper surface of the drop (i.e. the 

liquid-vapor-surface), a greater amount of actual surface is wetted under it 

than compared to a smooth area. Thus, the net energy decrease on wetting a 

water-repelling surface will be greater for the rougher surface than a smooth 

surface and thereby enhances its water-repellency. The same analogy goes for 

water attracting surfaces, thus making them more water attracting. Therefore, 

according to Wenzel, a distinction must be made between the total (or actual) 

surface and the superficial (or geometric) surface. This results in a "roughness 

factor" designated by r, the ratio between the actual surface and the geometric 

surface, by which the contact angle derived from Young's equation must be 

corrected. 

We first consider a water droplet on a rough surface with a homogeneous 

interface. The interface area increases with respect to that for a smooth 

surface. Using the surface force balance and empirical considerations, relates 

the contact angle of a oil droplet upon a rough solid surface, θ, with that upon 
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a smooth surface, θ0, Fig. 2.2, through the non-dimensional surface roughness 

factor, Rr, equal to the ratio of the surface area, ASL, to its flat projected area, 

AF i.e.  

���
��
�  

                                     ����� � �������
�������� � �����θ��                    Eqn. (2.2) 

The value of the Rf is equal to unity if the surface is perfectly smooth, while 

its value is >1 if the surface is rough. This is called Wenzel equation and the 

dependence of the contact angle on the roughness factor is presented in Fig. 

2.2 for different values of  θy. 

 

Fig. 2.2 : Wenzel’s interface 

The Wenzel equation predicts that wetting is enhanced by roughness, when θ 

is < 90o, and the wetting is lessened by roughness as shown in Fig. 2.3.  

 

Fig. 2.3 : A drop of liquid in the Wenzel’s state  

Since Rf > 1, then Wenzel’s angle is 180o, when cosθy is < – 
���. Hence, 

according to Wenzel, the contact angle is 180o for all cases in which θy >      

cos-1� ��� . However, when θ > 90o, under some roughness condition, air 
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bubbles may be trapped in the rough grooves. In this case, the drop is actually 

situated on a composite surface, and the wetting behavior is described by 

Cassie and Baxter. 

The Cassie-Baxter [23] state, also known as the composite or heterogeneous 

state, is a wetting state where, different from the Wenzel's state, it is 

considered that the grooves under the droplet are filled with vapor instead of 

liquid, as schematically shown in Fig. 2.4. 

This state is first described by Cassie and Baxter. In this case, the 

liquid-surface interface is actually an interface consisting of two phases, 

namely a liquid-solid interface and a liquid-vapor interface. And the apparent 

contact angle is the sum of all the contributions of the different phases as 

described below: 

cos θc = f 1 cos θ1 +.f2 cos θ2   Eqn. (2.3) 

where θc is the apparent contact angle, f1 and 2f are the surface fractions of 

phase 1 and phase 2, respectively; 01 and 02 are the contact angles on phase 1 

and phase 2, respectively. This equation applies when there is no roughness. 

When one of these surfaces is the air-liquid interface, f is the solid fraction, 

defined as the fraction of the solid surface that is wetted by the liquid. Then 

the air fraction is (1–f). With θ = 180o for air, the resulting angle can be 

calculated by the following equation : 

 cos θc = Rf cos θy + (1 – Rf cos 180o) = f cos θy + f – 1   Eqn.(2.4) 

The parameter f ranges from 0 to 1, where at f = 0 the droplet does not touch 

the surface at all and at f = 1 the surface is completely wetted, the same as the 

behavior of a flat surface. According to Cassie’s formula, the apparent contact 

angle changes shrply at θy = 90o (cos θy = 0). Furthermore, the apparent angle 

can only be 180o if Young’s angle is 180o. 
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Fig. 2.4. : A drop of liquid in Cassie Baxter state. 

When a droplet is in the Cassie state, the small contact area between the 

droplet and solid surface allows the droplet to roll easily over the surface. The 

Wenzel’s and Cassie and Baxter states highly depends on surface roughness. If 

the order of roughness is low, then oil may completely penetrate into the 

roughness grooves and Wenzel’s equation hold good. If the order of surface us 

very high then liquid does not fill the grooves on the rough surface and in this 

condition, Cassie state holds good. 

2.4 CONTACT ANGLE HYSTERESIS 

The contact angle we mentioned above is the static contact angle, which 

delines the energetically most favorable state of a droplet on a solid surface. 

However, different contact angles can coexist along the contact line due to 

either chemical heterogeneity, surface roughness. A small droplet of water can 

remain immobile on a tilted surface; the water contact angle at the back of the 

droplet is smaller than that at the front of the droplet, as shown in Fig. 2.5(a). 

The two different contact angles can also be observed when more water is 

added to and withdrawn from the droplet. When water is added into a water 

droplet, the contact angle will increase until the contact line starts to move 

forward; this contact angle is called advancing contact angle. On the other 

hand, when water is withdrawn from a water droplet, the contact angle will 

decrease until the contact line starts to recede; this contact angle is called 

receding contact angle (Fig. 2.5). The difference between advancing and 

receding contact angles is defined as the contact angle hysteresis. It is 

represented by θH. 

    θH  =   θA  –   θR        Eqn.(2.5) 
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 The contact angle hysteresis is a measure for how well a drop of liquid sticks 

to the surface. It is therefore important that a oil repellent surface has a low 

contact angle hysteresis i.e. advancing and receding angle should be nearly 

equal. 

 

Fig.2.5 (a) Contact angle hysteresis on a titled surface, and   (b) schematic 

illustration of advancing and receding contact angles on a flat surface via 

increasing and decreasing the volume of droplet, respectively. 

Measurements on the hysteresis of the contact angle have been done by Johnson 

and Dettre [25]. Data reported on the advancing θa and the receding contact 

angle θr on surfaces of wax with variable roughness is shown in Fig. 2.6. 

Of interest is the effect of the surface roughness on the hysteresis. As the 

roughness (here defined only qualitatively), increases, we first notice a large 

increase in hysteresis, although the variations of the angles themselves are 

relatively small. Then, as the roughness increases further the hysteresis newly 

vanishes due to the large increases in the contact angles. Thus, increasing 

surface roughness not only enhances the hydrophobicity of a hydrophobic 

surface, as predicted by the Wenzel-model and the Cassie-Baxter-model, but 

also has a large effect on the contact angle hysteresis. 

It is very difficult to calculate the Vander Wall’s forces in materials. A simpler 

approach is to calculate the value of free surface energy for the same. Free 

surface energy can be defined as the energy required to create a new surface 

express over an area consisting of many number of atoms in the surface lattice. 

Surface free energy is the function of material and it depends upon orientation 

of the surface. 

The atoms at the surface have unused energy, so they can interact with each 

other, with other atoms from the bulk, and with species from the environment. 
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Free surface energy influences adhesive bonds for solids in contact and, hence, 

friction and wear. 

 

 

Fig.2.6 : Advancing (open symbols) and receding (closed symbols) contact 

angles of water on a wax surface as a function of the surface roughness. 
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In addition, it determines the nature of the interaction of lubricants with solids. 

When a bond is formed between two materials [having free surface energies 

per unit area in air (γSA)1 and (γSA)2 or simply γ1 and γ2] in contact, the surface 

energy of the interface per unit area changes to γ12. Then the work of adhesion 

or the energy of adhesion per unit area is defined by Bardley [26] and Bailey 

[27] and given as: 

         Wad = ∆γ = γ1 + γ2 – γ12                 Eqn. (2.6) 

 where ∆γ is equal to a reduction in the surface energy of the system per unit 

area (always negative), in mJ/m2. Thus, ∆γ represents the energy that must be 

applied to separate a unit area of the interface or to create new surfaces. For 

two similar materials, ∆γ becomes the work of cohesion, and is equal to 2γ 

(γ12=0). This important thermodynamic relation is valid for both solid and 

liquid interfaces. γ is generally called free surface energy for solids and sur-

face tension for liquids [28].  

The higher the surface energy of a solid surface, the stronger the bonds it will 

form with a mating material. One obvious suggestion from the surface energy 

theory of adhesion is to select materials that have a low surface energy and 

low ∆γ. Use of lubricants at the interface reduces the surface energy. The 

surface energy of solid surfaces typically ranges from a few hundred to a few 

thousand mJ/m2, whereas for most liquids it is few tens of mJ/m2. Nonpolar 

lubricants have a lower surface energy than polar lubricants. Organic 

contaminants can also reduce the surface energy considerably. 

2.5 STABILITY OF THE COMPOSITE INTERFACE 

A homogeneous interface may be unstable, so that stability of the 

homogeneous interface should by determined. Mathematically, it means that 

in addition to satisfying the equilibrium condition for the net energy 

    dE = 0     Eqn. (2.7) 

the stable configuration should satisfy the minimum net energy condition 

    d2E > 0    Eqn. (2.8) 
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The interface may be destabilized due to small perturbations caused by various 

external influences and effects. Furthermore, the configuration may have 

many stable equilibrium condition (metastability and may be transformed 

from one stable position to another due to the external effects, with a certain 

probability of  finding the system at a given state. 

2.6  EFFECT OF GRAVITY 

We ignored the effect of gravity by assuming that the gravity force is small 

compared to the surface tension forces. However, for big droplets this 

assumption may not be correct. If the weight of a droplet exceeds the vertical 

component of the total surface tension force at the triple line, a droplet, 

suspended at the tops of the asperities, will collapse [29]. Thus a maximum 

critical size of the droplet Rmax exists, above which the droplet cannot remain 

suspended on the tops of the asperities. Let us investigate how this maximum 

size depends on the period of asperities/ consider a rough surface with 

roughness period l and amplitude z, which corresponds to maximum to its 

volume and to the third of Rmax.  

W ∝ Rmax    Eqn. (2.9) 

For the maximum value of droplet radius, the weight is equal to the total 

vertical component of the surface tension, proportional to the surface tension 

times the cosine of the contact angle times the total perimeter of the triple 

lines:  

    W ∝ γSL t N cosθ   Eqn.(2.10) 

where N is the number of asperties under the droplet [30]. Consider another 

rough surface with period αl and amplitude α!", which has the same roughness 

factor and the same contact angle. The length of the triple line for each 

asperity will be αt. The number of asperities under the droplet is proportional 

to the second power of Rmax divided by the second power of α 

         ������������������������������������#�∝ ��$%&'  �����������������������������������������()*+,-+��.� 
 

Combining Eqns. (2.17) and (2.19) yields. 

                                                   ��/01�∝��� 1

α
����������������������������������������()*+ ,-+�-. 
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This result suggested that with increasing asperity size the ability of a rough 

surface to form the composite interface decreases and larger droplets  collapse. 

Therefore, smaller asperities makes composite interface more likely due to 

gravity. Increase the droplet size has a same effect as increasing the period of 

roughness. 

2.7 LIMITATION OF THE WENZEL AND CASSIE EQUATIONS 

Cassie equation  is based on the assumption that the heterogeneous surface is 

composed of well-separated distinct patches of different material, so that the 

free surface energy can be averaged. It has been argued also that when the size 

of the chemical heterogeneities is very small (of atomic or molecular 

dimension), the quantity that should be averaged is not the energy but the 

dipole moment of a macromolecule [31] and is given as: 

  (1 + cosθ)2 = f1 (1 + cosθ1)
2 + f2 (1 + cosθ2)

2  Eqn.(2.13) 

Experimental studies of polymers with different functional groups showed a 

good agreement with Eqn.(2.13) 

 

2.8  RANGE OF APPLICABILITY OF THE WENZEL AND CASSIE 

EQUATION 

For a liquid front propagating along a rough tow-dimensional profile, the 

derivative of the free surface energy (per liquid front length), W. by the profile 

length, t, yield the surface tension force σ = dW/dt=ϒSL-ϒSV. The quantity of 

practical interest is the component of the tension force that corresponds to the 

advancing of the liquid from in the horizontal direction for dx. This 

component is given by dW/dx=(dW/dt) (dt/dx) = (ϒSL-ϒSV) dt/dx. It is noted 

that the derivative Rf=dt/dx is equal to Wenzel’s roughness factor in the case 

when the roughness factor is constant throughout factor in the case when the 

roughness factor is constant throughout the surface. Therefore, the Young 

Eqn., which relates the contact angle with solid, liquid, and vapor interface 

tensions. ϒLV cos θ= ϒSV - ϒSL is modified as  

       ϒLVcosθ = RF (ϒSV – ϒSL)   Eqn. (2.14) 



(xl) 

 

The empirical Wenzel Eqn. is a consequence of Eqn. (2.14) combined with the 

young Eqn. 

Nosonovsky [30] showed that for a more complicated case of a non-uniform 

roughness, given by the profile z(x), the local value of r(x) = dt/dx = (1 + 

(dz/dx)2)½ matters. In the general case of a 3D rough surface z(x,y), the 

roughness factor can be defined as a function of the coordinates r(x, y) = (1 + 

(dz/dx)2 + (dz/dy)2)½. 

2.9 NATURAL OLEOPHOBIC, SELF-CLEANING, AND DRAG 

REDUCTION SURFACES 

A model surface for oleophobicity and self-cleaning is provided by fish which 

are known to be well protected from contamination by oil pollution although 

they are wetted by water [32]. Fish scales have a hierarchical structure 

consisting of sector-like scales with diameters of 4-5 mm covered by papillae 

100-300 µm in length and 30-40 µm in width [33]. These grooved scales 

reduce vortices formation present on a smooth surface, resulting in water 

moving efficiently over their surface [34]. The water surrounding these 

complex structures can lead to protection from marine fouling and play a role 

in the defense against adhesion and growth  of marine organisms, e.g., 

bacteria and algae [35]. If oil is present on the surfaces in air or water, surfaces 

are known to be oleophobic and may provide self-cleaning and anti-fouling. 

The many sea animals including fish and shark are known to be oleophobic 

under water. Superoleophobic surfaces cart also reduce significant losses of 

residual fuel in fuel tanks and pipes. 

2.10 ROUGHNESS INDUCED OLEOPHOBICITY 

The surface-tension of oil and organic liquids is lower than that of water, so to 

create a superoleophobic surface, the surface energy of the solid surface in air 

should be lower than that of oil. For underwater applications, if an oil droplet 

is placed on a solid surface in water, the solid-water-oil interface exists. The 

nature of oleophobicity/philicity of an oil droplet in water can be determined 
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from the values of surface energies of various interfaces and contact angles of 

water and oil in air. 

Many superoleophobic surfaces have been developed by modifying the 

surface chemistry with a coating of extreme low surface energy materials [36, 

37]. The surface curvature, in conjunction with chemical composition and 

roughened texture, can be used for liquid with low surface tension, including 

alkanes such as decane and octane. Liu et al. [33]  performed experiments in a 

solid-water-oil interface. They found that hydrophilic and oleophilic surfaces 

(solid-air-water interface and solid-air-oil interface) can switch to an 

oleophobic surface in water (solid-water-oil interface). As a result, oil 

contaminants are washed away when immersed in water. This effect can be 

employed for underwater oleophobicity and self-cleaning that can be used 

against marine ship fouling for predicting the oleophobic/philc nature of 

surfaces and showed how the water and oil droplets in three phase interfaces 

influence the wetting behavior on micro-patterned surfaces with varying pitch 

values as well as the shark skin replica as an example of aquatic animal. 
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CHAPTER 3 

POLYMER AND ITS GRAFTING 

 

3.1  INTRODUCTION 

Polymer is widely accepted in many industrial applications and its utility may 

be increased by modifying the requisite properties. Several methods are in 

practice to modify the properties of the polymer by changing its surface 

chemistry. One trend in modern civilization is to effect gradual replacement of 

natural materials with either all synthetic materials or modified natural 

materials. In the polymeric age, it is essential to modify the properties of a 

polymer according to tailor-made specifications designed for target 

applications. There are several means to modify properties of polymer, viz. 

blending, grafting, and curing. ‘Blending’ is the physical mixture of two (or 

more) polymers to obtain the requisite properties. ‘Grafting’ is a method 

wherein monomers are covalently bonded (modified) onto the polymer chain. 

Actually there is no time scale for the process of grafting, which can take 

minutes, hours or even days. Grafting may be considered: (i) grafting with a 

single monomer and (ii) grafting with a mixture of two (or more) monomers. 

The first type usually occurs in a single step, but the second may occur with 

either the simultaneous or sequential use of the two monomers. 

This chapter deals with the change in surface morphology and surface 

chemistry of polymer material due to grafting of monomer on polymer 

backbone. Effect of temperature, monomer concentration and initiator on 

grafting rate is also discussed in also the part of this chapter  

3.2 STRUCTURE AND MORPHOLOGY OF POLYMER 

A detailed study of polymer structure has been carried out by many scientists 

[38-46]. The structural details of polymers are closely related with their 
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chemical and physical properties. The micro structural studies have revealed 

that the basic structural elements of high polymer are the linear chain 

molecules. The Russian Scientist Lebedev [47] deserves credit for having 

conceived the idea of a long chain structure. He polymerized butadiene and 

assigned to the product a cyclo-octadine structure. Soon afterwards, Lebedev 

[48] proposed chain structure for the polybutadine are rubber. Staudinger [49] 

differentiated linear and non-linear of network polymer. A lot of X-ray 

diffraction analysis of polymers was analysed by Dore, Mayer, Mark and 

Fredenberg etc. provided additional evidences for the higher molecular weight 

theory and long-chain structure. The description of the morphology and the 

interpretation of properties of semi-crystalline polymers remained a subject of 

a very deep and divisive debate for more than two decades. The basic 

structural elements of high polymer solids, are the chain molecules. The 

variety of their structure and flexibility permit different modes of organization. 

X-ray structure analysis is one of the most potential and direct techniques to 

study the structure of the material. When this method was applied to polymers, 

some interesting phenomena were observed revealing their internal structure. 

It was observed that a good majority of polymers diffracts X-rays like any 

other crystalline substances and many behave like amorphous materials giving 

very broad and diffuse X-ray diffraction  pattern. On the basis of these results 

one can classify polymers into two broad groups-one which can be produced 

in crystalline state and the other in amorphous state 

3.2.1  Crystalline Nature 

The basis for cyrstallinity in polymer is quite complex. The simplest element 

of the structure of crystalline polymer is its crystalline unit cell formed by 

several atoms (parts of chains). In a unit cell each atom in the long chain 

molecules, is covalently bonded to its neighbour and the atom cannot move 

independently from one location to another, its neighbour must move in a 

highly prescribed manner since the nearest neighbor along the chain direction 

must always be the same atom. 
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This restricted mobility of bulky long chain of polymer molecules prevents 

100% crystallinity, even if it shows similar results as that observed in metals 

i.e. increase of crystalline with annealing. The basic requirement for (crystal) 

crystallinity is chemical regularity along the polymer chain (tactic) that is why 

higher crystallnity is not possible in atactic. The X-ray crystallographic 

analysis of the unit cell of polyethylene by Bunn [50], marked an important 

point in the understanding of polymer science. Upto 1957, it was believed that 

the crystalline structure is of fringe miscelle type [46] and the chains are 

frozen into non-equilibrium position due to lack of mobility. A typical 

miscelle was supposed to be bundle of several tens of hundreds of different 

molecules which after leaving the miscelle and passing through amorphous 

regions, would randomly form other miscelles. It provided a basis for 

understanding most of the experimental data such as IR spectroscopy and X-

ray diffraction patterns. On account of these two phases, fringed miscelle 

model enjoyed widespread recognition and popularity. Simple experiments 

independently performed by Fisher, Keller and Till [51, 52, 53] changed and 

entire course of study of the structure of polymers. The experiments led 

subsequently to the conclusion that mechanical properties are much more 

related to morphology as compared to cyrstallinity in single crystal of 

polyethylene. The spiral growth of the polymer crystal of poly oxymethlene is 

one of the most interesting complexities [54]. Multilayer structure with a small 

fraction of molecules interconnecting overlapping lamellas was observed 

when polymer was crystallized from more concentrated solutions. In bulk 

crystallization, lamellas were observed when polymer was crystallized from 

more concentrated   solutions. In-built crystallization, lamella thickness upto 

an order of 100 A or even greater could be observed [55]. The lamella 

thickness depends on the molecular weight and crystallization conditions 

under atmospheric pressure. Inspite of the observation of larger crystalline 

dimensions, it was very strongly argued through the 1960s and much of the 

1970s that the chains were regularly folded in bulk-crystallized polymers [38, 

56, 57].  The major principles that were widely enunciated to support regularly 

folded chain in bulk crystallized polymers were that 



(xlv) 

 

1. The chain units in crystalline homopolymers should be assigned to either 

the interior of the crystallites or to the smooth interface. 

2. Chain units connecting crystallities were rare events and, if they existed at 

all, adopted ordered confrontations. 

3.3 CLASSIFICATION OF POLYMER 

Polymer is the generic name given to the vast number of materials of high 

molecular weight. These materials exist in countless forms/numbers because 

of very large number and types of atoms present in their molecule. Polymers 

can have different chemical structure, physical properties, mechanical 

behavior, thermal and tensile characteristics etc., and can be classified in 

different ways. 

3.3.1 Oleophobic and Oleophilic Polymers 

Oleophobic and Oleophilic are frequently used descriptors of polymer 

surfaces. A polymeric surface is Oleophobic if it does not tends to absorb oil 

or be wetted by oil. A surface is Oleophilic if it tends to absorb oil or be 

wetted by oil. More particularly, the terms describe the interaction of the 

boundary layer of solid phase with liquid or vapor water. 

Many surfaces in nature are highly oleophobic and self cleaning. For examples 

Electron Microscopy of the surface of Lotus leaves show protruding nubs 

about 20-40 micrometer apart each covered with smaller scale rough surface 

of epic-cuticular wax crystalloids. This is called, in general, the Lotus Effect 

shown in Fig. 3.1. 

Lotus leaves have a mechanism for keeping the surface clean. The surface is 

covered with microscopic-size epidermal cells and covered with nano-order 

natural wax. The heterogeneity enhances the hydrophobic effect enormously.  

The studies confirm that this combination of micrometer-scale and nanometer-

scale roughness, along with a low surface energy material leads to apparent 

1500, a low sliding angle and self cleaning effect. Polymer surfaces with these 

properties are called “Superoleophobic–Polymer” 
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Fig. 3.1 : The Lotus effect 

 

Superoleophobic polymer surfaces should have high contact angle and low 

contact angle hysteresis (the contact angle hysteresis is the difference between 

advancing and receding` angle). A composite solid-liquid-gas interface is 

important for analysis of these polymeric surfaces. The contact angle depends 

on several factors including surface energy, roughness, preparation and 

cleanliness of polymer surface. A polymer surface is superoleophobic if it has 

oil contact angle above 150°. The shape of drop of oil on the surface of 

polymer is the function of surface roughness. Superoleophobic surfaces have 

considerable technological potential for various applications due to their 

extreme water/oil-repellent properties. When two oleophilic bodies are 

brought into contact, any liquid present at the interface forms menisci, which 

increases adhesion/friction and the magnitude is dependent upon the contact 

angle. The next logical step in realizing super hydrophobic surfaces that can 

be produced is to design surfaces based on understanding of leaves. The effect 

of micro-patterning and nano-patterning on the hydrophobicity was 

investigated for two different polymers with micro-patterns and nano-patterns. 

Scale dependence on adhesion was also studied using atomic force microscope 
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tips of various radii. Studies on silicon surfaces patterned with pillars of 

varying diameter, height and pitch values  and deposited with a hydrophobic 

coating were performed to demonstrate how the contact angle vary with the 

pitch. The effect of droplet size on contact angle was studied by droplet 

evaporation and a transition criterion was developed to predict when air 

pockets cease to exist. The dependence of the contact angle on the surface 

tension is considered for a liquid in contact with a smooth and rough solid 

surface, forming a homogeneous interface. The surface atom or molecule of 

liquid or solid has energy above that of similar atom and molecule in the 

interior, which result in surface tension or free surface energy being an 

important surface property.  

 

Fig. 3.2 : Variation of contact angle (θ) with surface roughness 

This property is characterized quantitatively by surface tension γ, which is 

equal to work that is required to create unit area of the surface at constant 

volume and temperature.  

The unit of γ is Jm-2 or Nm-1 and it can be interpreted either as energy per unit 

surface area or tension force per unit length of line at the surface. Young’s 

equation is the equation responsible to describe the relation between contact 

angle θ and γ. The equation that governs the contact angle for heterogeneous 

polymer surface is called Cassie equation. 

3.4 POLYMER SURFACE PROPERTIES: RELEVANCE TO  

ADHESION 

Adhesion is the surface property relevant in many applications of polymeric 

materials. For instance, it might be necessary to have permanent ink on 

   Air 

  Oil 
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polymer bags, or stable adhesion of a thin metal film on a polymer substrate. 

The necessary condition for the adhesion is the tight contact between the two 

parts. To achieve such interfacial contact, it is important to form strong and 

stable adhesive joints. The next stage is the generation of adhesion forces 

across the interface, and the nature as well as the magnitude of such forces is 

important. Another very important condition is how efficiently an adhesive 

layer wets the substrate. Before discussing adhesion theories, a short overview 

of surface forces and surface energies is given. 

3.4.1  Surface forces 

When a material interacts with another material or with the surrounding 

environment, it is the nature of the surface forces that determines the kind of 

interaction. There are long range forces (Vander Waal’s and electrostatic) and 

short-range forces (hydrogen, acid-base, covalent). Vander Waal’s forces are 

always present during the interaction. However, in some cases other kinds of 

forces such as electrostatic ones occur at the same time. These forces arise 

from the interaction between charged bodies, described by the charge and the 

potential. The combination of Vander Waal’s and electrostatic effects in water 

(or a high dielectric constant solvent) is described by the so-called DLVO 

(Derjaguin, Landau, Vervey and Overbeek) theory of colloid stability. A more 

detailed review of all surface force theories is given by Garbassi [58]. 

Vander Waal’s forces are a set of forces characterized by the same power 

dependence on distance. The important parameters in such a kind of 

interaction are the dipole moment, which arises from an uneven charge 

distribution in molecule, and the atomic polarizability, which indicates the 

tendency to redistribute the charge when the molecule is subjected to an 

electrical field. Owing to the process of charge redistribution, a molecule 

becomes a dipole and gives rise to an electrical field. An important 

contribution to the Vander Waal’s forces is the interaction between the 

instantaneous dipole moment arising from the instantaneous position of 

electrons with respect to the nucleus. The Vander Waal’s forces are always 

involved in the interaction between bodies, unlike other kinds of forces that 

require a particular feature [58]. 
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The Vander Waal’s contribution to the free energy of interaction between two 

molecules, w, is inversely proportional to the sixth power of the distance. 

The free energy of interaction between macroscopic bodies, W, of different 

geometries can be described by a relationship of the kind: 

where U is a factor which contains numerical constants and the relevant 

dimensions of bodies involved, D is the distance between the bodies, and A = 

π
2
Cρ1 ρ2 is the Hamaker constant (ρ is the number density of molecules in the 

solid). 

The equations above show some important features of Vander Waal’s 

interactions: the free energy of interaction between macroscopic bodies 

depends on the dimensions of the bodies (factor U). Vander Waal’s forces 

between large bodies are more long-ranged than between molecules. Finally, 

the effect of the chemical and physical nature of the materials involved in the 

interaction on the interaction itself, is described by the Hamaker constant, 

which contains the relevant atomic or molecular parameters in the constant C. 

Even if Vander Waal’s bonds are always present, the energy of such bonds is 

the lowest compared to other bond types. Therefore, they are only of 

significance in cases where other kind of bonding is not possible. 

In addition to the long-range forces, short-range forces are also present in the 

interactions. These are usually strong covalent, hydrogen, or acid-base forces 

[58]. The structural feature required to form hydrogen bonds is a hydrogen 

atom covalently bonded to a highly electronegative element, such as O, N, F, 

etc. It is expected that hydrogen bonding plays an important role in the 

interaction between polymer surfaces bearing hydroxyl, carboxyl, amino or 

similar groups. When surface atoms and molecules come very close together, 

very strong forces arise from the overlap of electronic clouds and sharing of 

valence electrons. The process when intervening atoms lose their identity and 

create a new species is known as covalent bonding. The details of covalent 

bonding depend on the chemistry and the electronic and geometrical 

configuration of the species involved. Most synthetic polymers do not bear 

surface functional groups suited for covalent bonding, as chemical inertness is 

a desired property for many applications. When it is necessary to join the 

polymer covalently with another molecule, surface activation is applied by 
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means of surface modification introducing special functional groups suitable 

for covalent bonding. 

In our work, our aim is to increase the oleophobicity of polymeric surface 

which need low surface energy. The surface energy of floropolymer are very 

less compared to other available polymers. Among all floropolymers, Teflon is 

the best choice for industrial application. It is obtained by free radical 

polymerization of tetrafluroethylene (PTFE) and was discovered by Roy J. 

Plunket and Jack Rebok at DuPoint in 1938. 

Teflon is tough for a solvent or other agent to degrade the molecule if the 

carbon is ‘out of reach’. With a ratio of four fluorine atoms to every two 

carbon atoms, the carbon-based heart of the molecule is essentially shielded 

from contact with any other molecule. The material is biologically inert and 

does not support biological growth i.e. it is non-pyrogenic. 

Lubricant based on PTFE offer an extremely low static coefficient of friction, 

which stems from the extremely low intermolecular forces (Vander Waal’s 

forces) in the PTFE molecule itself. PTFE materials are extremely stable and 

nonflammable; clean, dry, non-oily and non-staining. It could be cooled to       

–240°C without becoming brittle and it could be heated to 260°C without 

impairing its performance. 

3.5  GRAFTING PROCEDURE 

Considerable work has been done on techniques of graft co-polymerization of 

different monomers on polymeric backbones.  

 

Fig. 3.3 : Schematic diagram of grafting of monomer on polymer 

backbone 
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The redox reaction is the conventional one to produce the free radicals. There 

are different redox reagents in which radicals can be generated and relayed to 

the polymer so that the grafting reaction occurs. The features of the chemical 

reactions are as follows:  

Features:  

a) Simple to carry out and no constraints in location point of view.  

b) Feasibility exists at room temperature and also in the aqueous solution.  

c) Extent of grafting can be controlled by tuning the reaction variables [viz. 

mixture composition (monomer/initiator), reaction time, and temperature]. 

The monomer molecules that are in the vicinity of the polymeric substrate 

become the acceptor of the radicals, resulting in chain initiation. Thereafter, 

they become the free-radical donors to the neighboring molecules. In this way, 

the grafted chains usually grow. These grafted chains terminate by coupling to 

yield the grafted copolymer. 

 Initiation : | • + M → | – M1 • 

 Propagation : | – M1 • + M → | – M2 • 

   | – M2 • + M → | – M3 • 

   . . . .  

   | – Mn-1 • + M → | – Mn • 

 Termination: | – Mn • + | – Mm • → Graft copolymer 

3.6 EFFECT OF VARIOUS PARAMETERS ON POLYMER 

GRAFTING  

 The backbone polymer will affect the kinetics of grafting and crosslinking 

from two directions: (1) How readily can reactive centers be generated on the 

backbone by reactions with the initiator? (2) How readily can the reactive 

centers that were generated react with the monomer (to give grafting) or with 

other reactive centers (to give crosslinking)? If the radicals formed are highly 

reactive towards the monomer, they will readily give grafting, but if they are 

unreactive they are more likely to give crosslinking.  



(lii) 

 

3.6.1 Effect of the Monomer  

The relative reactivity of a monomer toward its own polymer and other 

radicals generated in the system will be most critical for grafting and 

crosslinking reactions. Monomers that readily homopolymerize will encourage 

grafting over crosslinking, and are more likely to generate significant amounts 

of homopolymer (e.g., butyl acrylate); monomers that are reluctant to homo-

propagate will give short grafts and may enhance crosslinking (e.g., ethyl 

maleate) .   

3.6.2  Effect of Temperature 

The temperature of grafting medium is one of the most important reaction 

parameters that has a strong effect on the grafting yield during PTFE 

preparation. Generally, the increase in temperature of the grafting mixture 

upto certain level increases the degree of grafting. This may be due to the 

increase of the initiation and propagation rates of graft copolymerization.  

Increased in the degree of grafting with increasing temperature is also due to 

increase in the decomposition of the initiator leading to the formation of more 

free radicals and the generation of active sites on the polymeric backbone.   

But beyond that level the grafting rate decreases and the film brittled. 

Probably this is because at higher temperature, higher combination rates of 

monomer are obtained increasing homopolymerization reactions, which result 

in a decreased grafting rate [59, 60]. Decrease in percentage of grafting 

beyond optimum temperature is attributed to premature termination of the 

growing polymeric chains and to the occurrence of chain transfer reactions. 

Similar observations have been noted by Somanathan et al. with grafting 

methacrylic acid onto PET using Benzoyl peroxide as initiator [61].  

3.6.3  Effect of Reaction Time 

 It has been observed that the grafting level increases initially with reaction 

time. The graft copolymerization rate increases to a maximum value at certain 

level of time. With an increase in reaction time, the free radicals have more 

time for reaction and therefore result in higher level of grafting. After some 
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time, all the initiator and monomer are used up. Thus no further change in 

grafting level was observed with increasing reaction time. The decrease in 

grafting may be due to the induced decomposition of the initiator leading to 

decrease in the concentration of the initiator and hence decrease in active 

radicals required to generate active sites on polymeric back bone.  Similar 

observations were reported with grafting acrylic monomer such as acrylamide 

and glycidyl methacrylate on polyamide fibres using other initiators [62, 63].  
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CHAPTER 4 

ION- POLYMER INTERACTION 

 

4.1  INTRODUCTION  

Ionization involves the transfer of sufficient energy to abound electron located 

in an atomic or molecular orbital of their radiated material so that the electron 

becomes free. Such ejected electrons eventually loose their excess kinetic 

energy via electronic, vibration and rotational excitation of the molecules in 

the medium. Radiation chemistry is concerned with the interaction of energetic 

charged particles (electrons, protons, alpha and other heavy particles) and 

high-energy photons (X-rays and γ-rays) with matter [64]. These interactions 

result in ionization (along with some of this energy being utilized in 

absorption and excitation) of the medium; hence charged particles, X-rays and 

γ-rays are frequently called “ionizing radiations". In contrast, visible and 

ultraviolet photons interact with matter leading predominantly to the excited 

state; though some ionization does take place when photons possess enough 

high energy. Thus, UV-visible radiations are called “non-ionizing radiations". 

When the ionizing radiations interact with matter, energy is transferred to the 

medium and this energy absorption leads to chemical changes in material [65]. 

According to the 1996 European Guideline of the European Atomic Energy 

Community (EURATOM), electromagnetic radiations with a wavelength of 

100 nm or less is considered ionizing in character .This corresponds to photon 

energy of 12.4eV or more. The earlier applications such as X-rays for structure 

determination and medical purposes could only use the low doses available at 

that time and were best considered as limited to research and examination 
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purposes only. It is only with the advent of far more powerful sources, either 

nuclear or high voltage electrical pulses that one could seriously consider the 

practical applications of high energy radiation to the large-scale production or 

modification of materials by exposure to radiation [66]. 

The last four decades have witnessed the emergence of nuclear radiation as a 

powerful source of energy for chemical processing applications. Nuclear 

radiation is ionizing, which on passage through matter, gives positive ions, 

free electrons, free radicals and excited molecules. The capture of excited 

electrons by molecules becomes available for the chemist to play with. The 

fact that radiation can initiate chemical reactions or destroy micro-organisms 

has led to the large-scale use of radiation for various industrial purposes. 

4.2  SOURCES OF ENERGETIC IONS 

The basic requirement for performing any study in this field is, of course, 

energetic ions. They can be obtained in many ways e.g. by making use of 

radioactive sources such as α-particle or fission product emitters, or by 

exploiting nuclear reactions e.g. with neutrons from a reactor, that result in the 

emission of protons ,tritons, α -particles or fission products, depending on the 

type of irradiated material. Other particle ions become available by 

bombardment of ions on to appropriate target materials, via various types of 

nuclear reaction such as fusion reaction, spallation reaction etc. 

The easiest way now-a-days, however, to obtain particles with sufficient 

fluence in a “convenient” energy range of, let us say some KeV to some GeV 

is to produce them in an appropriate particle accelerator There are hundreds of 

accelerators available in the KeV to lower MeV energy range and nearly a 

dozen accelerators which provide ionic particles with higher energies of 

several hundred MeV to a few GeV.  

4.3 ION  IRRADIATION 

Sputtering is the removal of material from objects by energy transfer in 

collisions of energetic atomic projectiles. The first documented sputtering in 

the laboratory was done by Grove in 1852. He indicated the formation of a 
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deposit at the anode of a gaseous discharge tube and its removal when the 

polarity of the electrodes was reversed. After Grove’s discovery, most 

observations on sputtering were made using gas discharges for almost a 

century. Isolation and characterization of the process using controlled ion 

beams in vacuum and characterization of materials started only in the second 

half of the twentieth century. 

In this chapter, we presented the basic physical processes of the sputter 

phenomenon. Particle/polymer interactions including the mechanisms of 

energy deposition, penetration depth and damage distribution, theoretical 

ejection models of organic molecules, as well as ion induced effects in 

polymers are also discussed in this chapter. 

4.4  ION POLYMER INTERACTION 

When an energetic ionic particle penetrates through polymeric matter, it loses 

its energy in colliding with atoms of the matter [67, 68]. Materials consist of 

atoms, which further consist of nucleus and electrons with fixed energy 

electron rotating surrounding the nuclei in certain selected circular orbits 

defined by Bohr orbitals. Hence, the phenomenon of interaction of ion with 

matter can be microscopically understood in terms of its interaction with 

electron and nuclei. The collisions of ions with nuclei are elastic collisions, 

which results in the transfer of its energy to the target nuclei. However, the 

collisions between charged ions and electrons of the target materials are 

inelastic collisions resulting in excitation and ionization of target atoms. Both 

type of interaction processes i.e. interaction of ion with nuclei and electrons 

results in a loss of energy ion and they are termed as nuclear energy loss (Sn) 

and electronic energy loss (Se). Both, the electronic and nuclear energy losses 

of the ion depend on the energy and Coulombic nature of ion. In the case of 

electronic interaction, the nature of interaction is pure Coulombic while in 

case of nuclear interaction the nature of interaction is screened Coulombic. Let 

∆E is energy that ion loses when moving a given path ∆x in a polymer.  

Different ions will lose different amount of energy. The mean value of the 
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energy loss ∆E/∆x (∆x → 0) for a large number of ions is termed the stopping 

power, S, which  is the sum of  both the energy losses and is given by:   

���������������������������������������������� � 2 ��3(
ρ�3�4 � �* 5 �6���������������������������������������(),7+�. 

where Se and Sn are the electronic and the nuclear stopping powers 

respectively  and ρ is the density of material,. The variation of energy loss of 

ions with the energy of the ion is shown in Fig. 4.1. The stopping power 

consists of two components, (i) nuclear (region I) and (ii) electronic stopping 

power (region II + III). At low energies (1 KeV/nucleon), the nuclear energy 

loss predominates. The ion collides with the target nuclei and transfer energy 

and momentum to the recoil atom [66]. As a result of which, atoms are 

displaced and the direction of the ion changes (elastic collision). At high 

energies  (1 MeV/nucleon), where the velocity of ion is comparable with  the  

Bohr  velocity of orbital electrons, the ion interacts with the electrons of the 

target atoms as a result of which the target atoms are ionized and/or electrons 

are transferred to higher states (inelastic collision). Since the mass of the ion is 

much higher than the mass of the electron, the initial direction of the ion in the 

solid remains almost unchanged. 

 4.5  NUCLEAR ENERGY LOSS   

The projectile ion moving with energy of the order of few KeV/nucleon 

interacts with screened or unscreened nuclei of the target atoms. The energy 

loss dE of an ion by elastic nuclear interaction, in a layer dx, is proportional to 

the atomic density N as well as the total energy transferred in all-individual 

collisions Tn [69]. Considering the interaction occurring between particles 

(ions) with energy E and target nuclei, the probability P(E) that a particle with 

energy E will transfer an amount of energy between T and T + dT to a target 

atom is given by [66, 67], 

��������������������������38,(.39 39 � #343:,(.39 39����������������������������������������()*+ ,7+-. 
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where E is the energy of the projectile particle (ion), T is the amount of energy 

transferred in colliding with target nuclei and  σ(E) represents the differential 

scattering cross-section.  The average energy loss by the moving particle in the 

distance dx is obtained [66]: 

 

 For infinitesimal dx, the nuclear stopping power is:  

 

Fig. 4.1 : Nuclear / Electronic stopping Power w.r.t. incident ion energy 

 

where  dE/dX is the nuclear stopping power. The power limit in the integration 

Tmin is the minimum energy transferred, and need to be zero. Tmax is maximum 

transferable energy and is given by: 
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                                   Tmax=4
MiMt

Mi+Mt
 E                                                 Eqn.(4.5) 

where Mi and Mt are the masses of the projectile ion and the target atom 

respectively. The differential scattering cross section, σ(E), depends on the 

inter-atomic potentials. For heavy particles of low velocity, and in the case of 

relatively distant collisions, the screening effect of the electrons cannot be 

ignored and resulting screening potential, which is called as screened coulomb 

potential is given by [69], 

                                         V,r.= ZTZI

r
ф �r

a
                                                Eqn.(4.6) 

where  ф(r/a) is the screening function, a is the screening parameter which is 

of the order of Bohr radius and r is the distance between the centre of mass 

systems.  In the higher energy regime the contribution of Sn is insignificant.  

(Fig. 4.1)  

4.6  ELECTRONIC ENERGY LOSS 

Projectile ions moving with very high energy, having velocity comparable to 

Bohr velocity of orbital electrons, are called high energy loss. As they pass 

though the matter, they lose their energy mainly via interaction with electrons. 

The interaction of heavy ion results in knocking of electrons from electronic 

orbit leaving atom in excited/ionized state. Regions II and III illustrated in Fig. 

4.1 are dominated by electronic energy loss.  The difference between region II 

and III depends on the difference in velocities of ions passing through solid.   

 Bohr and others suggested that a criterion would be to assume that ion lose 

only those electrons whose orbital velocity (Vo) will be less than the velocity 

of projectile ion (VI). This leads to ion charge fraction [67] on the projectile,  

which is given by:   

�������������������������������������������������;<; � =>
=?;@AB

��������������������������������������������������()*+ ,7+C. 
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where Z* is the effective charge on the ion,  ZI  the total number of electrons 

surrounding the ion in its ground state, VI  is the ion velocity and V0 is the 

Bohr velocity of an electron in the inner most shell of a hydrogen atom (V0  =  

2.2 × 108 cm/s). Furthermore it has been experimentally found that the ion 

charge fraction for a heavy ion is   

�������������������������������� ;D; ��- 6&E � F+G-=H;-IJ=F ������������������������������������������������()*+,7+K. 
From equation (4.8) we have two limiting cases depending on the velocity of 

ion:  

Case 1: When velocity of ion is less than the orbital velocity of electrons (VI < 

V0) i. e. in region II of Fig. 4.1.  In this case the ion is not fully stripped 

(
L<L M �). Fermi and Teller have assumed that the electron gas in a solid 

behaves like a viscous medium and the projectile (ion) encounters on its path 

through electron clouds surrounding each target atom [68] . Later according to 

Lindhard-Scharff , the electronic stopping cross-section is proportional to the 

velocity of the ions, which is shown in Fig. 4.1 in the region II. The Lindhard-

Scharff electronic stopping cross-section is given by  

����NO,(. � εN�K�P�6A%?�# ;@;Q
R;NAB 5 ;QABS

AB T
=�=UV � ГN�(>A��������������������������()*+ ,7+G. 

where  ZL & ZT are charges corresponding to the projectile ion and target 

atom,�εN�is the correction factor, ao is the average Bohrs radius. It is clear that 

electronic energy loss is approximately proportional to the velocity or E1/2 of 

the projectile ion.  

Case 2: When velocity of ion is equal or greater than the orbital velocity 

electrons (VI ≥ Vo) i. e. beyond the Bragg peak (region III) (Fig. 4.1). [Fully 

stripped case (  
L<L 	 �) ] In region III, where the velocity of ion is greater than 

that of orbital velocity of electrons (beyond the Bragg peak), the charge state 

of the ion increases and finally becomes fully stripped of all its electrons and  
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moves with a velocity greater than the average velocity of the atomic electrons 

in the shells of the target atoms.  In the  fast collision case (region III), the 

influence of the incident particle on an atom may be considered as small 

external perturbation. The stopping cross-section decreases with increasing 

velocity because the projectile/ion spends less time in the vicinity of the atom. 

For non-relativistic ions, the dependence of electronic energy loss can be 

described by Bethe- Bloch formula [70] , 

�������������������������������������XX,(. � Kπ;NA��6YH?εX Z* εX ��������������������������������������()*+ ,7+�F. 
where 

��������������������������������������������εX � -$[=AHUεXX ���������������������������������������������������()*+ ,7+��. 
and I0 is the mean excitation energy of the target. “me” is the mass of electron 

and V is the velocity of ion. As a first approximation Eq(4.10) can be 

expressed as 

������������������������������������XX,(. �\ �( �\ �=A �����������������������������������������������()*+ ,7+�-. 
Thus, the electronic stopping cross-section decreases with increasing the 

velocity of projectile ions as a first approximation of Bethe-Bloch formulation 

presented by  Eqn.(4.12). In general, electronic stopping power can be divided 

into two regions: the low velocity, where the projectile is only to some extent 

ionized and the topping is proportional to VI, the other is where the velocity is 

high and the projectile is fully stripped, leading to the inverse square relation 

of velocity with stopping power.  

4.7  RANGE AND DAMAGE DISTRIBUTION  

Due to interactions with nuclei and electrons of the target (polymer), an 

incident ion will be slowed down along a randomly shaped path. The 

projectile ion comes to rest at some depth in the target (Fig. 4.2). The depth of 

ion in material depends upon ion beam species, energy, the target material and 

on the energy deposition mechanism. The range is the total path length of the 
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projectile within the target. The mean projected range, ,  along the initial 

direction of the projectile is equal to the average depth of penetration for 

normal incidence only. The expression for the total range is given by: 

 

where E0 and Ef are the starting and the final energy of the incoming 

projectile, respectively. The final energy corresponds to the energy at which 

the projectile ion cannot overcome the potential barrier between the target 

atoms and hence comes to rest. 

 

Fig. 4.2 : The comparison between actual depth, total length Rp and 

projected length AB =  

For very small electronic stopping and low energy heavy ions in matter, the 

relationship between total range and projected range is a function of the mass 

ratio [71]. 

 

Target 

Surface 
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where M1 is the mass of projectile and M2 is the mass of target polymer. 

The ion total range and projected range highly depend upon the energy of the 

primary projectiles and on the energy deposition mechanism. For low ion 

energies (0.1 – 100 KeV), direct momentum and energy transfer from incident 

particles to target atoms occurs. A number of large angle scattering processes 

leads to a broad, nearly spherical range distribution. The penetration range of 

such ions is up to several hundreds of nanometres. On the other hand, fast 

particles (ion energy > 100 KeV) transfer their energy via electronic excitation 

of molecules with the ion range exceeding several micrometers. High energy 

projectiles usually have straight particle trajectories nearly up to the end of 

their flight path, leading to sharp range distributions. We are interested in the 

surface modification which can achieved using ion energies up to 10 KeV. In 

our work we selected ion beam of 3 KeV The damage range for low ion 

energies is determined by molecular dynamics simulations, and up to date was 

not proved experimentally.  

4.8 MECHANISM OF SPUTTERING 

When ions with energies exceeding a few tens of eV impinge on the surface 

processes are initiated (Fig. 4.3): 

 

Fig. 4.3 :  Interaction of ions with a surface. 
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A small fraction of the incident ions is backscattered by the collision with the 

surface and near surface atoms. These backscattered particles are mostly 

neutral atoms with a broad energy distribution. Ion impact at the surface of a 

solid may also give rise to the emission of electrons known as secondary 

electrons and photons. The electrons may be affected by potential emission, 

kinetic emission, or Auger emission from excited sputtered particles, while 

photons originate from backscattered or sputtered particles, excited in 

collisions with a surface atom before emission in the near-surface region of the 

solid. Near the end of their range, the injected projectiles are trapped and 

accumulate in the solid. This phenomenon is called ion implantation, and is 

extensively used in integrated circuit technology.  

The major fraction of the incident ions is slowed down in collisions with 

atoms and electrons of the target. The energy transferred to the target atoms 

may initiate a collision cascade, possibly leading to the ejection of surface 

atoms or clusters of target atoms, i.e. sputtering. The ion impact may cause for 

the change in surface topography i.e. in the surface of a target material like the 

formation of vacancies and interstitial, changes in the stoichiometry [72]. 

If the ion beam energy is greater than the atom displacement energy the atom 

may be knock out from their original site. If the ion beam energy is less than 

the displacement energy then thermal vibration and phonon couple should be 

generated. 

Incident ions slow down during the collision with atoms and electrons of the 

solid. During collisions, energy excess to lattice binding energy may be 

transferred to an atom of the solid. The energy transfer mostly occurs in direct 

collisions with target atoms. However, energy may be also transferred by local 

electronic excitation and ionization. In any case, atoms are removed from their 

original sites. Knock-on atoms may also remove other atoms from their lattice 

sites, creating a collision cascade. Surface or near-surface atoms will be 

emitted if they receive a momentum in the direction of vacuum with an energy 

enough to overcome the surface binding energy. It is a matter of chance 

whether the cascade leads to the sputter ejection of an atom from the surface, 

or whether the cascade propagates into the interior of the target, gradually 
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dissipating the energy of the primary ion impact. Usually more than 60 % of 

the ejected atoms originated from the first atomic layer, while the rest comes 

from the layers underneath [73].  

There are two type of sputtering – (i) Chemical sputtering takes place if 

incident ions and the atoms of the solid interact chemically and volatile 

molecules are formed. The erosion rate may increase beyond the value 

corresponding to knock-on sputtering. (ii) Physical sputtering invokes a 

transfer of kinetic energy from the incident particle to target atoms and 

subsequent ejection of those atoms which have enough kinetic energy to 

overcome the surface binding forces. Based on the energy and mass of the 

incident ions, different collision cascade regimes can be distinguished [74] as 

discussed below: 

Single-knock-on regime occurs with ion energies up to 1 KeV. The collision 

cascades are dilute and involve only a few atoms. Recoil atoms from ion-

target collision receive sufficient energy to leave the surface, but it is not 

enough to generate cascades. 

4.9  ION TRACKS IN POLYMER MATERIALS  

Bombardment of solids with  ions leads to the formation of damage zones in 

the material. Due to large amount of electronic energy deposition within a 

confined volume, the materials go into the molten state transiently  in a narrow 

cylindrical region. The materials transformed into disordered state along the 

ion trajectory called latent track (damage zone created along the ion path). The 

formation of track is the result of high local electronic energy deposition along 

the ion path and hence conditions for track formation in different materials are 

different because of their different properties. Although a term short track is 

often used to designate a continous coloum of energy deposit (500-5000 eV) 

for a high energy particle, here its simply means a passage of an ion. When a 

positively charged ion passes through a medium, orbital electrons in the 

stopping medium are pulled off by an electromagnetic force. These charge 

seperation produce strong restoing forces. Consequently oscillation of 
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electrostatic nature are set up and the electron density, velocity and electric 

field all oscillate with the plasma frequency ωp [75] , 

����������������������������������������]�� � ^�7_*6A7_`?$[a
>A ��������������������������������������������()*+ ,7+�b. 

where e(C) & me (Kg) are the charge and mass of the electron n(m-3) is the 

electron number density of the medium and εo is the permitivity in free space. 

An expression for the radial extent of energy deposition proposed by 

Chatterjee and Schafer cCde is given below in terms of this plasma oscillation 

frequency of the stopping medium as  

����������������������������������������������������������fg � hi]� ������������������������������������������()*+ ,7+�d%. 
Where  β = Vion/C,�fg called the physical core, is the range of the fluctuation of 

electron density or energy for a period of plasma frequency pulse or is the 

range of uncertainity in a energy deposition at the epoch of intial energy 

deposition and can be derived from uncertainty principle ∆t∆E≈ħ with ∆E is 

the energy width over which an absorption can take place, later we define this 

energy as ‘spur’ fg varies with ion velocity and defines the range of energy 

deposition which occurs at a period of 10-16s, which is the earliest significant 

time and can be estimated from ∆t.∆E ≈ ħ with ∆E ≈ 20eV for a relativistic 

particle (0.99C or ≈ 1000 MeV/Nucleon). In this time scale only electronic 

processes are possible since the time is too short for molecular motion. 

Molecular motion become importany at around 10-14s, molecular motion and  

a local temperature rise occur at ≈ 10 -13s, the diffusion process start at 10-12s cCCe. 
The δ-rays also cause electronic excitation and ionization along the 

track,mostly outside the fg. The maximum range of δ-rays can be calculated 

by the following relationship cCKj CGe 
������������������������������������������������f/01 � Гk/01l �������������������������������������������()*+ ,7+�dm. 
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where                         �
������������������������������������������������9/01 � 7 nonpno 5np �(����������������������������������()*+ ,7+�C. 
where  α =1.097 for�9/01 
 ��Г6= and α = 1.67 for �9/01 q ��Г6=+ It is the 

maximum energy of δ-rays cKFe�j�where radial range of δ-rays is indicated by 

the radius��f/01,  which is called penumbra radius.  Since a higher knock-on 

electron energy yields a smaller angle of ejection,���f� is always smaller than 

f/01. The value of���f� can be calculated by considering that the velocity and 

the energy of δ-rays in a radial direction are Vδ = Vmax cosθ and W=Wmax 

cos2θ and that the maximum momentum transferable to electron in a radial 

direction occure at the scattering angle of 450. Hence for α=1j ��f� �
f/01�I-r- can be derived using��fs � Гk and W≈W max cos2tY and 

considering. 

f� � ��fs sin π/4 ≈KWmax cos 2(π/4)sin (π/4)= f/01cos 2(π/4)sin (π/4)  Eqn.(4.18) 

The initial average energy density with in core rc and between rc and rp are 

given by Mageee and Chaterjee cK�j K-e�below. The energy density with the 

core is mostly from glancing collision and a small fraction of low energy 

knok-on electron which are trapped inside the core (IInd term in the equation 

below) r is the radial distance from the particle trajectory  

����������ug?v[ �� wx�(9- y_fgA z
{|
�5 � x�(9- y

}-_fgA Z�~ 6>IAfg �s
�� j f M fg�����������������()*+ ,7+�G.��

����������������������u�[� �� �� x�(9- y
^-_fgA Z�~ f�r6fg as

�� j fg 
 � M f���������������������()*+ ,7+-F.� 

��������������������������}�(9- �{| � � c_fgAe ��(9- �c_fgAe{| �����������������������������������������()*+ ,7+-�. 
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�}�(9- �s �� �� c_fgAe x�(9- y
^-_fgA Z�~ f�r6fg as

�5 �� u�[�� ,f.3,_fA.�������������()*+ ,7+--. 

The energy density between rc and rp is transferred from δ-rays. The 

partitioning of linear energy transfer (LET) to glancing and knock on collison 

can be confirmed by converting the energy density to LET as shown in Eqn. 

(4.22). Values of the specific energy of the particle (Energy per Nucleon) is 

mentioned  earlier. The ion path is thus describe by a cylinderical trajectory by 

the physical core with radius rc approximately limiting distance from the 

particle trajectory at which an electronic excitation occur intially, and the 

penumbra with radius rp (the outermost cylindrical boundary of the δ-rays or 

secoundary electrons). Another radius used in this model is the radius of 

chemical core (rch) which lies between physical core radius (rc) and penumbra 

radius (rp). The chemical radius defines a range where chemical reactions 

occure. The chemical radius (rch) is thus determined  by the diffusion and 

reaction rates of active chemical species such as radical cations, anions, 

electrons and other activated chemical species. Shapes and sizes of track 

entites are first defined and then followed by the formation of active chemical 

species, diffusion and their interaction via. chemical and coloumbic 

forces.Some chemical species recombine and neutralize in the dense chemical 

sea,  some diffuse out to the penumbra and mingle together with chemical 

species induced by δ-rays establishing a fairly large effective radius. Since the 

chemical radius is difficult to measure are calculate in reality, here, we use a 

term ‘effective’ radius instead, which defines the extent to which the energy 

density or radical concentration is significant for a given process. 

Crosslinking, scissioning and other chemical reaction occur on the effective 

radius. Most cross linking and other chemical reaction occurs near rc, where 

concentration of radical and ion pairs are high because of slow migration of 

radicals in the viscous medium. In paticular for low LET tracks, δ-rays 
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develop independently and have very little on cross linking with increasing 

LET, which increases the effective radius.  

4.10 ION IRRADIATION EFFECTS IN POLYMERS 

Ion irradiation leads to irreversible changes in organic materials. Many 

polymers, when exposed to radiation, suffer main-chain scission leading to the 

formation of low molecular weight molecules and loss of their mechanical 

properties If there is no external supply of some reactive elements, and in the 

case of a higher concentration of primary radicals, the open polymeric bonds 

occurring during the scission have time to react with each other, thus initiating 

cross-linking, branching, or creation of double bonds. In such cases, the 

molecular weight increases. Both ion-induced chain scissions and cross-

linking lead to irreversible changes in the polymer and its elastic properties. 

Scission ultimately degrades the polymer itself and the irradiated layer fails; if 

cross-linking dominates, adhesion failure occurs between the strongly cross-

linked polymer regions and the underlying unirradiated polymer.  

Some of the excited states may survive for larger period. These states are 

known as radicals. The lifetimes of such radicals are long enough to undergo 

chemical reactions. If a polymer is positioned in some reactive environment 

after irradiation, like treatment with reactive gases such as O2, N2, or placed in 

ambient atmosphere, long lived radicals may also react with reactive species 

forming special functional groups. For example, polymers treated with oxygen 

plasmas have oxygen-containing functional groups which lead to an increase 

in the polymer surface energy. Nitrogen-containing plasmas introduce carbon 

nitrogen functionalities required mostly for the improvement of wettability, 

printability, and bondability. 

In fact, chemical changes caused by the irradiation of polymers are relatively 

small, but these changes produce major physical modifications. Interest in ion-

induced polymer modification has grown significantly due to reports of large 

improvements in metal/polymer adhesion. These have been obtained using ion 

stitching with MeV ions, ion beam mixing and ion beam assisted deposition 

(IBAD). In the case of ion mixing, a thin metal film is placed on a substrate 
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and ~ 100 KeV ions are implanted into the specimen such that the resulting 

collisional mixing occurs in the interfacial region. According to the ideal 

surface modification idea, low energy ions are most suitable for surface 

modification. In the case of IBAD, the polymer surface is bombarded with low 

energy (100 – 1000 eV) ions during metal film deposition. Adhesion 

enhancement in this case has been attributed to a variety of mechanisms, such 

as chemical bond formation, contamination removal and interfacial mixing. 

An increase in the peel strength was also observed for polymer surface 

modification before metal deposition. 

The morphology of polymer surfaces may also be changed during the 

irradiation forming cones or spike-like features. Especially great effect was 

observed on the surface of fluoropolymers. 
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CHAPTER 5 

EXPERIMENTAL  DETAILS 

 

5.1  INTRODUCTION   

This chapter deals with the details of the facilities used for experimenting and 

characterizing of polymer samples. The detailed methodology of experimental 

techniques and characterization of thin polymeric film of Teflon (PTFE 150 

µm) by Field Emission- Scanning Electron Microscopy (FE-SEM), X-ray 

Diffraction (XRD), Energy-Dispersive X-ray Spectroscopy (EDS) and Contact 

Angle Goniometry (CAG) are discussed in detail.  

This chapter provides the details of the facility used for exposing the surface 

of polymeric material by ion beam. The chemical grafting process detail is 

also given in this chapter. The surface morphology of pure PTFE sample and 

their comparative analysis after grafting and irradiate ions is studied through 

FE-SEM. Changes in elemental composition of polymeric thin film before and 

after the experimental work is examined through Energy Dispersive X-ray 

Spectroscopy. For any change in orientation of planes and crystallographic 

nature of PTFE (Teflon) sample after experimental work is explained and 

verified through XRD analysis. The oleophobic nature of sample PTFE is 

measured and explained by contact angle. The Contact angle goniometry is 

applied to measure the impact of grafting and ion-irradiation on oleiophobic 

nature of PTFE surface.   

5.2  EXPERIMENTAL TECHNIQUES 

The two step experimental techniques in opted for changing the surface 

morphology of PTFE thin film. First one being grafting of monomer on PTFE 
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surface to increase the roughness of film and the second step, for further 

enhancing the roughness of surface, consists of irradiating the grafted polymer 

with low energy ion beam. 

5.2.1  Chemical Grafting 

Commercially available polytetrafluoroethylene (Teflon) (Poly-1,1-

difluoroethelene) films of thickness 150 µm obtained from Good Fellow, 

Cambridge Limited of Hontingen, U.K, is used for experimental work. The 

PTFE films were sliced into square strip of about 2cm x 2cm in size. To 

remove the organic residue on the surface, the PTFE film was washed with 

acetone, methanol and double distilled water respectively. The films were 

dried in air at room temperature and stored in a clean and dry box.  

Benzoyl peroxide (BPO) [S D Fine-Chem. Limited, India] and acetone (Merck 

Specialties Private Limited, India) have been used in this work to create active 

site for grafting Methyl methacrylate (MMA), without further purification.      

 

                             Fig. 5.1 : Laboratory image of grafting setup 
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Fig. 5.1 shows chemical grafting set -up designed at chemistry laboratory,  

University of Petroleum and Energy studies, Dehradun. The Three Neck Flask 

(T-Flask) apparatus was carefully rinsed with acetone in order to get high 

degree clean surface. The acetone cleaned Teflon of 2��$ ��2 cm were 

weighed through an electronic digital balance (least count 0.001 grams) in dust 

and dirt free atmosphere. 50 ml of solution was prepared with different concentration of monomer Methyl 

Methacrylate (MMA) (X %) and was added to (100-X) % of distilled water. The initiator concentration being 

constant, 0.03gm benzoyl peroxide was dissolved in 10 ml of ethyl alcohol 

(ethanol). The Teflon film was put in the T-Neck containing monomer MMA, 

ethanol and BPO solution. One neck of the T-Neck flask was fit with 

thermometer, second neck was used to keep inserting/taking out PTFE film 

while the other neck was fit with water cooled condenser which condensed the 

solution vapour.  

5.2.2 Irradiation facility at IUAC 

The Low Energy Ion Beam Facility (LEIBF) at the Inter-University 

Accelerator Centre, New Delhi, provides Ar+ ion beam of energy 3KeV for 

irradiating grafted PTFE teflon surface of 150 µm thickness. The LEIBF 

consists of an Electron Cyclotron Resonance (ECR) ion source (Nanogan from 

Panteknik) installed on a high voltage deck. This is based on permanent 

magnet (NdFeB) design for radial and axial confinement of plasma. All the 

electronic control devices of the ECR source including high power UHF 

transmitter (10 GHz), are placed on a high voltage deck. These are controlled 

through optical fiber communication in multiplexed mode. Design and 

development of the high voltage platform, accelerating system and the beam 

lines with components thereof like electrostatic quadruple triplet lens, all 

metal double slit, beam steerers,  Faraday cups, all metal pneumatic straight 

through valve, UHV scattering chamber have been indigenously made.  
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Fig. 5.2 : Image of ECR ion source at IUAC New Delhi 

A standard Sputtering method is utilized to generate ion beam. A mechanised 

arrangement to insert a long thin wire (≈ 0.5mm thick) of Ar element to be 

introduced into the source plasma volume. The high energy electrons can 

sputter out the elements present in the wire, ionize them and produce the 

required beam.  

5.3  CHARACTERIZATION TECHNIQUES 

5.3.1  Contact Angle Goniometer               

Contact Angle Goniometer is used to check wettability of liquid on solid 

surface. Lower the contact angle greater the wettability. It is used as a relative 

measure of surface energy. The primary parameter that characterize wetting is 

the static contact angle, which is defined as the measurable angle at which the 

liquid makes with solid. The contact angle depends on several factors, such as 

roughness, the manner of surface preparation and its cleanliness [83]. A drop 

of water for its surface tension “γ” properties, is applied to the surface and the 

contact angle is shown in the Fig. 5.3(a). It is measured with the contact angle 

goniometer. The real picture of drop of water on solid surface is shown in Fig. 

5.3(b). For the contact angle and surface free energy measurements, the 

contact angle system called Easy Drop-standard from KRUSS, Germany with 

pre-installed Drop Shape Analysis Software DSA-1 was used at Institute 

Instrumentation Centre, Indian Institute of Technology (IIT), Roorkee. The 

Pre-Installed DSA-1 Software is to determine the static and dynamic contact 
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angles using sessile drop and captive bubble method, to control camera, 

illumination, temperature, dosing modules, table movements, to measure, store 

and report measured contact angle values. The manual sample table moves the 

sample to the right position. Single or double dosing system deposits the drop 

onto the treated polymer surface by microsyring. The regular illumination and 

image sharpness together with 6-fold Zoom ensure optimal drop presentation. 

At equilibrium, the camera records the digital image and allows the perfect 

drop shape analysis [84]. This camera is equipped with goniometric eyepiece 

as shown in Fig. 5.4. 

 

                             

 

 

 

                                                            Fig. 5.3(b) : Real picture of contact angle -     φφφφ 

Fig. 5.3(a) : Droplet on solid surface 

φ -  represent Contact Angle  

γ - Surface Tension between two interface 
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The contact angle can be calculated and protocolled by Drop Shape Analysis  

Software (DSA-1) Software. There are two different methods of measuring 

contact angle from the drop, in first method contact angle can be measured on 

static drop. In this method the drop produced has a constant volume during the 

measurement while in second method the contact angle is measured on dynamic 

drop. The contact angle is measured while the drop is being enlarged or reduced, 

the boundary surface is being constantly newly formed during the measurement. 

Contact angles measured on increasing drops are known as advancing angles, 

those measured on reducing drops as receding angles. The difference between 

advancing angle and receding angle is known as contact angle hysteresis. The 

advantage of static contact angle measurement is that the needle does not remain in 

the drop during the measurement where as the case of dynamic contact angle 

measurement needle remains in the drop. In addition, when determining the 

contact angle from the image of the drop, it is possible to use methods which 

evaluate the whole drop shape and not just the contact area [85].  The static sessile 

drop was used for the determination of the contact angle on the deposited films by 

DSA-1 software. The basis for the determination of the contact angle is the image 

of the drop on the surface.  In the DSA-1 software, the actual drop shape and the 

contact line (baseline) with the solid is first determined by the analysis of the grey 

level values of the image pixels. To describe this more accurately, the software 

calculates the root of the secondary derivative of the brightness level. A 

mathematical model which is used to calculate the contact angle is adapted to 

analyze the drop shape. The drop shape analysis is done by Young-Laplace (sessile 

drop fitting)  method which is theoretically the most suitable method for 

calculating the contact angle. In this method, the complete drop contour is 

evaluated, the contour fitting includes a correction which takes into account the 

fact that it is not just interfacial effects that produce the drop shape, but that the 

drop is also distorted by the weight of the liquid it contains. After the successful 

fitting of the Young-Laplace equation, the contact angle is determined at the slope 

of the contour line at the 3-phase contact point. Moreover, this model assumes a 

symmetric drop shape, therefore it cannot be used for dynamic contact angles 

where the needle remains in the drop. 
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Fig. 5.4 :  Easy Drop-Standard  from Kruss, Germany with pre-installed 

software DSA-1 

The drop in Fig. 5.5(a) has a neck at the top, which means that the two 

principal radii of curvature have opposite signs and cancel to some extent. At 

the bottom of the drop, the radii of curvature have the same sign, thus making 

the mean curvature larger [86]. The Young-Laplace equation can be written as 

coupled first-order differential equations in terms of the coordinates of the 

interface for an axis-symmetric surface in a gravitational field is given in 

Eqn.(5.1), where x and z are the horizontal and vertical coordinates, 

respectively, with the origin at the drop apex, s is the arc-length along the drop 

surface measured from the drop apex, and ф is the angle between the surface 

tangent and the horizontal Fig. 5.5(a).  
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The parameter b is the radius of curvature at the apex of the drop or bubble, 

∆ρ is the density difference between the two phases, and g is the acceleration 

of gravity. Numerical integration of Eqn.5.1 allows one to compute the shape 

of an axisymmetric fluid interface. Comparison of computed shapes with 

experimentally measured shapes of drops or bubbles is a useful method of 

measuring surface tension. If all lengths in Eqn.(5.1) are made dimensionless 

by dividing them by b, the resulting equation contains only one parameter, 

������������������������������������������������������β � ∆ρ~mA
γ

�������������������������������������������()*+ ,b+�%. 
which is called the Bond number (or shape factor). The shape of an 

axisymmetric drop bubble or meniscus depends only on one dimensionless 

parameter. The Bond number can also be written as 

����������������������������������������������������������β � -mA%A ��������������������������������������������()*+ ,b+�m. 

where �%��is known as the capillary constant and has units of length [5] .The 

shape of an axisymmetric sessile drop Fig. 5.5(b) depends on only a single 

parameter the Bond number. The Bond number is a measure of the relative 

importance of gravity to surface tension in determining the shape of the drop. 

For bond numbers near zero, surface tension dominates and the drop is nearly 

spherical. For larger bond numbers, the drop becomes significantly deformed 

by gravity. In principle, the method involves obtaining an image of the drop 

and comparing its shape and size to theoretical profiles obtained by integrating 

Eqn.(5.1) for various values of β and b. Once β and b have been determined 

from shape and size comparison, the surface tension is calculated by using the 

formula: 

������������������������������������������������γ � ∆ρ~mA
β

�����������������������������������������������������()*+ ,b+-. 
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Fig. 5.5(a) :  Pendant Drop showing the characteristic dimensions de and ds and 

the coordinates used in The Young-Laplace equation 

 

 

 

 

Fig. 5.5(b) : Sessile drop showing the characteristic dimensions R and h 
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For pendant drops, the ratio ds/de is co-related to a shape factor H (ds/de is the 

function of shape factor) from which surface tension is calculated according to 

���������������������������������������������������γ � ∆ρ~3[A� ��������������������������������������������������()*+ ,b+J. 
From the sessile drop, the contact angle for the deposited films are determined 

by DSA-1software. A digital image of a sessile drop can be analyzed on a 

desktop computer in 1 or 2 seconds. Typically, several hundred coordinates on 

the edge of the drop are located with subpixel resolution by computer analysis 

of the digital image. The size, shape, horizontal and vertical offsets of the 

theoretical profile given by Eqn.(5.1) are varied by varying four parameters: β, 

b and the pixel coordinates of the drop apex, Xo and Zo. A best fit of the 

theoretical profile to the measured edge coordinates is obtained by minimizing 

an objective function. The algorithms can simultaneously track the surface 

area and volume of the drop or bubble. 

The contact angles θ were calculated by the program using the Young-Laplace 

function DSA-1 Software. The software allows to take photographic images of 

the drop which will be shown in the results part. Contact angle measurements 

depend strongly on the environmental conditions [87,88]. The surface 

preparation,  environmental temperature,  drop size were kept constant, and 

the whole experiment was performed in one day in order to be able to compare 

results [89]. The most widely used method is to measure the angle of a sessile 

drop resting on a flat solid surface using a goniometer-microscope equipped 

with an angle-measuring eyepiece or, more recently, a video camera equipped 

with a suitable magnifying lens, interfaced to a computer with image-analysis 

software to determine the tangent value precisely on the captured image. The 

contact angle measuring system is shown in Fig. 5.4 and the experimental 

setup of the system (DSA-1 Easy Drop) procured from Kruss, Germany is 

shown in Fig. 5.6. Before the measurements are taken, the measurement stage 

is leveled by adjusting the stage supporting table. A substrate or sample whose 

contact angle is to be determined is then placed on the stage.  
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Fig. 5.6 : Experimental setup of the DSA Easy Drop 

The instrument uses a micro-syringe mounted in an arm that can be moved in 

vertical and horizontal direction to dispense a liquid drop over the 

measurement location on the sample. 

            

 
 
             (A)                         (B)                       (C)                    (D) 

Fig. 5.7 : Screen display of DSA1 

(A)-Drop just above surface, (B)-Just before detachment (C)-Drop at 

touch-off. (Motion is Present) (D)-Drop is motionless 

The syringe will handle drop volumes from 3 to 10 µl with 0.1 µl resolution. 

Once the position of the syringe is adjusted according to the sample, the drop 

formed at the tip of the needle is lowered slowly and forms the contact angle 

when it strikes the surface of the sample [90]. Drop images are acquired using 

a camera and in line incident illuminator software controlled optical halogen 
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lamp. The action appears live on the computer screen and the salient images 

are captured to the computer's memory for later image analysis. The camera 

can capture images at very fast rate of around 25-60 frames per second. The 

measurement location on the platform can be shifted to facilitate formation of 

another drop on the same surface. So the drop profile is photographed, the 

evaluation of the drop image takes place in the window of the software: the 

baseline is determined automatically for measuring the contact angle and the 

tangent of the sessile drop profile at the three-phase contact point drawn onto 

the image is used to determine the value of the contact angle and surface 

energy by the DSA-1 software. Fig. 5.7 shows the photograph captured by 

camera at various stages [91]. 

The contact angle of liquid Methyle iodide (CH3I) on PTFE surface provide 

quantifiable measure of oleiophobic nature of surface. The contact angle of 

CH3I for pure, grafted and irradiated (after grafting) samples at various 

grafting temperature is measured and analysed. The data pertaining to this is 

described in future chapters (6 and 7).  

5.3.2  X-ray DIFFRACTION (XRD) 

X-ray diffraction is the most powerful tool for determining the structure of 

solid matter and finds wide range of applications in material characterization. 

X-ray diffraction is a non-destructive technique. X-ray diffraction (XRD) was 

direct evidence for the periodic atomic structure of crystals.  

Applying trigonometry (Fig.5.8), the lower beam must travel the extra 

distance A B'+ B'C to continue traveling parallel and adjacent to the top beam. 

Recognizing d as the hypotenuse of the right triangle, we can use trigonometry 

to relate d and ф to the distance A B'+ B'C. The distance A B' = d sinф 

because  A B' = B'C hence nλ = 2 A B' The angle between the diffracted beam 

and the incident beam is always 2θ Fig. 5.8, and it is this angle, rather than θ, 

which is usually measured experimentally  

����������������������������������������������������*� � -3��*����������������������������������������������()*+ ,b+7. 
where n is the order of plane, λ is the wavelength of incident radiation and d is 

the interplanar distance between the lattice planes which is given by        
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���������������������������������������������3 � ^�A%A 5 �AmA 5 ZA�Aa
�>A �������������������������������()*+ ,b+b. 

 

where h, k and l are the indices of the lattice planes and a, b, c are the 

dimensions of the unit cell. From the above relations one can easily evaluate 

the lattice parameters when the values of d and corresponding values of θ (for 

fixed value of λ) are known [20]. The schematic diagram of XRD is shown in  

Fig. 5.9(a). The radiation (Cu Kα) emanating from the X-ray tube is diffracted 

at the specimen and recorded by a detector [92].We have used X-ray 

diffractometer (Bruker D8 Advance diffractometer) Fig. 5.9(b). The specimen 

is rotated at constant angular speed in such a way so that angle of incidence of 

primary beam changes, while detector moves about the specimen at twice the 

angular speed. The diffraction angle (2θ) is thus always equal to double the 

glancing angle (θ).  

 

Fig. 5.8 : Bragg’s Law Reflection 

The diffracted X-ray exhibit constructive interference when the distance 

between paths ABC and A′′′′B′′′′C′′′′ differs by an integer number of 

wavelengths (λλλλ) 
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Fig. 5.9 (a): Aperture Diaphragm is arranged  between the tube and 

specimen 

Whenever the Bragg condition, 2dsinθ = nλ, is satisfied, the incident X-ray 

beam is diffracted at the specimen and reaches the detector. The detector 

converts the X-ray quanta into electron pulses, which are recorded by 

recorder. Bruker D8 Advance diffractometer uses NaI scintillation counter as a 

detector Fig. 5.9(a) and Fig. 5.9(b) are used for this purpose. It can detect the 

diffracted radiations in the wavelength ranging from 0.5 to 3 Å. 

Monochromators are used to suppress the undesired portions of radiation. To 

restrict the irradiated specimen area, aperture diaphragm is arranged between 

the tube and the specimen as shown in Fig.5.9(b). The second aperture 

diaphragm shields the strong scattered radiation of the first aperture 

diaphragm. The resolution depends upon the detector diaphragm. The 

scattered radiation diaphragm is used to suppress undesired scattered radiation. 

The crystallographic information is obtained by evaluating ‘d’ values and 

indexing of reflections. The characteristics diffraction pattern of a given 

substance can always be obtained whether the substance is present in pure 
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state or as one constituent in a mixture of several substances. This fact is the 

basis of the diffraction method of chemical analysis.  

 

Fig.5.9(b) : Bruker D8 Advance diffractometer uses NaI scintillation 

counter as a detector (IIT R) 

 
X-ray diffraction pattern is characterized by a set of line positions (2θ) and a 

set of relative intensities (I). The angular position of lines depends on the 

wavelength of the incident ray and spacing (d) of the lattice planes. The 

technique can be used for quantitative analysis in which the concentration of 

phases are calculated by determining the area of the peak, since the intensity 

of  diffraction lines due to one constituent of a sample depend upon the 

concentration of that constituent in the sample specimen [93] . The qualitative 

analysis for a particular substance is accomplished by identification of the 

pattern of that substance. Any change in the orientation of the planes of the 

PTFE due to irradiation of ion beam (after grafting) is provide the direct 

evidence that the surface morphology of PTFE is changed. The data pertaining 

to XRD is analyzed and discussed in chapter 7. 

 5.3.2.1 Specimen beam interactions  

When an incident beam electron strikes the surface of a sample, it undergoes a 

series of complex interactions with the nuclei and electrons of the atoms of the 

sample.  The interactions produce a variety  of secondary  products, such  as 

electrons  of different energy, X-rays, heat, and light as shown in Fig. 5.10. 
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Many of these secondary products are used to produce the images of the 

sample and to collect additional data from the sample. The interaction is 

usually described as teardrop or pear-shaped. In whole samples, the volume 

(both depth and width) of the interaction varies directly with the accelerating 

voltages and inversely with the average atomic number of the sample. The 

interactions between incident electrons and the atoms of the sample may be 

elastic or inelastic Fig. 5.10 [94]. Elastic interactions occur between incident 

electrons and the nucleus of atoms of the sample and are characterized by a 

large angle deflection of the incident electron, as well as little energy loss by 

the incident electron. In elastic interaction occur between the incident 

electrons and the orbital shell electrons of  the  atoms  of  the  sample  and  are  

characterized  by  a  small angle deflection of incident electron, as well as 

much energy loss by incident electron [95] . 

5.3.3  FIELD EMISSION SCANNING ELECTRON MICROSCOPY 

(FE-SEM) 

Scanning electron microscopy (SEM) is a technique that uses electrons rather 

than light to form an image. There are many advantages to using the SEM 

instead of a light microscope. The SEM has a large depth of field, which 

allows a large amount of the sample to be in focus at one time. The SEM also 

produces images of high resolution, which means that closely spaced features 

can be examined at a high magnification. Preparation of the samples is relative 

easy since most SEMs only require the sample to be conductive. The 

combination of higher magnification, larger depth of focus, greater resolution, 

and ease of sample observation makes the SEM one of the most heavily used 

instruments in research areas. It detects the secondary and back-scattered 

electrons from a sample surface bombarded by an electron beam scanning its 

surface. The contrast in an SEM image reveals information about the surface 

morphology and composition of the material. The comparative analysis of FE 

SEM output of PTFE sample, grafted PTFE and ion irradiated PTFE is 

considered in chapter 6 and chapter 7. Fig.5.11 shows a schematic diagram of 

the field emission scanning electron microscope. The source of the electrons is 

electron gun. The beam is emitted with in a small specials volume with a small 

angular spread and selectable energy. The electrons are accelerated to high 

kinetic energies by using an anode at high positive potential. The first 
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condenser lens that works in conjunction with the condenser aperture helps to 

narrow the beam and also limit its current. The second condenser lens then 

forms the electrons into a very thin, coherent beam. The beam is scanned point 

by point over the sample (like in a television) by using a set of scanning coils.   

 

Fig. 5.10 :  Schematic Diagram of the beam interaction of specimen 

The objective lens does the final focusing of the beam on the sample. At each 

point the number of secondary and back-scattered electrons reaching the 

detector are counted to be used for determining the relative intensity of the 

pixel representing that point in the final image. The higher the atomic number 

of the specimen material, the greater is the number of secondary electrons that 

reach the detector, giving rise to a higher intensity in the image. Since all 

metals are conductive so no special sample preparation is required for them 

but all non-metals need to be made conducting by covering the sample with a 

thin layer of conductive material like gold [96]. SEM is a destructive 
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technique in the case of non-metals since during coating the gold atoms fall 

and settle onto the surface of the sample producing a thin gold coating. We 

have used the Field Emission Electron Microscope (FEI Quanta 200F model)  

with  resolution  of  2nm  and  possible magnification 500000 diameters to 

study the surface morphology of the nanocrystalline thin films and 

nanopowder and is shown in Fig. 5.12. FE-SEM uses field emission electron 

gun which provides improved special resolution down to 1.5 nm that is 3 to 6 

times better than conventional SEM and minimizes sample charging and 

damage. In conventional  SEM   electrons are thermionically  emitted from a 

tungsten or lanthanum hexaboride (LaB6) cathode and are accelerated  towards   

an  anode, alternatively  electrons   can be emitted via field emission (FE). 

Tungsten is used because it has the highest melting point and lowest vapour 

pressure of all metals, thereby allowing it to be heated for electron emission. 

The electron beam, which typically has an energy ranging from a few hundred 

eV to 50 keV, is focused by one or two condenser lenses into a beam with a 

very fine focal spot size (1 to 5 nm). 

 

Fig. 5.11 : Schematic Diagram of FE-SEM 
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Fig. 5.12 : Photograph of FE-SEM (FEI Quanta 200F) 

The basic mechanism of field emission is that a high voltage applied between 

a pointed cathode and a plate anode causing the current to flow [97]. The field 

emission tip is generally made of a single crystal tungsten wire sharpened by 

electrolytic etching. A tip diameter of 100 to 1000 Å is used, with the apparent 

source size much less than that. The field emission process itself depends on 

the work function of the metal, which can be affected by adsorbed gases. This 

is the reason a very high vacuum is required [98].                                 

5.3.4  ENERGY DISPERSIVE X-ray SPECTROSCOPY (EDS)  

Using the energy dispersive x-ray analysis (EDS) attachment with the SEM, 

elemental composition analysis can be done. An EDS spectrum normally 

displays peaks corresponding to the energy levels for which the most X-rays 

had been received. Each of these peaks is unique to an atom, and therefore 

corresponds to a single element. The higher a peak in a spectrum, the more 

concentrated the element is in the specimen. Fig. 5.13 represent the schematic 

diagram of the EDS system. Interaction of an electron beam with a sample 

target produces a variety of emissions, including X-rays. An Energy-

Dispersive X-Ray Spectroscopy (EDS) detector is used to separate the 

characteristic X-rays of different elements into an energy spectrum. EDS 

system software is used to analyze the energy spectrum in order to determine 
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the abundance of specific elements. EDS can be used to find the chemical 

composition of materials down to a spot size of a few microns, and to 

create elemental composition maps over a much broader area. These 

capabilities provide fundamental compositional information for a wide variety 

of materials. EDS systems are typically integrated into a SEM.  It includes a 

sensitive X-ray detector, a liquid nitrogen for cooling, and software to collect 

and analyze energy spectra. The detector is mounted in the sample chamber of 

the main instrument at the end of a long arm, which is itself cooled by liquid 

nitrogen. With modern detectors and electronics, most Energy-Dispersive X-

Ray Spectroscopy (EDS) systems can detect X rays from all the elements in 

the periodic table above beryllium (Z = 4) if present in sufficient quantity. 

Most applications of EDS are in electron column instruments like the scanning 

electron microscope (SEM). X-ray spectrometers with X-ray tube generators 

as sources and Si(Li) detectors have been used for both X-Ray Fluorescence 

Spectroscopy (XRF) and X-ray diffraction (XRD).With a radioactive source, 

an EDS system is easily portable and can be used in the field more easily than 

most other spectroscopy techniques. With a minimum detection limit (MDL) 

of 100-200 ppm for most elements, an EDS system is capable of detecting less 

than a monolayer of metal film on a substrate using Kα lines at moderate 

accelerating voltages of 5-15KeV  [99].   

EDS detector normally consists of a small piece of semiconducting silicon or 

germanium which is held in such a position that as many as possible of the X-

rays emitted from the specimen fall upon it. Since X-rays cannot be deflected, 

the detector must be in line of sight of the specimen. This means that in a 

scanning electron microscope (SEM), it normally occupies a similar position 

to the secondary electron detector. In order to collect as many X-rays as 

possible, the silicon should be as near to the specimen as is practicable. In 

SEM, it may be possible to place the detector 20mm or less from the 

specimen. 

If a voltage is applied across the semiconductor, a current will flow as each X-

ray is absorbed in the detector and the magnitude of the current will be exactly 

proportional to the energy of the X-ray. In practice, if pure silicon is used, the 
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current generated is minute compared with the current which flows normally 

when a voltage is applied; in other words the resistivity is too low. This is 

overcome by three stratagems which combine to make the final detector seem 

rather more complicated than it really is. The resistivity of the silicon is 

increased by (i) making the whole detector a semiconductor p-i-n junction 

which is reverse biased, (ii) doping the silicon with a small concentration of 

lithium and (iii) cooling the whole detector to liquid nitrogen temperature 

(77K) (Goodhew et al. 2001). Fig. 5.13 shows the Si(Li) detector which is the 

most commonly used energy-dispersive detector. The lithium atoms are used 

to compensate the relatively low concentration of grown-in impurity atoms by 

neutralizing them. In the diffusion process, the central core of the silicon will 

become intrinsic, but the end away from the lithium will remain p-type and the 

lithium end will be n-type, this results in a p-i-n diode. A reverse bias 

electrical field in a range of 100-1000 volts is applied to thin layers of gold 

evaporated onto the front and back surface of the diode. The detector shown 

schematically in Fig. 5.13 consists of Si(Li) semiconductor junction in which 

the ‘i' region occupies most of the 6mm thickness. Thin layers of gold are 

necessary on both surfaces of the detector so that the bias potential can be 

applied. The film of gold on the outer face of the detector must be as thin as 

possible so that very few X-rays are absorbed in it; a layer only 20nm thick 

provides adequate conductivity. When an X-ray enters the intrinsic region of 

the detector through the p-type end, each incoming X-ray excites a number of 

electrons into the conduction band of the silicon leaving an identical number 

of positively charged holes in the outer electron shells which in turn produces 

a number of electron-hole pairs in the detector. It required 3.8eV of energy for 

one such pair, so for example a 5.4KeV X-ray absorbed by the silicon atoms 

will produce about 1684 electron-hole pairs or a charge of about 2.7 x 10-13 

Coulombs. The current which normally passes between the gold electrodes is 

very small indeed until an X-ray enters the detector, then the resultant current 

can be amplified and measured fairly easily. 

Both charge carriers move freely through the lattice and are drawn to the 

detector contacts under the action of the applied bias field to produce a signal 
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at the gate of a specially designed field effect transistor (FET) mounted 

directly behind the detector crystal. The transistor forms the input stage of a 

low-noise charge-sensitive preamplifier located on the detector housing. The 

output from the preamplifier is fed to the main amplifier, where the signal is 

finally amplified to a level that can be processed by the analog-to-digital 

converter (ADC) of the multichannel analyzer (MCA). The schematic diagram 

of the EDS system is shown in Fig. 5.13 and the experimental set up of EDS 

attached to FE-SEM (Model: FEI Quanta 200F) procured from FEI Company 

Oregon USA is shown in Fig. 5.12. The height of the amplifier output pulse is 

proportional to the input preamplifier pulse, and hence is proportional to the 

X-ray energy. For the amplifier pulse to be recognized in the ADC, it must 

exceed the lower level set by a discriminator, which is used to prevent noise 

pulses from jamming the converter. Once the pulse is accepted, it is used to 

charge a capacitor that is discharged through a constant current source 

attached to an address clock typically operating at 50 MHz. The time to 

discharge the capacitor to 0V is proportional to the pulse amplitude and hence 

to the X-ray energy. The 50-MHz clock produces a binary number in one of 

the 1024 channels typically used by the MCA in accordance with the time of 

the discharge and increments the previously collected number in that channel 

by 1. By an energy calibration of the channels in the MCA, the collection of 

X-ray pulses may be displayed on a CRT as an energy histogram. 

Detectors are maintained under vacuum at liquid nitrogen temperature to 

reduce electronic noise and to inhibit diffusion of the lithium when the bias 

voltage is applied. The gold-coated outer surface is usually further protected 

by a thin window of beryllium or a polymer. This window is necessary to 

prevent contaminants from the specimen chamber of the microscope from 

condensing on the very cold surface of the detector and forming a further 

barrier to the entry of X-rays. Windowless detectors or detectors with ultra-

thin windows of formvar or some other polymer film are now available and 
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these extend the analytical range down to boron. However such detectors need 

to  be  used  in  microscopes  which have extremely good vacuum systems and  

 

 Li is added by 

1) Diffusion under an applied voltage 

2) Ion implantation/annealing 

 

Fig. 5.13 : An energy dispersive Si (II) detector 

 

need very careful protection from accidental air leaks such as those that occur 

during specimen changes. EDS has been used for quality control and test 

analysis in many industries including computers, thin films, semiconductors, 

metals, cement, paper and polymers. It has been used in medicine in the 

analysis of blood, tissues, bones, and organs, in pollution control, for asbestos 

identification, in field studies including ore prospecting, archeology, and 

oceanography, for identification and forgery detection in the fine arts, and for 

forensic analysis in law enforcement [100]. 
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CHAPTER 6 

GRAFTING DATA ANALYSIS AND RESULTS 

 

 

6.1  INTRODUCTION 

Grafting reaction involves the copolymerization of a monomer onto a polymer 

backbone. The formation of copolymers of various synthetic and natural 

polymers via graft copolymerization has been extensively studied [101]. 

Methyl acrylate (MA) and Methyl methacrylate (MMA) have been graft 

copolymerized with numerous polymeric backbones using various initiating 

systems.   Though there are different number of methods are present to change 

the surface morphology and roughness parameter of polymer surface, but in 

the present work, the polymer surface is modified by chemical induced graft 

copolymerization. 

In the present work, an attempt has been made to change the surface 

morphology of PTFE polymer through grafting of monomer Methyl 

Methacrylate (MMA) through chemical  grafting method. In this work, the 

effect of monomer concentration, initiator concentrations, effect of 

temperature of the reaction and time of reaction on grafting were discussed 

and analyzed. 

Teflon (PTFE) surface modification after grafting was studied and verified 

through FE-SEM. Crystallographic changes were analysed through XRD. 

Contact angle goniometry applied to measure and analysed the variation of 

contact angle.  
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6.2  GRAFTING DATA ANALYSIS 

The degree of the grafting was determined from difference in weight of 

grafted and ungrafted PTFE surfaces [102, 103]. 

�������������������������c�e�����f%���*~� ,k.~-�,k.�,k.� ��4��FF����������������������������()*+�,d+�. 
where (W)g and (W)o are the weights of the grafted and un-grafted samples, 

respectively. The weight of grafter polymer was consider after the complete 

removal of the homopolymer/copolymer. Percentage of grafting has been 

determined as a function of total dose, amount of water and concentration of 

monomer. It is also dependent on the temperature and concentration of 

initiator. 

6.2.1 Percentage Grafting as a Function of Various Parameters at  

Constant Temperature (50
o
C)  

(Initiator concentration, Monomer concentration, Time)  

At constant temperature of 500C, to determine the optimum condition of 

maximum yield of grafting is determined by varying BPO concentration, 

Grafting Time, monomer concentration  one by one keeping other parameters 

remains constant. 

Table 6.1 gives the data of  % grafting varying with initiator concentration, 

monomer concentration and grafting time at constant temperature of 50oC. 

The effect of the initiator BPO concentration on grafting rate was studied. 

These results are shown  in Fig. 6.1(a).  

It was observed that the grafting increases up to a certain level and reaches a 

maximum value of 9.77% at a concentration of 0.03 M of the initiator, beyond 

which it decreases slowly. In a grafting point of  view, the initial increase is 

due to the availability of the free radicals generated for grafting of the  

monomer. When the concentration of the initiator exceeds a certain value, 
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increased free radical concentration results in serious copolymerization and 

hence lowers the graft copolymerization.  

Fig. 6.1 (b) represents the effect of monomer (MMA) concentration on the 

percentage of grafting on PTFE film. It can be seen that the grafting 

percentage increases initially with increasing monomer concentration and  

then decreases on further increasing the concentration of MMA. The initial 

increase in grafting may be due to the reason that most of the monomers are 

utilized by the available free radical sites on the PTFE backbone.  However, it 

can be noted that the grafting rate does not exceed 8-9% at a monomer 

concentration of 10 (%V/V). Also at higher concentrations, the degree of 

copolymerization increases and the grafting percentage decreases. Moreover at 

the lower concentration, the extent of copolymerization of the monomer is 

smaller. The grafting reaches a maximum value and thereafter decreases. This 

is because the number of free radical sites available on the PTFE backbone 

becomes a limiting factor and the rate of diffusion is progressively affected by 

deposition on the polymer backbone  

From Fig. 6.1 (c) it has been observed that grafting level increases initially 

with reaction time.  The graft copolymerization rate increases to a maximum 

value of 120 minute.  With an increase in reaction time, the free radicals have 

more time for reaction and therefore results in higher level of grafting.  

After certain time, all the initiator and monomer are used up. Thus, no further 

change in grafting level was observed with increasing reaction time. The 

decrease in grafting may be due to the induced decomposition of the initiator 

leading to decrease in the concentration of the initiator and hence decrease in 

active radicals required to generate active sites on polymeric back bone. 

From Fig. 6.1 it is clear that maximum yield of grafting is obtained when 

[BPO] = 0.03 M, [Monomer] = 10% V/V, [Time] = 120 Sec at constant 

temperature of 50°C. 
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Table 6.1 :  Variation of % grafting with BPO Concentration, Time, and 

Monomer Concentration at constant Temperature of 50
0
C 

150 µm Teflon 

2cm x 2cm             
Temperature 50⁰C   50⁰C   50⁰C   

Time 

120 

Min   NA   120 Min   

Monomer 

Concentration 

10%V/

V   

10%V/

V   NA   

Initiator 

Concentration NA   0.03 M   0.03 M   

S.No Initiato

r 

Graftin

g 
Time 

Graftin

g 

Monome

r 

Graftin

g 

  M % Min. % %V/V % 

1 0.01 3.66 90 3.98 5 3.66 

2 0.03 9.04 120 9.03 10 9.17 

3 0.05 8.19 150 7.06 15 8.43 

4 0.07 4.3 180 3.2 20 5.9 

       
 

 

 

 

 

Fig. 6.1 (a) : Variation of % grafting with initiator BPO concentration 
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Fig. 6.1 (b) : Variation of % grafting with monomer concentration 

 

 

 

 

 

Fig. 6.1 (c) : Variation of % grafting with grafting time 
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6.2.2 Percentage Grafting as a Function of Temperature 

The temperature of grafting medium is one of the most important reaction 

parameters that hase a strong effect on  the grafting yield This experiment was 

performed at different temperature 40, 50, 60 and 70 
°C with an accuracy of ±� 

2°C   for two hours with monomer  concentration of 10% and BPO  0.03M 

After the grafting reaction, the samples were taken out from the monomer 

solution and washed with acetone to remove the remaining homopolymer 

[104,105]. The washed samples were again weighed to know about any 

changes in weight due to grafting process depicted in Table 6.2. 

Table 6.2 : Variation of % Grafting with Temperature 

 [Constant Parameter ] :  [Monomer] = 10% V/V, BPO] = 0.03, [Time] = 2h 

 

The increase in temperature of the grafting mixture up to 50°C initially 

increases the degree of grafting as shown in Fig. 6.2(a) and Fig. 6.2(b). This 

may be due to the increase of the initiation and propagation rates of graft 

copolymerization.  Increased in the degree of grafting with increasing 

temperature is also due to increase in the decomposition of the initiator leading 

to the formation of more free radicals and the generation of active sites on the 

polymeric backbone. But beyond 50 
°C, the grafting rate decreases and the 

film becomes brittle. This is because at higher temperature, higher 

combination rates of monomer are obtained increasing homo polymerization 

reactions, which results in a decreased grafting  rate. 

S.No Sample Temperature Weight of Pristine % 

Grafting 

 PTFE  Before Grafting After Grafting  

 (150 Micro 

Meter) 

    

 (2cm X 2cm) (Degree 

Celsius) 

(Gram) (Gram)  

1 PTFE 40 0.132 0.137 3.75 

2 PTFE 50 0.133 0.146 9.77 

3 PTFE 60 0.131 0.142 8.39 

4 PTFE 70 0.132 0.139 5.3 



(c) 

 

 

 

 

Fig. 6.2 (a) : Variation of weight of grafted polymer with temperature at 

monomer concentration 10% V/V 

 

 

 

Fig. 6.2 (b) Variation of % grafting with temperature at monomer 

concentration 10% V/V 
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The increase in temperature of the grafting mixture up to 50°C initially 

increases the degree of grafting as shown in Fig. 6.2(a). This may be due to the 

increase of the initiation and propagation rates of graft copolymerization.  

Increased in the degree of grafting with increasing temperature is also due to 

increase in the decomposition of the initiator leading to the formation of more 

free radicals and the generation of active sites on the polymeric backbone. But 

beyond 50°C, the grafting rate decreases and the film became brittle. This is 

because at higher temperature, higher combination rates of monomer are 

obtained increasing homo polymerization reactions, which results in a 

decreased grafting rate. Fig. 6.2(b) represents the variation of weight of 

grafted polymer with temperature keeping other parameters remains constant. 

Fig 6.3(a) represents the Variation of grafting with temperature at 15% V/V 

monomer concentration. Rest of the parameters remains constant through out 

the experiment. The data obtained is shown in Table 6.3. 

Table 6.3 : Variation of % Grafting with Temperature  

 [Constant Parameter ] :  [Monomer] = 15% V/V, BPO] = 0.03, [Time] = 2h 

It can be seen that the grafting percentage increases initially with an  increase 

in temperature at higher monomer concentration and then decreases on further 

increase in  temeperature but the value  %  grafting is less in comparison to 

10% V/V monomer concentration Fig. 6.3(b). 

 

 

S.No Sample Temperature Weight of Pristine % 

Grafting 

 PTFE  Before Grafting After Grafting  

 (150 Micro 

Meter) 

    

 (2cm X 2cm) (Degree 

Celsius) 

(Gram) (Gram)  

1 PTFE 40 0.132 0.134 1.51 

2 PTFE 50 0.133 0.140 5.263 

3 PTFE 60 0.132 0.138 4.54 

4 PTFE 70 0.131 0.136 3.817 
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Fig. 6.3 (a) : Variation of weight of grafted polymer with temperature at 

monomer concentration 15% V/V 

 

 

 

 

Fig. 6.3 (b) : Variation of % Grafting with temperature at monomer 

concentration 15% V/V 
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The initial increase in grafting may be due to the reason that most of the 

monomer is utilized by the available free radical sites on the PTFE backbone. 

Also at higher concentrations, the degree of homopolymerization increases 

and the grafting percentage decreases. Moreover at the lower concentration, 

the extent of homopolymerization of the monomer is smaller. The grafting 

reaches a maximum value and thereafter decreases.  

The temperature of grafting medium is one of the most important reaction 

parameters that has a strong effect on the grafting.  The change  in weight I 

after grafting at temperature 400C is negligible which shows that at 400C, 

initiator could not create active site to graft the monomers. When the 

temperature was kept at 500C, it was found that weight of grafted polymer 

became very high. This shows that at this temperature, large number of active 

sites were created and MMA were successfully grafted. Increase in the degree 

of grafting with increasing temperature is also due to increase in the 

decomposition of the initiator leading to the formation of more free radicals 

and the generation of active sites on the polymeric backbone. Further increase 

in temperature 600C, 700C results in decrease grafting rate. The reason of this 

might be attributed to decrease in number of active sites and formation of 

oligomer of MMA.  

6.3  SURFACE MORPHOLOGICAL ANALYSIS OF GRAFTED 

PTFE BY FE-SEM  

The change in morphology of PTFE surface after modification by surface-

initiated free radical polymerization studied by FE-SEM. FE-SEM  images of 

PTFE (Pure) and PTFE-g-MMA at magnification (X 50000) and resolution of 

1.5 nm have been taken by FEI QUANTA 200F instrument at Institute 

instrumentation Centre, IITR. Fig. 6.4 and Fig. 6.5 are the images of grafted 

and ungrafted PTFE.  
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The electron beam, which typically has an energy 10 KeV, is focused by one 

or two condenser lenses into a beam with a very fine focal spot size (≈ 5 nm). 

The basic mechanism of field emission is that a high voltage applied between 

a pointed cathode and a plate anode causing the current to flow [106]. The 

field emission tip is generally made of a single crystal tungsten wire sharpened 

by electrolytic etching. A tip diameter of ≈100 Å is used, with the apparent 

source size much less than that. The field emission process itself depends on 

the work function of the metal, which can be affected by adsorbed of gases. 

The composition of the grafted PTFE with that of pristine PTFE shows clearly 

the change in the topography of the PTFE surface. The virgin PTFE exhibits a 

smooth surface pattern whereas the grafted PTFE (PTFE-g-MMA) exhibits 

rough surface. The reason for the surface roughness is due to the grafting of 

MMA onto PTFE which opens up its matrix and shows considerable 

deposition of MMA on the surface of back bone polymer. Fig. 6.4(a) and Fig. 

6.5(a) represents the SEM image of pure pristine. Fig. 6.4(b), (c) and (d) and 

Fig. 6.5(b), (c) and (d) represents the image of grafted PTFE at 50°C, 60°C 

and 70°C with resolution of 5 µm and 10 µm. 

The maximum irregularity and non-uniformity without cracking is observed in 

Fig. 6.4(b) and 6.5(b). These are the images grafted at 50oC with resolution of 

5 µm and 10 µm. 
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Fig. 6.4 (a) FE-SEM image of ungrafted (Pristine) PTFE 

 

 

 

 

Fig. 6.4 (b): FE-SEM Image of grafted  PTFE at 50
o
C (at 5µµµµm) 
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Fig. 6.4 (c) : FE-SEM Image of grafted  PTFE at 60
o
C (at 5µµµµm) 

 

 

 

 

Fig. 6.4 (d) : FE-SEM Image of grafted  PTFE at 70
o
C (at 5µµµµm) 
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Fig. 6.5 (a) : FE-SEM Image of Pristine (PTFE) (at 10µµµµm) 

 

 

 

 

Fig. 6.5 (b) : FE-SEM Image of grafted  PTFE at 50
o
C (at 10µµµµm) 
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Fig. 6.5 (c) : FE-SEM Image of grafted  PTFE at 60
o
C (at 10µµµµm) 

 

 

 

 

                                                                                                                        

Fig. 6.5 (d) : FE-SEM Image of grafted  PTFE at 70
o
C (at 10µµµµm) 
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Following conclusion can be drawn from analysis 

1) The result suggested that the surface initiated free radical 

polymerization has given rise to non-uniform molecular weight 

distribution and the dense coverage of MMA on PTFE surface. 

 

2) Fig. 6.4(a) and Fig. 6.5(a) is the FE-SEM  images of pure pristine at 

resolution of 5µm and 10µm respectively. The change in image is the 

impact of change in instrument resolution only. We studied the 

grafting impact  on polymer PTFE surface with respect to FESEM 

images  

 

3) The bumps in  form of white patches is appear in FE-SEM image of 

grafted PTFE at 50°C depicted in Fig. 6.4(b). Points A and B in Fig. 

6.4 (b) represent  section of white patch. The height at this section of 

image is not similar to ungrafted surface. This white spot section in 

grafted image is nearly more than 30-40% of the total surface area 

clearly indicates the increase in the roughness of the surface. 

Approximately similar result is depicted in Fig. 6.5(b) which is taken 

at resolution of 10 µm. 

 

4) In similar fashion, the deep dugs in the form of dark black spots also 

appear in images. Points C and D in Fig. 6.4(b) represents these duggy 

spots which are little dark in colour show the non uniform structure of 

surface and hence depict the increase in the roughness of the surface. 

 

5) It is also clear from Fig. 6.4(c) and (d) that the uniformity in  image is 

reduced at higher temperature with  decrease in number of  white 

patches indicate that the grafting % is less at higher temperature hence 

change in roughness parameter of surface is also less.Similar result is 

obtained when we consider the data at resolution of 10µm. 
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6.4 XRD ANALYSIS OF GRAFTED POLYMER 

X-ray diffraction patterns were recorded using  the Cu-Kα (1.54 A )  radiation 

with 8.04 KeV energy from Burker D8 Advance X -ray spectrometer at 

Institute Instrumentation Centre,(IIT Roorkee, India). A rotating anode source 

and a Sodium Iodine scintillation detector have been used. The value of the 

diffraction angle (2θ) ranged from 30 to 900 with a step size 0.04 mm.The 

measurements were done at room temperature and ambient pressure 

conditions. Each experiment was repeated at least twice and with both faces of 

the specimens alternatively exposed to the incident X-rays to check the 

reproducibility [107] 

The radiation (Cu-Kα) emanating from the X-ray tube is diffracted at  the 

specimen and recorded by a detector. The specimen is rotated at constant 

angular speed in such a way so that angle of incidence of primary beam 

changes [108], while detector moves about the specimen at twice the angular 

speed. The diffraction angle (2θ) is thus always equal to double the glancing 

angle (θ).  

Whenever the Bragg condition, 2dsinθ = nλ, is satisfied, the incident X-ray 

beam is diffracted at the specimen and reaches the detector. The detector 

converts the X-ray quanta into electron pulses, which are recorded by 

recorder. Bruker  D8 Advance diffractometer uses NaI scintillation counter as 

a detector. It can detect the diffracted radiations in the wavelength ranging 

from 0.5 to 3 Å.  

Fig. 6.6 (b) shows the XRD data of 150 µm thick grafted polymer PTFE thin 

film with maximum number of counts .The un-grafted PTFE is shown in Fig 

6.6(a) pristine (Grafted under optimum condition). The absence of crystalline 

peaks corresponding to PTFE indicates the change in amorphous nature of 

PTFE. The height of the peak in Fig. 6.6(c) and 6.6(d)  reduces which indicate 

that  minor change in orientation of the planes of PTFE when grafted at 600C 

and 700C grafting temperature.  
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Monochromator is used to suppress the undesired portions of radiation. To 

restrict the irradiated specimen area, aperture diaphragm is arranged between 

the tube and the specimen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6.6 (b) : XRD image of grafted PTFE (with grafting temperature 

50
o
C) 
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Fig. 6.6 (a) : XRD image of Pristine (ungrafted) PTFE 
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Fig. 6.6 (c) : XRD image of grafted PTFE (with grafting temperature 

60
o
C) 

 

 

 

 

 

 

 

 

 

Fig. 6.6 (d) : XRD image of grafted PTFE (with grafting temperature 

70
o
C) 
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6.5 CONTACT ANGLE GONIOMETRY  

The contact angle system called Easy Drop-standard from KRUSS, Germany 

with pre-installed Drop Shape Analysis Software DSA-1 was used at Institute 

Instrumentation Centre, Indian Institute of Technology (IIT), Roorkee. The 

Pre-Installed DSA-1 Software is to determine static contact angles using 

sessile drop method, to control camera, illumination, temperature, dosing 

modules, table movements, to measure, store and report measured contact 

angle values. The manual sample table moves the sample to the right position. 

Single dosing system deposits the drop onto the grafted polymer surface by 

microsyring [109]. At equilibrium, the camera records the digital image and 

allows the perfect drop shape analysis The contact angle can be calculated and 

protocolled by Drop Shape Analysis  Software i.e. DSA-1 Software 

The liquid used in syringe to determine the contact angle for oleophobic 

properties of PTFE film is CH3I. The syringe will handle drop volumes of 3µl 

of CH3Iwith 0.1 µl resolution. Once the position of the syringe is adjusted 

according to the sample, the drop formed at the tip of the needle is lowered 

slowly and forms the contact angle when it strikes the surface of the sample. 

Drop images are acquired using a camera and in line incident illuminator 

software controlled optical halogen lamp. The action appears live on the 

computer screen and the salient images are captured to the computer's memory 

for later image analysis [110]. The camera can capture images at very fast rate 

of around 25-60 frames per second. The measurement location on the platform 

can be shifted to facilitate formation of another drop on the same surface. So 

the drop profile is photographed, the evaluation of the drop image takes place 

in the window of the software: the baseline is determined automatically for 

measuring the contact angle and the tangent of the sessile drop profile at the 

three-phase contact point drawn onto the image is used to determine the value 

of the contact angle of liquid CH3I on PTFE surface by the DSA-1 software.  

The data in Table 6.4 represent the measure of contact angle of grafted PTFE 

surface at various temperatures keeping other parameter like concentration of 

monomer , reaction time, initiator concentration remains constant. Fig. 6.7  is 

the plot of contact angle values with respect to various temperature . 



(cxiv) 

 

 

Table 6.4 : Contact Angle of Grafted PTFE at Various Grafting 

Temperature 

PTFE 
(Grafted) Temperature(ºC) Pristine 40

º
C 50ºC 60ºC 70ºC 

  Contact Angle(θ)º 90.4 92.8 95.55 93.3 93 
 

 

 

Fig. 6.7 : Variation of contact angle with grafting temperature 

Following observation were drawn from the Fig. 6.7. 

(1) The peak in the graph is existing at 50°C indicates that the value of the 

contact angle increases from 40°C to 50°C and its maximum value i.e. 

95.5°C is existing  when PTFE is grafted at 50°C. 

(2) After and before of this grafted temperature50°C the value of contact 

angle decreases and  minimum value exist at the 70°C.  

(3)  The Rate of increment of contact angle vale is approximately similar 

to the rate of decrement of contact angle value. 
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The contact angle goniometer is used to check wettability of liquid on solid 

surface. Lower the contact angle greater the wettability. It is used as a relative 

measure of surface energy. The primary parameter that characterize wetting is 

the static contact angle, which is defined as the measurable angle which the 

liquid makes with solid. 

Grafting is not only responsible for increase the roughness of PTFE polymer 

sample but also responsible for decrease the wettability of surface. Maximum 

grafting is existing at 50°C .This result is in full compliance with FESEM and 

XRD data. 

6.6 CONCLUSION 

(1) The optimum conditions for grafting is achieved when polymerization 

was carried at the following condition. 

 [MMA] =10% V/V;  [BPO] = 0.03M;  [Temperature] = 50°C; 

[Time]=2 hr. 

 (2) The percentage of grafting is not only increasing with temperature but 

also depends upon monomer concentration, initiator and grafting time. 

(3) Surface morphological analysis through FE-SEM suggested that the 

roughness of the grafted PTFE is changed. 

(4) Contact angle goniometry concludes that contact angle is a function of 

grafted temperature hence % of monomer grafted. 
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Chapter 7 

SURFACE ANALYSIS OF ION IRRADIATED GRAFTED 

TEFLON 

 

7.1 INTRODUCTION 

Oil-repellent surface has been explored due to its self cleaning character. The 

multi-functional coating on a grafted polymer surface is the current field of 

research. For obtaining oil-repellent surface, it is necessary to prepare the 

surface with very small surface tension. These surfaces can be obtained by 

uniformly applying fluoromethyl (–CF3) groups on them [110–114]. Thus, the 

fluorinated compounds usually remain the most common active ingredients for 

oil-repellent purpose.  The basic effect of surface structure on super water 

repellency has been well known since the initial publications of Wenzel [115] 

and Cassie and Baxter [116] model. Both the models have laid emphasis on 

the geometrical structure of solid surfaces as an important factor in 

determining the wettability. Preparation of super water-repellent surface has 

been investigated by several publications in the past [117–119]. Starting from 

Onda et al. [120–121] have reported a serial achievement that demonstrated 

the contact angle of water droplets on low energy surface increases strongly 

with growing surface roughness and porosity. 

The irradiation of grafted PTFE through low energy (approx. 3 KeV) Ar+ ion 

beam is not only responsible to change the surface morphology but also 

increase the possibility of change in elemental composition. The roughness of 

the surface is the prime parameter to study the oleophobic nature of Teflon 

surface. The contact angle is quantifiable measurement of roughness of 

surfaces. 
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This chapter deals with change in surface morphology of polymer after the 

irradiation. The data related to the contact angle is also discussed in this 

chapter. The analysis of data related to the contact angle is also the core part of 

this chapter. 

 

7.2. SURFACE MORPHOLOGY OF TREATED PTFE BY FE-SEM 

Field Emission Electron Microscope (FEI Quanta 200F model) with resolution 

of 2nm and possible magnification 500000 X to study the surface morphology 

of the grafted PTFE film was used. FE-SEM analysis provide qualitative 

analysis of the surface morphology at various magnification FESEM uses field 

emission electron gun which provides improved special resolution down to 1.5 

nm that is 3 to 6 times better than conventional SEM and minimizes sample 

charging and damage. The electron beam, which typically has an energy 

ranging from a few hundred eV to 50 KeV, is focused by two condenser lenses 

into a beam with a very fine focal spot size of (1 to 5 nm). The basic 

mechanism of field emission is that a high voltage applied between a pointed 

cathode and a plate anode causing the current to flow. The field emission tip is 

generally made of a single crystal tungsten wire sharpened by electrolytic 

etching. A tip diameter of 100 to 1000 Å is used, with the apparent source size 

much less than that. The field emission process itself depends on the work 

function of the metal, which can be affected by adsorbed gases and due to this  

very high vacuum is required [122]. The contrast in an SEM image reveals 

information about the surface morphology and composition of the material. 

Comparative analysis and to study the optimum roughness condition, two sets 

of  irradiated  sample of PTFE was considered (i) irradiated with beam time  

of 10 sec (ii) irradiated  with beam time of 100 sec. For each set, four images 

at various grafting temperature i.e. 40,50, 60 and 70°C are considered. Set of 

Fig. 7.1 shows the FE-SEM  images of  irradiated PTFE sample with beam 

time of 10 sec with various grafting temperature i.e. 50, 60 and 70°C (other 

conditions remain constant) Fig. 7.2  is for same set but beam time  in these set 

of figure is  100 sec. Set of Fig. 7.1 and Fig. 7.2 is considered at 5µm 

resolution while set of Fig. 7.3 and 7.4 is considered at 10µm resolution. 
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Following conclusions are drawn from these sets of figures : 

Fig. 7.1 (a) SEM observation showed that the surface of pristine PTFE has low 

but uniform roughness without sharp edges. The surface edges which rarely 

observe any non uniform valleys. The surface is more or less uniform and 

smooth. The dark spots indicate a little irregularity in the height of sample at 

that particular portion of pristine surface 

Fig. 7.1(b) FE-SEM observation of PTFE sample irradiated for 10 Sec  and 

grafted at 50°C. Mild bumps are observed with Shallow irregularities  on the 

surface. The peak to valley height does not exceed 0.5mm. Approximately 

equal portion of dark and mild spots are present. It indicates that due to 

irradiation the surface roughness increases. Light crack is also observed at one 

portion of the image. 

Fig. 7.1  (c) and (d)FE SEM observational image of PTFE sample irradiated 

for 10sec  and grafted at 60oC and 70oC. Deep dark line observed at the 

surface indicates the possibility of surface  cracking and irregularity. Dugs is 

also observed in the image shown with arrows .There is the possibility of 

surface distortion. 

Approximately similar observation is observed in second set of figure. Fig. 

7.2(b) shows the maximum roughness as portion of dark and mild spots is 

almost equal and at higher temperature the crack is developed hence it is of no 

use. 

Optimum suitable surface is observed at 500C.Similarly in Fig. 7.3(a) and 

7.4(a), the extremely mild irregularity in the surface is present. The surface is 

more or less uniform and smooth. These are the images of pure pristine teflon.  

Fig. 7.3(b) and 7.4(b) show mild bumps with shallow irregularities on the 

surface. Maximum roughness is observed in these figures without cracks. 

These figures are treated PTFE surfaces grafted at 50oC with ion irradiation 

beam time of 10 and 100 sec respectively at resolution of 10µm. Fig. 7.3(c) 

and 7.3(d) show irregularities but with cracks, hence, they are not suitable for 

our work.  



(cxix) 

 

 

 

 

 

Fig. 7.1 (a) : FE-SEM image of pristine PTFE. 

 

 

 

 

Fig. 7.1 (b) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

50
o
C 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :  NA 

Beam Time : NA 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 50°C 

Beam Time : 10 sec 
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Fig. 7.1 (c) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

60
o
C 

 

 

 

 

Fig. 7.1 (d) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

70
o
C 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 60°C 

Beam Time : 10 sec 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 70°C 

Beam Time : 10 sec 
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Fig. 7.2 (a) : FE-SEM image of Pristine PTFE  

 

 

 

 

Fig. 7.2 (b) : FE-SEM image of treated PTFE (100 sec) with grafting 

temperature 50
o
C 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :  NA 

Beam Time : NA 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 50°C 

Beam Time : 100 sec 
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Fig. 7.2 (c) : FE-SEM image of treated PTFE (100 sec) with grafting temperature 

60
o
C 

 

 

 

Fig. 7.2 (d) : FE-SEM image of treated PTFE (100 sec) with grafting 

temperature 70
o
C 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 60°C 

Beam Time : 100 sec 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 10000x 9.9mm LFD 14.92µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 70°C 

Beam Time : 100 sec 
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Fig. 7.3 (a) : FE-SEM image of Pristine PTFE with resolution 10µµµµm 

 

 

 

Fig. 7.3 (b) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

50
o
C (Resolution 10µµµµm) 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :  NA 

Beam Time : NA 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 50°C 

Beam Time : 10 sec 
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Fig. 7.3 (c) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

60
o
C (at 10µµµµm) 

 

 

 

Fig. 7.3 (d) : FE-SEM image of treated PTFE (10 sec) with grafting temperature 

70
o
C (at  10µµµµm) 

FE-SEM IMAGE PTFE (150 µm) Teflon 
   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 
Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 60°C 
Beam Time : 10 sec 

 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :[Monomer]=10% V/V, [BPO] = 0.03M, 

         [Time] = 2hr, [Temperature] = 70°C 

Beam Time : 10 sec 
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Fig. 7.4 (a) : FE-SEM image of Pristine PTFE  

 

 

 

 

Fig. 7.4 (b) : FE-SEM image of treated PTFE (100 sec) with grafting 

temperature 50
o
C (at 10µµµµm) 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :NA 

Beam Time : NA 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :50
O
C 

Beam Time : 100 sec 



(cxxvi) 

 

 

 

 

 

Fig. 7.4 (c) : FE-SEM image of treated PTFE (100 sec) with grafting temperature 

60
o
C (at 10µµµµm) 

 

 

 

 

Fig. 7.4 (d) : FE-SEM image of treated PTFE (100 sec) with grafting 

temperature 70
o
C  

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at : 60
O
C 

Beam Time : 100 sec 

FE-SEM IMAGE PTFE (150 µm) Teflon 

   HV Mag WD Det HFW 

10.kV 5000x 9.9mm LFD 29.84µm 

Grafting at :70
O
C 

Beam Time : 100 sec 
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FE-SEM analysis of the irradiated (for 10 sec.) shows that smoothness of the 

samples decreases when compared with that of the pristine . With increase in 

grafting temperature, it was observed that as temperature goes beyond 500C 

the sample surface is deformed which is evident from the micro –size cracks 

in the samples. No such kind of micro cracks were observed in the samples 

grafted at 500C except the decrease in smoothness. As increasing the 

irradiation time by 100 seconds, several micro-sized pits were observed on the 

sample surface for all grafting temperature. 

7.3  ELEMENTAL ANALYSIS OF LOW ENERGY Ar+ ION 

TREATED  PTFE  

 Using the energy dispersive x-ray analysis (EDS) attachment with the SEM, 

elemental composition analysis can be done. An EDS spectrum displays peaks 

corresponding to the energy levels for which the most X-rays had been 

received. Each of these peaks is unique to an atom, and therefore corresponds 

to a single element. The higher a peak in a spectrum, the more concentrated 

the element is in the specimen. Interaction of an electron beam with a sample 

target produces a variety of emissions, including X-rays. An Energy-

Dispersive X-Ray Spectroscopy (EDS) detector is used to separate the 

characteristic X-rays of different elements into an energy spectrum. EDS 

system software is used to analyze the energy spectrum in order to determine 

the abundance of specific elements. 

 X-ray spectrometers with X-ray tube generators as sources and Si(Li) 

detectors have been used for  X-ray diffraction (XRD).With a radioactive 

source, an EDS system is easily portable and can be used in the field more 

easily than most other spectroscopy techniques. With a minimum detection 

limit (MDL) of 100-200 ppm for most elements, an EDS system is capable of 

detecting less than a monolayer of metal film on a substrate using Kα lines at 

moderate accelerating voltages of 5-15KeV.  
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 The experimental set up of EDS is attached to FE-SEM (Model: FEI Quanta 

200F) procured from FEI Company Oregon USA  at IIC (IIT, Roorkee). The 

height of the amplifier output pulse is proportional to the input preamplifier 

pulse, and hence is proportional to the X-ray energy. 

Detectors are maintained under vacuum at liquid nitrogen temperature to 

reduce electronic noise and to inhibit diffusion of the lithium when the bias 

voltage is applied. The gold-coated outer surface is usually further protected 

by a thin window of beryllium or a polymer. Fig. 7.5 and 7.6 represents the 

output of EDS system. The peaks C(K) F(K) and O(K) are almost same in 

each figure. The individual weight % is also depicted in each diagram. 

There was no change in the composition of the element found via EDS 

analysis. This clearly shows that the ion beam which is used to increase the 

oleophobicity of the grafted Teflon has only imparted the energy to decrease 

the smoothness of the sample. The ion has  not  got embedded in the sample. 

 

 

Fig. 7.5 (a) : Energy Dispersive Spectrum of Pristine PTFE 

 

Element C(K) O(K) F(K) 

Wt(%) 33.25 2.13 64.62 

At(%) 43.93 2.11 53.96 

 

EDS Pristine 
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Fig. 7.5 (b) : Energy  Dispersive Spectrum of treated PTFE (Beam Time= 

10 sec) with grafting temperature 50
o
C 

 

 

Fig. 7.5 (c) : Energy  Dispersive Spectrum of treated PTFE (Beam Time 10 

sec) with grafting temperature 60
o
C 

Element C(K) O(K) F(K) 

Wt(%) 32.09 2.3 65.6 

At(%) 42.62 2.3 55.08 

 

EDS 50
0
C/10 sec 

Element C(K) O(K) F(K) 

Wt(%) 34.97 0.8 64.22 

At(%) 45.91 0.79 53.3 

 

EDS 60
0
C/10 sec 
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Fig. 7.5 (d) : Energy  Dispersive Spectrum of treated PTFE (Beam Time 

=10 sec) with grafting temperature 70
o
C 

 

 

 

Fig. 7.6 (a) : Energy Dispersive Spectrum of Pristine PTFE 

 

Element C(K) O(K) F(K) 

Wt(%) 34.32 1.91 63.77 

At(%) 45.11 1.89 53 

 

EDS 70
0
C/10 sec 

Element C(K) O(K) F(K) 

Wt(%) 33.25 2.13 64.62 

At(%) 43.93 2.11 53.96 

 

EDS Pristine 
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Fig. 7.6 (b) : Energy  Dispersive Spectrum of treated PTFE (Beam 

Time=100 sec) with grafting temperature 50
o
C 

 

Fig. 7.6 (c) : Energy  Dispersive Spectrum of treated PTFE (Beam 

Time=100 sec) with grafting temperature 60
o
C 

 

 

Element C(K) O(K) F(K) 

Wt(%) 33.93 2.08 63.99 

At(%) 44.68 2.05 53.27 

 

EDS 50
0
C/100 sec 

Element C(K) O(K) F(K) 

Wt(%) 33.25 2.13 64.62 

At(%) 43.93 2.11 53.96 

 

EDS 60
0
C/100 sec 
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Fig. 7.6 (d) : Energy  Dispersive Spectrum of treated PTFE (Beam 

Time=100 sec) with grafting temperature 70
o
C 

 

7.4  IRRADIATED PTFE SURFACE ANALYSIS THROUGH 

CONTACT ANGLE GONIOMETRY 

Grafted Polymer treatment was performed with the ISE 10 ion gun using 3 

KeV Ar+ ions and a defocused ion beam with ion fluence of 1016 cm–2. After 

treatment, the samples had to be removed from the vacuum chamber as the 

contact angle measurements were performed in air. The two sets of four 

samples of PTFE with different grafting temperatures (i.e. 50°C, 60°C, 70°C 

and Pristine) were prepared for ion fluence (≈ 1016cm-2) For first of sample 

beam time is 10 sec while for other set of samples beam time is 100 sec. The 

average contact angle was taken as an angle for particular ion fluence. The 

contact angles θ were calculated by the program using the Young-Laplace 

function . The software allows to take photographic images of the drop which 

will be shown in Images. 

Static contact angle of methylene iodide CH3I with treated polymer surface in 

order to analyze the changes generate in 2 cm x 2 cm (150 µm) grafted PTFE 

after irradiated through low energy (3 MeV) Ar+ ion beam is determined by  

Element C(K) O(K) F(K) 

Wt(%) 38.55 2.85 58.6 

At(%) 49.59 2.75 47.65 

 

EDS 70
0
C/100 sec 
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contact angle goniometry. The sets of Fig. 7.4 and Fig. 7.5 show images of oil 

drops on untreated and  Ar+ treated PTFE. Dotted lines in the images indicate 

the interface between liquid and the polymer surface. The Lubricant CH3I is 

used to measure contact angle on treated and untreated PTFE. The Oil drop on 

untreated PTFE is of the form of a bead with the angle θ < 90° i.e. θ ≈ 86.4°
 

Fig. 7.4 (a). With increasing temperature, the liquid spreads on the treated 

surface, showing that the oliophilic PTFE surface becomes oliophobic, when 

the polymer is irradiated with ions. For the contact angle measurements, the 

contact angle system called “ Easy Drop Standard” from KRUSS, Germany 

with pre-installed Drop Shape Analysis  Software DSA-1 was used at Institute 

Instrumentation Centre, Indian Institute of Technology (IIT), Roorkee. The 

Pre-Installed DSA-1 Software is to determine static contact angles using 

sessile drop method, to control camera, illumination, temperature, dosing 

modules, table movements, to measure, store and report measured contact 

angle values. The manual sample table moves the sample to the right position. 

Single dosing system deposits the drop onto the treated polymer surface by 

microsyring. 

Contact angle measurements were done using air as medium. The treated 

polymers were removed from vacuum and reacted with atmospheric O2. 

During these reactions oxygen containing functional groups were formed 

thatinfluenced the experimental measurements.  

Table 7.1 :  Variation of contact angle with % monomer grafted for 

beam time 10 sec and 100 sec. 

Grafted 
PTFE(150µm) 
(Ar+ Treated) 

Degree of grafting(%) at 
various Temperature 

9.77 
(500C) 

8.39 
(600C) 

5.3 
(700C) 

 Pristine 90.4o – – – 

Contact 
Angle(θ) 

Grafted – 95.5o 93.3o 930 

Grafted + Irradiated 
Beam Time=10 Sec 92.30 104.40 980 90.20 

Grafted + Irradiated 
Beam Time = 100Sec 90.90 103.20 960 90.4º 
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Fig. 7.7 :  Variation of contact angle with grafted temperature of PTFE with 

beam time of 10 sec and 100 sec. 

 

 

PTFE(Teflon) 150μm 

                                  [Grafted -NA ; Beam Time-NA] [Pristine] 

                                  Contact Angle [Measured] = 90.4° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.8 (a) : DSA-1 Output of Pristine PTFE 
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PTFE(Teflon) 150μm 

                                  [Grafted At 50°C ; Beam Time-10 Sec]  

                                  Contact Angle [Measured] = 104.4° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.8 (b) : DSA-1 Output of treated PTFE (10 sec) with grafting 

temperature 50
o
C (Contact Angle = 104.4

o
) 

 

PTFE(Teflon) 150μm 

                                  [Grafted At 60°C ; Beam Time-10Sec]  

                                  Contact Angle [Measured] = 98° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

 

Fig. 7.8 (c) : DSA-1 Output of treated PTFE (10 sec) with grafting 

temperature 60
o
C (Contact Angle = 98

o
) 
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PTFE(Teflon) 150μm 

                                  [Grafted At 70°C ; Beam Time-10 Sec]  

                                  Contact Angle [Measured] = 89° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.8 (d) : DSA-1 Output of treated PTFE (10 sec) with grafting 

temperature 70
o
C (Contact Angle = 89

o
) 

 

PTFE(Teflon) 150μm 

                                  [Grafted -NA ; Beam Time-NA] [Pristine] 

                                  Contact Angle [Measured] = 90.4° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

 
Fig. 7.9 (a) : DSA-1 Output of Pristine PTFE 
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PTFE(Teflon) 150μm 

                                  [Grafted At 50°C ; Beam Time-100 Sec]  

                                  Contact Angle [Measured] = 103.2° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.9 (b) : DSA-1 Output of treated PTFE (100 sec) with grafting 

temperature 50°°°°C (Contact Angle = 103.2°°°°) 

 

PTFE(Teflon) 150μm 

                                  [Grafted At 60°C ; Beam Time-100 Sec]  

                                  Contact Angle [Measured] = 96° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.9 (c) : DSA-1 Output of treated PTFE (100 sec) with grafting 

temperature 60°°°°C (Contact Angle = 96°°°°) 

 



(cxxxviii) 

 

 

PTFE(Teflon) 150μm 

                                  [Grafted At 70°C ; Beam Time-100 Sec]  

                                  Contact Angle [Measured] = 88.4° 

  
                                         6 –Fold Zoom Camera       Resolution = ±1° 

                                         Model : Easy Drop Standard from KRUSS, Germany 

                                  Drop Shape Analysis Software DSA-1     

Fig. 7.9 (d) : DSA-1 Output of treated PTFE (100 sec) with grafting 

temperature 70
o
C (Contact Angle = 88.4°°°°) 

 

 

7.5   VARIATION OF CONTACT ANGLE  (θ) WITH ROUGHNESS 

FACTOR (r) 

 
The Wenzel model (Robert N. Wenzel 1936) describes the homogeneous wetting 

regime and is defined by the following equation for the contact angle on a rough 

surface 

 

where  is the apparent contact angle which corresponds to the stable equilibrium 

state (i.e. minimum free energy state for the system). The roughness ratio is defined 

as the ratio of true area of the solid surface to the apparent area.  

 

Where AT = Total Surface Area, AP= Projected Surface Area 

The roughness ratio, r, is a measure of how surface roughness affects a homogeneous 

surface. 

From Eqn. (7.1) 
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����������������������������������������������������������� � ���� θ���� θ
����������������������������������������������������()*+ ,C+J. 

  

Since, the total surface area, AT, is always greater than or equal to projected surface 

area, AP, hence  �������������������������������������������������������������������f q ������������������������������������������������������������()*+ ,C+7.� 
 

By using Eqn.(7.3),we calculate the roughness factor ‘r’ 

 

The mean value of contact angle of lubricant oil  Methyl Iodide (CH3I) on pristine is 

given in Table 7.2. The value of contact angle on grafted PTFE at various temperature 

is given in Table 7.3. The roughness factor after grafting is shown in Table 7.4.  

 

 

Table 7.2 : Contact angle of Pristine Sample 

S. No. i Ii iii iv Mean 

Contact Angle 90.140 91.130 89.40 90.930 90.40 

 

 

 

Table 7.3 : Contact Angle of Grafted PTFE Polymer at various temperature 

Temprature (°°°°C) 40°°°°C
 

50°°°°C
 

60°°°°C
 

70°°°°C
 

 Grafting (%) 3.75 9.77 8.39 5.3 

Contact Angle (θ) 92.0 95.55 93.3 93 

 

 

 

Table 7.4 :  Determination of Roughness Factor After Grafting 

Grafting  Temprature (°°°°C) 40°°°°C 50°°°°C
 

60°°°°C 70°°°°C 

Contact Angle  (Degree) 92.0 95.5 93.3 93 

Roughness Factor (r)  7 13.73 8.29 7.49 
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Fig 7.10 (a) Variation of Roughness Factor (r) with contact angle (θ) at various 

grafting temperature.  

The variation of roughness factor (r) with contact angle (θ) at various grafting 

temperature is shown in Fig. 7.10(a). The maximum roughness factor 13.73 is 

existing with contact angle of  95.5⁰ at grafting temperature of 50⁰C. 

The value of roughness factor after ion beam  treatment with beam time of 10 Sec. 

and 100 Sec. is given in Table 7.5. The variation of ‘r’ with contact angle at various 

grafting temperature is shown in Fig. 7.10 (b) and Fig. 7.10(c) 
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Table 7.5 : Contact Angle and Roughness Factor of treated PTFE  (Irradiated 

PTFE) (After Grafting) 

Grafting Temperature 40°°°°C 50°°°°C 60°°°°C 70°°°°C 

Contact angle 

(After Grafting + Irradiation) 

10 Sec  92.6 104.4 98 90.2 

100 Sec 92.4 103.2 96 90.4 

Roughness Factor (r) 10 Sec 3.99 35.62 19.93 1.2 

100 Sec 1.5 32.71 15.2 1.3 

 

 

Fig 7.10 (b) : Variation of Roughness Factor (r) with contact angle (θ) at various 

grafting temperature after ion beam treatment with beam time 10 Sec 
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Fig 7.10 (c) : Variation of Roughness Factor (r) with contact angle (θ) at various 

grafting temperature after ion beam treatment with beam time 100 Sec 

 

7.6  CRYSTALLOGRAPHIC ANALYSIS OF IRRADIATED 

TEFLON THROUGH XRD 

XRD was direct evidence for the periodic atomic structure of the polymers and 

is the most powerful tool for determining the structure and orientation of 

polymers. XRD is a non-destructive technique and is based on Bragg’s Law. 

Bruker D8 Advanced Diffractometer uses Nal scintillation counter as a 

detector at Institute Instrumentation Center (Indian Institute of Technology, 

Roorkee) is used for the materialic characterization of PTFE polymer surface. 

Fig. 7.10 (a, b) represents the output of XRD for pure pristine and PTFE 

grafted at 50oC and 60oC with irradiated ion beam time of 10 sec. The peak is 

existing at approx. 21o indicating that crystallographic planes of PTFE with 

grafting temperature 50oC shows maximum orientation at this glancing angle. 
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The height of the peak in Fig. 7.11 (a) is maximum in comparison to the 

height of the peak in Fig. 7.11 (b) and 7.12 (a) indicates that the 

crystallographic behavior of PTFE grafted at 50oC is maximum in comparison 

to PTFE sample grafted at 60o and 70oC.With the help of comparative analysis 

Fig. 7.12 (b) in context of their peaks with the pristine, we reached to a 

conclusion that the crystallographical changes in PTFE sample grafted at 50oC 

with 10 sec beam time is maximum.                                                                  

                         

Fig. 7.11(a) :   XRD Image PTFE (Teflon) ; Irradiated for 10 sec grafted at 50° C 

 

Fig. 7.11(b) :   XRD Image PTFE (Teflon) ; Irradiated for 10 sec grafted at 60°C 
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Fig. 7.12(a) :   XRD Image PTFE (Teflon) ; Irradiated for 10 sec grafted at 70°C 

 

 

Fig. 7.12(b) :   Comparative analysis of XRD images of pristine with treated 

PTFE grafted at 50°°°°C, 60°°°°C and 70°°°°C temperature 
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Chapter 8 

CONCLUSION AND RECOMMENDATION 

 

8.1 RESEARCH SUMMARY 

The two step experimental work was performed to change the surface 

morphology of PTFE polymeric surface. Firstly, we increase the surface 

roughness to reduce the wettability of oil on solid surface via chemical 

grafting process under robust condition. Second step was to enhance the 

surface roughness of the grafted polymeric surface through low energy Ar+ ion 

beam with interaction time of 10 and 100 sec.  

We  did grafting of MMA on PTFE surface at different temperature, reaction 

time, monomer concentration and initiator concentration. The maximum yield 

was achieved at 50oC whose value is 9.47%. Monomer concentration of 10% 

V/V and BPO concentration of 0.03 M with reaction time of 2 hrs gives the 

optimum condition.  

The increase in degree of grafting at optimum condition is due to increase in 

decomposition of initiator leading to the formation of more free radicals and 

generation of the active cites on the polymeric backbone resulting maximum 

grafting of MMA on polymeric backbone,  effect of grafting was studied by 

surface morphology through FE-SEM, EDS, CAG and XRD analysis.  

To further increase in roughness grafted polymer was irradiated  using 3KeV 

Ar+ ions and defocused ion beam for beam time of 10 and 100 sec. 

respectively and again the effect of this treatment is analsis by surface 

morphology through FE-SEM, EDS, CAG and XRD analysis. 
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8.2  CONCLUSION DRAWN AFTER GRAFTING 

FE-SEM images (Fig. 8.1) of grafted PTFE at 50oC depicted that uniformity in 

the image was  maximum reduced with deep dugs in the form of dark black 

spots which was responsible for high roughness resulting increase in contact 

angle observed by goniometer. The value of contact angle at maximum  

grafting with Methyl Iodide CH3I liquid on PTFE surface under robust 

condition was observed  through contact angle goniometer and it is 95.5⁰ (Fig. 

8.2). The highest peak hence maximum  number of counts in XRD analysis of 

grafted sample was also observed at 50oC , which conclude that maximum 

change in crystallographic structure of sample.  

 

Fig. 8.1 FE SEM Image of Grafted PTFE at 50⁰C 

 

Fig. 8.2 Contact Angle with Grafting Temperature 
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8.3 CONCLUSION AFTER TREATMENT 

FE-SEM image of treated  PTFE surface (after grafting ) revealed that 

maximum change in surface morphology in context of change in surface 

roughness was achieved  on 50oC grafted PTFE with 3Mev Ar+ ion beam 

treatment for 10 sec (Fig.8.3). The maximum bumps and white patches 

appeared in PTFE surfaces is maximum at 50oC sample. Irregularity and non-

uniformity without cracking is the evidence of maximum  roughness on 

grafted PTFE after irradiation 

.  

Fig. 8.3 FE SEM Image of irradiated PTFE (After grafting at temperature 50⁰C) 

 

Fig. 8.4 DSA-1 Output of treated PTFE (10 sec) with grafting 

temperature 50
o
C (Contact Angle = 104.4

o
) 
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The contact angle goniometry also revealed that maximum contact angle of 

104.4o was achieved on PTFE surfaces which was grafted at 50oC (Fig. 8.4). 

The roughness factor (r) is also calculated using this value of contact angle 

The maximum r value of roughness factor is 34.4 Similarly, the XRD analysis 

output is also in full compliance with the results i.e maximum number of 

counts was observed for treated PTFE with grafting temperature of 50⁰C.  

Monomer grafted PTFE sample showed slight increase in contact angle. 

However, after irradiation further increase of 8-10o was observed. This 

definite change in contact angle corroborated well with increase in the surface 

roughness as seen in FE-SEM images. 

8.4 RECOMMENDATIONS 

In our research, oleophobic polymeric surfaces have been developed by 

chemical grafting followed by low ion beam radiation and the surface 

roughness of the film have been improved. Ofcourse, there are many 

challenges ahead of oleophobic characteristics of the surfaces of various 

engineering applications. 

With commercial applicability of this result generates effective solutions of 

many engineering and  industrial problems like for example its coating  in 

pipeline for crude transportation may be responsible for reduction in wax 

deposition . To remove adhesion and stiction is still a challenging problem for 

various engineering applications. 
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