
CHAPTEK 3

Effect of 140 MeVAg?11 um/irrcuUatCon/on/ 

ccndAACtiA/e/ adxltttvefrfdled/Cn/PMMA polymer

wurtrUts

This chapter describes the characterization of three polymer composites prepared by 

dispersion of conductive fillers i.e carbon black (CB), Aluminum (Al), copper (Cu) in 

PMMA matrix. These composites were irradiated with 140 MeV Ag+11 ions at 

different fluences. The various results of experimentations before and after ion beam 

irradiation are presented. Scientific explanations of various properties e.g. electrical, 

structural, thermal properties and surface morphology of conductive composites are 

discussed.
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3.0 Introduction

In recent years, there is an increasing interest in the flexible polymer composites with 

high dielectric constant because they possess important technological applications in 

certain areas. Such composites are attractive as potential materials for high charge- 

storage capacitor, electrostriction artificial muscles, “smart skins” for drag reduction, 

and microfluidic systems for drug delivery [1-8]. The effective dielectric constant of 

polymer composites can be improved dramatically by incorporating electrical 

conducting phase into the polymer matrix as the concentration approaches the 

percolation threshold [9-13]. However, many properties of the composite still remain 

unknown even despite numerous studies have been carried out in the past few years 

[6]. A well-known fact about conductor-insulator system is the drastic change in the 

electrical conductivity of these composites in a narrow range of concentration of the 

conducting phase. This sudden change in the relationship between electrical 

conductivity and filler concentration is attributed to the formation of continuous 

chains or network of the conducting phase that spans throughout the insulating matrix. 

This phenomenon involving the change in the dispersion state of the conducting phase 

is usually explained by percolation theory and is known as percolation. The minimum 

volume content of the conducting filler at which the drastic change in electrical 

conductivity begins is referred to as the percolation threshold. According to the 

percolation model, the electrical properties such as electrical conductivity and 

dielectric constant of conductor-insulator systems should exhibit a power law 

dependency on the magnitude of the difference (P - Pc), where P denotes the volume 

fraction of the conducting phase and Pc stands for the percolation threshold. It has 

also been shown that the dielectric constant of metal-insulator systems might exhibit 

divergent behavior near the percolation threshold [7,14-16].

93



Ion irradiation of polymers and polymer composites can induce irreversible changes 

in their macroscopic properties. Electronic excitation, ionization, chains scission and 

cross-links as well as mass losses are accepted as the fundamental events that give rise 

to the observed macroscopic changes [17]. In solids high energy heavy ion loses 

energy mainly through electronic processes and the energy deposition centered in a 

very small range that is referred to as tracks. This chapter describes the dependence 

of various properties of polymer composites on filler concentration and fluence 

(IxlO11 ions/cm2 and lxlO12 ions/cm2) of silver ion beam. The effects of 140MeV 

silver ion irradiation on following composites have been investigated in this chapter.

(1) Carbon black/PMMA composites [18]

(2) Al/PMMA composites [19]

(3) Cu/PMMA composites [20, 21]

The radiation induced changes in dielectric, structural, thermal properties and surface 

morphology of composites were studied using impedance /gain phase analyzer, X- ray 

diffraction (XRD), Differential scanning calorimetry (DSC), scanning electron 

microscopy (SEM) and atomic force microscopy (AFM).

3.1 Carbon black filled PMMA composites: Results and discussion

3.1.1 Electrical properties

Dielectric analysis measures two fundamental electrical characteristics of materials: 

the capacitive (insulating) nature, which represents its ability to store electrical 

charge; and the conductive nature, which represents its ability to transfer electric 

charge. Through the dielectric analysis, the dielectric constant and dielectric loss 

(tangent) and ac conductivity of a material can be obtained. The electric properties of 

a material as a function of frequency, filler concentration, ion fluence and also 

temperature dependence electrical properties of pure sample in the temperature range
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25-80°C are diseused. The ac conductivity and dielectric constant were calculated 

using equations (2.4.25) and (2.4.12) respectively as discussed in chapter-2.

(a) Frequency dependence ac conductivity

The a.c. conductivity of the composites as a function of the frequency, fluence, and 

filler concentration has been studied and shown in figure 3.1(a-e). The conductivity 

of composite increased with concentration of filler that is possibly due to the 

electronic interaction process taking place in the composites and therefore resulted 

composites show more conductive with the increase of the filler content [21]. At low 

filler content, the conducting particles are separated and electrical charge may flow 

only by means of hopping or tunneling through a non conducting medium between 

the neighboring particles. The transport of charge carriers would be inefficient and the 

overall conductivity of composite was observed to be low at lower concentration (Fig 

1). When particle concentration increases, the gap between the particles diminishes 

and conductivity slowly increases due to increase of conduction path [22,23]. At the 

percolation threshold conductivity increased steeply as shown in Fig. 3.Id. The 

conductivity of composites was found to increase after irradiation (Fig 3.1 (b-d)). This 

result revealed that the irradiation of composite leads to the scissioning of polymer 

chains and resulted in hydrogen depleted carbon network due to emission of hydrogen 

and/or other volatile gases that contributed to increase the conductive nature of the 

composite [24],
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(b) Temperature dependence ac conductivity

Figure 3.2 shows the variation of conductivity of polymer composites with frequency 

of applied electric field, concentration and temperature for all pristine samples. The 

rise of conductivity upon increasing the frequency and temperature is a common 

respond for polymeric and semiconductor materials [25]. Conductivity increases with 

filler concentration and also with temperature. Figure 3.3 shows the variation of In. 

(Ac-conductivity) with the inverse temperature for all samples at fixed frequency (10 

KHz and 1 MHz). The conductivity increased with increasing temperature and this 

behavior can be explained by suggesting that the electronic charge must hop between 

conducting particles. In other word, the increment in temperature provides an increase 

in free volume and segmental mobility [26].

102 103 104 105 106 107 

Frequency (Hz)

Fig. 3.2 Variation of conductivity of PMMA/CB composites with frequency of 

applied electric field, concentration and temperature.
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1000/T [K] for PMMA/CB composites.

(c) Frequency depedance dielectric constant

The dielectric constant of PMMA/CB composites with frequency is shown in Fig. 

3.4(a-d). The general trend of the curves shows the increase in dielectric constant with 

the filler concentration. The increase in the dielectric constant with filler content 

related with interfacial polarization effect between polymer and filler particles. The 

polarization also contributed to the charge quantity. From this point of view, the 

dielectric constant of the composites was higher than that of the pure polymer [27]. At 

low frequency, below 500 Hz, dielectric constant shows a sharp increase, it could be 

possibly associated with Maxwell-Wagner mechanism (interfacial space charge) and 

electrodes polarization effect [28]. At low frequencies, accumulations of electronic 

impurities and space charges also have similar effects. These effects possibly caused 

large and rapid increase in dielectric constant [28, 21]. It is also observed that 

dielectric constant remains constant up to 10MHz. This reveals that the motion of

98



charge carriers is constant in this frequency range. The dielectric constant value was 

also found to increase after irradiation (Fig.3.4(b-c)). The increase in dielectric 

constant upon irradiation suggests that the sccissioning of polymer chain created free 

radicals and unsaturation etc. in the composites. It resulted an increase in interfacial 

polarization of space charges and therefore dielectric constant of composites was 

found to increase after irradiation.

(d) Temperature dependence dielectric constant

Figure 3.5 shows the variation of dielectric permittivity of polymer composites with 

frequency of applied electric field at different concentrations and temperatures for 

pristine samples. The dielectric constant attains high value at low frequency and 

decreases with increasing in frequency. The decrease of dielectric constant is mainly 

attributed to the mis-match of interfacial polarization of composites to external 

electric field at elevated frequencies [29]. Dielectric constant remains constant 

beyond a frequency of 103 Hz for all composites, but its magnitude increases as filler 

concentration increases. The dielectric constant as a function of temperature is shown 

in Fig. 3.6 at two different frequencies. It can be seen that the dielectric constant 

increases with increasing temperature. The enhancement of the dielectric constant 

with increasing temperature can be attributed to segmental mobility of the polymer, 

facilitate the orientation of dipoles and consequently increase dielectric constant [30].
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Fig.3.6 Variation of dielectric constant vs temperature at different 

concentrations of PMMA/CB composites at two different frequencies.
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(e) Frequency dependence dielectric loss

The dielectric loss is the power dissipated in dielectric as a heat when the dielectric is 

exposed to an electric field. Dielectric loss (tanS) is defined as a ratio of energy lost or 

dissipated per cycle to the energy stored. It was measured directly using Impedance 

gain phase analyzer. Fig 3.7(a-c) represents the dielectric loss versus frequency for 

pristine and irradiated samples. It is observed that the dielectric loss decreases 

exponentially with increasing the frequency and then became less dependent at higher 

frequency. It is also observed that the loss factor increases moderately with carbon 

black concentration and also with the ion fluence. The growth in tan 5 and thus 

increase in conductivity is brought about by an increase in the conduction of residual 

current and absorption current [31].

(a) (b)
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(f) Temperature dependence dielectric loss

Figure 3.8 shows the variation of dielectric loss of PMMA/CB composites with 

frequency of applied electric field, concentration and temperature for all pristine 

samples. Fig. 3.9 depicts the dielectric loss as a function of temperature at two 

different frequencies for pure PMMA and CB filled polymer composites with 

different concentrations of CB. From Fig.3.9, it can be seen that the dielectric loss 

factor increases with increase in temperature. The dielectric loss is due to the 

perturbation of phonon system by an electric field, the energy transferred to the 

phonon is dissipated in the form of heat.
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3.1.2 X-ray diffraction analysis

The XRD patterns for pristine and irradiated composite films were recorded at 

different concentrations of filler (Fig. 3.10). The diffraction patterns showed the 

amorphous nature of the composites. The prominent X-ray peak was observed at 20 

=25.97° and consistent with different concentration of CB in polymer (Fig, 3.10 (a- 

c)). This peak perhaps due to the presence of CB particles in the polymer matrix. The 

irradiated ones also show an identical diffraction pattern except that the decrease in 

the intensity of the peak due to irradiation. Although the intensity of the diffraction 

peak decreases due to irradiation, but no significant change in peak position is 

observed. It reveals that the sample became more amorphous in nature after 

irradiation and also indicates that there is no change in lattice parameter.
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Fig. 3.10 (b) XRD spectra of pristine and irradiated samples for PMMA+20% 

CB composite.
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Fig. 3.10 (c) XRD spectra of pristine and irradiated samples for PMMA+40% 

CB composite.

Fig. 3.10 (a) XRD spectra of pristine and irradiated samples for PMMA+10% 

CB composite.
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3.1.3 Differential Scanning calorimetry(DSC) analysis

DSC instruments are widely used for the thermal characterization of 

polymers/polymer composites. A differential scanning calorimetry (DSC) experiment 

was performed using a reference material and a predetermined heating (or cooling) 

rate was imposed to the system with a given temperature excursion (40° to 150° °C). 

The sample followed the temperature of the reference and the heating power 

difference between the sample and reference was recorded. To study the irradiation 

effects on thermal property of the composite, the DSC thermogram of pure PMMA as 

a reference was recorded (Fig. 3.11). DSC thermograms of PMMA+40% CB 

composite before and after irradiation were also recorded (Fig. 3.11). It was found 

that when the concentration of CB was increased in the polymer matrix, glass 

transition temperature (Tg) shifted to higher temperature, resulting in the cross linking 

of polymer and CB particles. After irradiation, it was found that Tg shifted to lower 

temperature. It reveals that the ion irradiation leads to polymer chain scissioning and 

subsequently reduction in molecular weight. As a result, system moved towards the 

more disordered state, which is also corroborated with XRD results.
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Fig.3.11. DSC thermograms of (a) pure PMMA pristine (b) PMMA+40% CB 

pristine (c) PMMA+4G%CB (irradiated ).

3.1.4 Surface morphology

(i) Atomic force microscopy(AFM)

The AFM image of 10 x 10 pm2 area was recorded in tapping mode as shown in Fig. 

3.12 (a-d). Each AFM image was analyzed in terms of surface average roughness 

(Ra). It is observed that roughness increases from 4.2nm to 23.8 nm with carbon black 

concentration of 10% and 40% and also further increases from 7.2 nm to 42.2 nm 

respectively after irradiation at a fluence of lxlO12 ions/cm2. The increase in surface 

roughness (Ra) with increasing filler concentration was observed due to the increase in 

density and size of conducting particles on the surfaces of the polymeric films [32]

(i) Scanning electron microscopy (SEM)

SEM images were examined to observe the change in the texture of the fractured 

surface of the composites. It is seen that the CB particles are isolated at 10% of 

concentration which indicates that there is no interaction between them (Fig. 3.13 a). 

As the CB content was increased (i.e. 40% CB-filler), clusters of CB particles were 

found (Fig. 3.13c).These clusters might be considered a region in the polymer matrix, 

where particles are in physical contact or very close to each other. Aggregations of 

these micro clusters were observed on the surface after irradiation (Fig. 3.13 b, d).
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(C ) (d)

Fig. 3.12. AFM images of PMMA+10% CB (a) pristine (b) at 1 x 1012 ions/cm2

and PMMA+40% CB (c) pristine (d) at x 1012 ions/cm2.
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Fig. 3.13 SEM images of PMMA+10% CB composite (a) pristine (b)irradiated at 

1 x 1012 ions/cm2 and PMMA+40% CB composite (c) pristine (d) irradiated at 1 

x 1012 ions/cm2.

3.1.5 Conclusions

Swift heavy ion irradiation has significantly changed the electrical, structural, thermal 

properties and surface morphology of the carbon black filled PMMA composites. This 

is attributed to the fact that the radiation exposure on the polymer composite converts 

the polymeric structure in to hydrogen depleted carbon network and promotes good 

adhesion between carbon black particles and polymer. This makes the composite
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more conductive and harder. The dielectric constant/loss shows frequency dependent 

behavior and change significantly after irradiation. The ac conductivity increased with 

increasing temperature and this behavior can be explained by suggesting that the 

electronic charge must hop between carbon black particles. The dielectric constant of 

the CB/PMMA composites increased with an increase in the temperature, which has 

been attributed to the segmental mobility of the polymer molecules. The X-ray 

diffraction patterns of the composites show an increase in amorphousity of polymer 

composite upon irradiation. DSC analysis revealed that the glass transitions 

temperature (Tg) shifted towards lower temperature upon ion irradiation and reveals 

that the composite system became disordered and amorphous in nature. The contact of 

the particles increased on increasing the concentration of filler and connectivity 

further increased upon irradiation as revealed from SEM analysis, its also confirmed 

by conductivity results.

3.2 Aluminum filled PMMA composites: Results and discussion 

3.2.1 Electrical properties

(a) Frequency dependence ac conductivity 

The dependence of effective ac electrical conductivity of PMMA/A1 composites on 

frequency, filler content and ion fluence is shown in Fig 3.14 (a-c). Fig.3.14 d shows 

dependence of conductivity on filler concentration at a frequency of 10MHz. The 

conductivity is enhanced by increasing the applied frequency. This is due to the 

decrease in contributions of polarization effect at high applied frequency range [33, 

34]. The conductivity increases on increasing the concentration of A1 content. This is 

attributed to the electronic interaction processes and formation of conductive network 

due to aluminum particles contact that took place in the composites [35]. It is also 

observed that the conductivity increases with increasing the ion fluence. Irradiation is
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expected to promote the metal to polymer bonding and convert the polymeric 

structure into a hydrogen depleted carbon network due to emission of hydrogen and 

/or other volatile gases. It is this carbon network that is believed to make the polymers 

more conductive [231.

Fig.3.14 Conductivity vs. frequency for PMMA/AI composites (a) Pristine and 

(b) Irradiated at a fluence of lxl011ions/cm2 (c) Irradiated at a fhience of 

lxl012ions/cm2 (d) Conductivity vs. filler concentration at 10MHz.
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(b) Temperature dependence ac conductivity 

Figure 3.15 shows the variation of conductivity of polymer composites with 

frequency of applied electric field, concentration and temperature. The increase in 

conductivity with increasing the frequency and temperature is a common respond for 

polymer composites. It is due to the increase of the mobility of charge carriers in the 

composite. As shown in figure, there are two trends, the first one (from 100Hz to 1M 

Hz) is frequency independent conductivity and another (from 1MHz to 10M Hz) is 

frequency dependent conductivity for 20%, 30%, and 40% composites. The first trend 

is contributed by free charges available in the composite system whereas the second, 

which is frequency dependent conductivity, is due to trapped charges which are only 

active at higher frequency region [36, 37]. As shown in figure, 0 % and 10% samples 

behave as a insulating phase and after further doping at higher concentrations, 

samples show conducting behavior [38].
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Fig.3.15 Variation of conductivity of PMMA/A1 composites with frequency of 

applied electric field, concentrations and temperature.

Figure 3.16 shows the variation of In (Ac-conduetivity) with the inverse temperature 

for all pristine samples at fixed frequency (10 MHz). The conductivity increased with 

increasing temperature and this behavior can be explained by suggesting that the 

electronic charge must hop between metal particles. In other word, the increment in 

temperature provides an increase in free volume and segmental mobility.

Fig.3.16 Plot of natural log of conductivity (Inc) versus inverse temperature, 

1000/T [K] for PMMA/A1 composites.

(c) Frequency dependence dielectric constant

Figure 3.17 (a-c) shows an increase in dielectric permittivity of PMMA/A1 composites 

with filler concentration and ion fluenee. It is observed that the dielectric constant 

decreases moderately with frequency. As the frequency increases, the charge carriers 

migrate through the dielectric get trapped against a defect sites and induce an opposite 

charge in its vicinity, as a result of which they slow down and the value of dielectric 

constant decreases moderately [39].
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Fig.3.17 Dielectric constant vs. frequency for PMMA/A1 composites (a) Pristine 

and (b) Irradiated at a fluence of lxl0nions/cm2 (c) Irradiated at a fluence of 

lxl012ions/cm2.

The further increase in dielectric constant for irradiated samples may be attributed to 

the disordering of the material by means of chain scission in polymer composites and 

as a result, the increase in the number of free radicals, unsaturations etc. As the 

fluence increases the dielectric constant also increases.

-r-m/Mom
3Q-

-•-RreimA

25

1xJ0eicnsAnf

D
ie

le
ct

ric
 co

ns
ta

nt
D

ie
le

ct
ric

 co
ns

ta
nt

D
ie

le
ct

ric
 co

ns
ta

nt

115



4-1

102 10s 104 10* 10e 10? 

Frequency (Hz)

Fig 3.18 Variation of dielectric constant of PMMA/A1 composites with frequency 

of applied electric field, concentration and temperature.

Figure 3.19 shows the variation of dielectric constant with temperature at 10 kHz and 

1 MHz frequencies for different concentration of polymer composites. The PMMA/A1 

composites display a increasing tendency in dielectric constant on increasing the 

temperature. This phenomenon is explained from the occurrence of two kinds of 

behaviors, which would yield converse effects on dielectric constant of the composite 

by changing the temperature [40]. First, increasing temperature would improve the

(d) Temperature dependence dielectric constant 

Figure 3.18 shows the variation of dielectric permittivity of polymer composites with 

frequency of applied electric field, concentration of filler and temperature.
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Fig. 3.19 Variation of dielectric constant vs temperature with different 

concentrations of PMMA/A1 composites at two different frequencies.

(e) Frequency dependence dielectric loss

Figure 3.20 (a-c) shows the variation of dielectric loss with frequency, filler 

concentration and ion fluence for PMMA/A1 composites. The dielectric loss decreases 

exponentially and then became less dependent on frequency. This is because the

segmental mobility of the polymer, facilitate the orientation of dipoles and increase 

dielectric constant consequently. Second, the obvious differential thermal expansion 

of the A1 metal and polymer can disrupt the clusters of metal particles, which results 

in a decrease in the dielectric constant as the thermal expansion coefficient of the 

polymer is greater than that of the A1 metal. But in the present case the increase of 

dielectric constant with temperature can be said that segmental mobility is the 

dominant process.
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induced charges gradually fail to follow the reversing field causing a reduction in the 

electronic oscillations as the frequency is increased [22,23].

(f) Temperature dependence dielectric loss 

Figure 3.21 shows the plot of dielectric loss versus frequency at different 

concentrations and temperatures. Figure 3.22 shows the plot of dielectric loss versus 

temperature for different concentrations of the composites at the frequencies of 10 

kHz and 1 MHz. It is observed that dielectric loss increases as temperature increases. 

The dielectric loss is due to the perturbation of phonon system by an electric field, the 

energy transferred to the phonon is dissipated in the form of heat. The increase in 

dielectric loss with increasing filler contents may be attributed to the interfacial 

polarization mechanism of the heterogeneous system.
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(e)

Fig.3.20 Dielectric loss vs. frequency for PMMA/A1 composites (a) Pristine and

(b) Irradiated at a fluence of Ixl0uions/cm2 (c) Irradiated at a fluence of 

lxl012ions/cm2.
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Fig.3.22 Variation of dielectric loss vs temperature at different concentration of 

PMMA/A1 composites at two different frequencies.

3.2.2 X-ray diffraction analysis

Figure 3.23 (a, b) shows the X-ray diffraction patterns of PMMA/A1 composites 

before and after irradiation for 10% and 40 % of A1 composites. The peaks are 

obtained at 20 = 34.32, 38.19, 39.90 and 44.47. The nature of the peak indicates the 

semi-crystalline nature of the sample. The crystallite size has been calculated before 

and after the irradiation using Scherrer’s equation [41]

b = Kl/LcosO

where b is FWHM in radians, X is the wavelength of X-ray beam (1.5418A), L is the 

crystallite size in A, K is a constant which varies from 0.89 to 1.39, but for most cases 

it is close to 1. The percentage crystallanity of the composites was determined by area 

ratio method. In this method the areas of amorphous and crystalline parts of the 

pattern were calculated. The crystallite size and crystallinity (%) were listed in Table

Fig.3.21 Variation of dielectric loss of PMMA/A1 composites with frequency of 

applied electric field, concentration and temperature.
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MMA+40% A1

20 40
20 degree

60

(a) (b)

Fig.3.23 XRD Spectra of (a) PMMA+10%A1 (pristine) and PMMA+10%A1 

(irradiated) at two different fluences of lxlO11 ions/cm2 and lxlO12 ions/cm2 (b)

1. From Fig 3.18 (a, b), the most prominent peaks are approximately obtained around 

at 20 ~ 38.19 and 44.47 in all the cases. These peaks are due to pure A1 metal 

(JCPDS) and other peaks are due to aluminum oxide (AI2O3) at around 34.32 and 

44.47 (JCPDS). It indicates that there is aluminium oxide formation around A1 in the 

composites. The appearance of sharp peak in composite indicates some degree of 

crystallinity. It was observed that the degree of crystallinity increased upon irradiation 

of PMMA/A1 composites at the fluence of lxlO11 ions/cm2 ( Table 3.1) for both the 

composites (i.e 10%, 40%). The crystallinity of polymer composite was decreased on 

further increase of ion fluence i.e lxlO12 ions/cm2 and the polymer composites tend 

to change into the amorphous phase (Figure 3.23 (a),(b)).
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PMMA+40%A1 (pristine) and PMMA+40%A1 (irradiated) at two different 

fluences of lxlO11 ions/cm2 and lxlO12 ions/cm2.

Table 3.1

FWHM, crystallite size and % crystallinity of pristine and irradiated PMMA/A1 

composites for 10% and 40% concentrations of filler.

Pristine (PMMA+10%A1) Pristine (PMMA+40%A1)

2 theta FWHM Crystallite Crystallinity 2 theta FWHM Crystallite Crystallinity

Size Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm) (%)

34.32 0.3032 30.8 1.62 34.53 0.2642 35.0 4.170
38.19 0.3065 30.6 5.61 38.40 0.2632 35.56 16.65
39.90 0.3146 30.9 0.95 40.11 0.2512 .37.41 2.431
44.47 0.3196 29.4 3.05 •44.65 0.2912 32.83 10.10

Average Crystallite Size = 30.35 nm
Average Crystallinity = 2.81 %

Average Crystallite Size = 35.20 nm
Average Crystallinity = 8.34 %

lx 10nions/cm2 (PMMA+10% Al) lx 10nions/cm2 (PMMA+40%AI)

2 theta FWHM Crystallite Crystallinity 2 theta FWHM Crystallite Crystallinity

Size Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm)

34.34 0.249 38.5 2.38 34.49 0.1825 55.65 6.11
38.22 0.2712 35.0 9.27 38.32 0.2158 42.77 32.11
39.92 0.2521 37.5 1.32 40.07 0.1954 48.12 4.11
44.47 0.2962 32.7 3.45 44.60 0.2514 28.18 20.968

Average Crystallite Size = 35.95 nm

Average Crystallinity = 4.60%

Average Crystallite Size = 42.5 lnm

Average Crystallinity = 15.82 %

lx 1012ions/cm2 (PMMA+10%A1) lx 1012ions/cm2 (PMMA+40%A1)
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2 theta FWHM Crystallite Crystallinity 

Size

2 theta FWHM Crystallite Crystallinity 

Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm) (%)

34.53 0.2889 32.01 1.54 34.37 0.2063 45.29 1.78
38.36 0.2847 33.47 6.53 38.23 0.2623 35.64 7.94
40.12 0.2617 35.98 0.96 39.93 0.3245 28.94 1.55
44.47 0.2905 32.90 4.16 44.50 0.2854 33.47 5.41

Average Crystallite Size = 33.59 nm Average Crystallite Size = 35.8 nm

Average Crystallinity = 3.29% Average Crystallinity — 4.17 %

3.2.3 Differential scanning calorimetric (DSC) analysis

Fig. 3.24 shows DSC thermograms of pristine PMMA, pristine and irradiated 

PMMA+40%A1 composite samples. Tg of the pure PMMA is observed at 69.9 °C and 

PMMA+40% A1 composite pristine and irradiated at fluenees of IxlO11 and lxlO!2 

ions/cm2 are observed at 75.81 °C, 80.71°C and 71.24 °C respectively. As shown in 

Fig. 3.24, the increase in Tg of composite may be due to the interaction of A1 metal 

particles with PMMA in more ordered state. It is also observed that Tg of composite 

shifted towards higher temperature at a fluence of IxlO11 ions/cm2, which reveals that 

the composite became more crystalline. On further increase of the fluence ( ie. 

Ixl012ions/cm2), Tg shifted to lower temperature, which reveals that the irradiation 

leads to chain scission and subsequently reduction in molecular weight. As a result, 

the system is changing towards disordered state. It is also confirmed with XRD 

results.
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Fig. 3.24 DSC thermograms of (a) pure PMMA pristine, (b) PMMA+40% A1 

(pristine) and (c) PMMA+40% Al ( irradiated at a fluence of lxlOnions/cm2) 

(d) PMMA+40% Al (irradiated at a fluence of lxl012ions/cm2).

3.2.4 Surface morphology

(i) Atomic force microscopy (AFM) analysis

The surface morphology of pristine and irradiated films of PMMA/A1 composites 

(10% and 40 %) was studied by AFM on 5x5 pm2 area and shown in Fig. 3.25 (a-d). 

Each AFM image was analyzed in terms of surface average roughness (Ra). The 

surface average roughness values obtained are 1.7 and 8.2 nm for 10% and 40% Al 

dispersed PMMA composites respectively before irradiation. The roughness values of 

correspondingly irradiated (at a fluence of lxlO12 ions/cnr) samples are 4.3 and 13.4 

nm respectively. It is found that

roughness increases as filler concentration increases. The increase in roughness may 

be due to the increase of density and size of metal particles on the surface of the

a- Pure PMMA 
b- PMMA+40% Al
c-PMMA+40% Al (1 x1011 ions/cm^) 

d-PMMA+40% Al (1x10^ ions/cm^)

71.24

80.71

75.81

69.9
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PMMA films [32], Ion irradiation of polymers leads, in general, to an increase in 

surface roughness due to large sputtering effects.

(ii) Scanning electron microscopy (SEM) analysis 

The scanning electron microscopy (SEM) images were taken for pristine and 

irradiated samples of 10% and 40% A1 metal dispersed PMMA composites. The 

significant change in surface topography was observed with filler concentration and 

also upon irradiation. Fig. 3.27(a-d) shows SEM images of pristine and irradiated 

composites. It can be seen that the connectivity of the polymer metal phase increases 

with increasing metal content in polymer matrix as would he expected from 

conductivity results. As the aluminum content is increased (i.e. 40% A1 filler), the 

continuous chains consisting of A1 particles are seen. It means the metal particles are 

in contact to each other (Fig. 3.26(c)). The metal polymer phases are increased due to 

ion beam irradiation as shown in Fig.3.26(b) and 3.26(d).



(C)
(d)

Fig. 3.25 AFM images of PMMA+10%A1 (a) pristine (b) at 1 x 1012 ions/cm2 and 

PMMA+40%A1 (c) pristine (d) at 1 x 1012 ions/cm2.

(a) (b)
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Fig. 3.26 SEM images of PMMA+10% A1 (a) pristine (b) at 1 x 1012 ions/cm2 and 

PMMA+40% A1 (c) pristine (d) at 1 x 1012 ions/cm2.

3.3.6 Conclusions

(1) Both dielectric constant and dielectric loss of Al/PMMA composites increased 

with an increase in concentration of aluminium, which are attributed to interfacial 

polarization of heterogeneous system. Both dielectric constant and dielectric loss of 

Al/PMMA composites decreased with an increase in frequency.

(2) The dielectric constant of the Al/PMMA composites increased with an increase in 

temperature, which are attributed to the segmental mobility of the polymer molecules.

(3) The study of ac conductivity depends on the frequency allowed us to identify 

different mechanisms of the conduction in the Al/PMMA composites. At low 

frequencies, the conductivity is dominated by a percolative behavior, and at higher 

frequencies it obeys the Jonscher power law. Ac electrical conductivity and dielectric 

properties of the composites increased after ion beam irradiation due to chain 

scissoning phenomena occurring in polymer composites.
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(4) X-ray diffraction spectrum shows the semicrystalline nature of the PMMA/A1 

composites. Percentage crystallinity of the composites increases at low fluence and 

then decreases at higher fluence. It means that the composite system is moving 

towards the crystalline state at low fluence and tends to change towards disordered 

state at higer ion fluence.

(5) Thermal property of the composite was studied by DSC analysis and it reveals that 

the Tg shifted towards higher temperature at low fluence and then shifted towards 

lower temperature on further increase of fluence. It means that the composite system 

is moving towards the crystalline state at low fluence and tends to change towards 

disordered state (amorphous) at higher ion fluence. XRD analysis also supports these 

results.

(6) The surface roughness increases as A1 particle concentration increases and also 

with ion beam irradiation as observed from AFM analysis. The contact of the particles 

increased on increasing the concentration of filler and connectivity further increases 

upon irradiation as revealed from SEM analysis, it is also confirmed by conductivity 

results.

3.3. Copper filled PMMA composites: Results and discussion

3.3.1 Electrical properties

(a) Frequency dependence ac conductivity

Fig. 3.27 (a-d) shows the conductivity of PMMA/Cu composites with frequency of 

applied electric field, filler concentration and fluence. It is observed that the 

conductivity increases gradually with frequency for pure PMMA and 10% Cu 

composite, while for higher filler concentration conductivity is observed to be 

frequency independent upto 1MHz and then shows strong dependence on it. At low 

frequencies, the conductivity of these composites remains constant, this is due to dc
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contribution (<?&), when the frequency is increased the ac-conductivity is found to 

obey a power law (aac=Af). As shown in figure 3.27(a-c), 0 % and 10% composites 

behave as an insulating phase and after further doping at higher concentrations 

(i.e.20%, 30% and 40%), samples show conductive behavior [38]. Fig. 3.27(d) shows 

the dependence of conductivity on filler concentration at a frequency of 1MHz. The 

conductivity also increases upon irradiation. This increment in conductivity upon 

irradiation is probably due to the production of large number of charged and active 

chemical species, radicals and electrons along the ion track [25].

(b)Temperature dependence ae conductivity

It is observed that the conductivity increases with increasing temperature, frequency 

and filler content as shown in Fig 3.28 for all pristine composites. It was found that 

AC conductivity increases with increasing temperature due to thermal activation or it 

is due to the tremendous increase of the mobility of charge carriers in the composites 

[42].

Figure 3.29 shows the variation of In (Ac-conductivity) with the inverse temperature 

for all pristine samples at two fixed frequencies (1 MHz and 10 MHz). The 

conductivity increased with increasing temperature and this behavior can be explained 

by suggesting that the electronic charge must hop between metal particles.
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Fig. 3.27 Conductivity vs. frequency for PMMA/Cu composites (a) Pristine and 

(b) Irradiated at a fluence of lxl011ions/cm2 (c) Irradiated at a fluence of 

lxl012ions/cm2 (d) Conductivity vs. filler concentration at 1MHz.
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Fig.3.28 Variation of conductivity of PMMA/Cu composites with frequency of 

applied electric field, concentration and temperature.
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Fig.3.29 Plot of natural log of conductivity (lncr) versus inverse temperature, 

1000/T [K] for PMMA/Cu composites.

(c) Frequency dependence dielectric properties

Fig.3.30 (a-c) shows the variation of dielectric constant of PMMA/Cu composites as a 

function of frequency at different concentrations of Cu filler and at different fluences 

of Ag 11+ ions (140 MeV). For a pure PMMA film, the dielectric constant is 2.5 at a 

frequency of 1 MHz. After inserting 10% Cu particles in polymer matrix, the 

dielectric constant increased to 8.8. It was observed that the dielectric constant 

increases with increasing the concentration of the copper. Similar results were also 

observed by the number of researchers [43-46]. The dielectric constant was found to 

increase further upon SHI irradiation. The increase in dielectric constant of irradiated 

samples may be attributed to the disordering of the material by means of chain 

scission in polymer composites. Radicals or dangling bonds are created by the release 

of pendant atoms such as hydrogen. Cross-linking occurs when two dangling bonds 

on neighbouring chains unite [47,48].

(d) Temperature dependence dielectric properties

o 
o 

o 
o

c c
 c 

c
p 

o 
o 

o 
e c

 e 
c

< SS

^ ^

s Q
.

Nzs Q- <<<<
S+ + + + 
0- < < < <

 
£ oSSSS

D
. Q

. d D
. ^ C

L D
. Q

. Q
. O

.

H
itBB

J\ t

C
O 

03
04 

CO

ln
(a

c c
on

du
ct

iv
ity

)

132



25

3

Prfaios
-Pura PMMA 
-PMMA+1#*Cu 
-PMWU2DS Co 
-PMMA+30% Co 
-PMMA+40* Cu

<W«hiii.ii.i ............ ||M

10-!w'«wt

10‘ 10" 10 10’ 10* 10' 
Frequency id Hz 10’ 10 10s 10' 

Freaatnc? in Be

(a) (b)

1x1012 ions/cm^ 

Pure PMMA 
PMMA+10* Cu 
PMMA+20SCU 
PMMA+30%Cii 
PMMA*4G% Cu

(c)

Figure 3.31 shows the variation of dielectric permittivity of polymer composites with 

frequency of applied electric field, concentration of filler and temperature. Fig.3.32 

shows the variation of dielectric constant with temperature. It can be seen that the 

dielectric constant increases on increasing temperature and moderately decreases with 

increasing applied electric field frequency. The dielectric constant of the PMMA/Cu 

composites increased with an increase in temperature, which has been attributed to the 

segmental mobility of the polymer molecules [261.
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Fig.3.30 Dielectric constant vs. frequency for PMMA/Cu composites (a) Pristine 

and (b) Irradiated at a fluence of lxl011ions/cm2 (c) Irradiated at a fluence of 

lxl012ions/cm2
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Fig.3.31 Variation of dielectric constant of PMMA/Cu composites with frequency

of applied electric field, concentration and temperature.
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Fig.3.32 Variation of dielectric constant vs temperature at different 

concentrations of PMMA/Cu composites at two different frequencies.

(e ) Frequency dependence dielectric loss

Frequency dependence dielectric loss of the composites as a function of filler 

concentration and fluence is shown in Fig. 3.33(a-c). The dielectric loss is high at low 

frequency and as frequency increases, the dielectric loss decreases for all composite 

samples. It can be seen from figure that as more copper is added to the polymer 

matrix, dielectric loss, in general, shows an increase. The increase in dielectric loss 

with the increase in the copper concentration, which is also shown by several other 

conductor-insulator systems, is considered to be a consequence of interfacial 

polarization [35]. Dielectric loss also increases moderately upon ion beam irradiation.
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Frequency (Hz)

(e)

Fig.3.33 Dielectric loss vs. frequency for PMMA/Cu composites (a) Pristine and 

(b) Irradiated at a fluence of lxl011ions/cm2 (c) Irradiated at a fluence of 

lxl012ions/cm2.
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(e) Temperature dependence dielectric loss

Figure 3.34 shows the variation of dielectric loss versus frequency at different 

concentrations and different temperatures for pristine PMMA/Cu composites. Figure 

3.35 shows the plot of dielectric loss versus temperature for different concentrations 

of the composites at the frequencies of 10 kHz and 1 MHz. Dielectric loss increases 

with increasing temperature. The dielectric loss is due to the perturbation of phonon 

system by an electric field, the energy transferred to the phonon is dissipated in the 

form of heat.
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Fig. 3.34 Variation of dielectric loss of PMMA/Cu composites with frequency of 

applied electric field, concentration and temperature.
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Fig. 3.35 Variation of dielectric loss vs temperature at different concentrations of 

PMMA/Cu composites at two different frequencies.

3.3.2 X-ray diffraction analysis

Fig. 3.36(a) shows the spectra of pure PMMA, which is amorphous in nature. Fig. 

3.36 (b, c) represents the PMMA/Cu composites (for 10% and 40% Cu) before and 

after SHI irradiation at different fluences. The peaks are obtained at 20 = 38.92, 

43.28, 45.26 and 50.43 in all the cases. The nature of peaks indicates the semi 

crystalline nature of the samples.

The most prominent peaks are observed around 20 = 43.28 and 50.43 in all cases. 

These peaks are due to pure Cu metal (JCPDS: 85-1326) and another peaks are due to 

copper oxide (CuO) at around 38.92 and 45.26 (JCPDS: 80-0076). It means that the 

composite materials are accompanied by an inter phase of CuO between polymer 

matrix and Cu-filler.

The X- ray diffraction patterns indicate that the intensity of diffraction peaks 

of PMMA/Cu composites increases gradually at low fluence (lxl011 ions/cm2) but
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decreases on further increase of the fluence (i.e lxlO12 ions/cm2) for both composite 

samples, Fig. 3.36(b, c). The increase in intensity at low fluence means that the 

sample became crystalline at low fluence but on further increase of the fluence, the 

intensity of the diffraction peaks decreased and broadened and tends towards the 

amorphisation at higher fluence due to increase of unsaturation, free radicals etc. The 

crystallite size has been calculated before and after the irradiation using Scherrer’s 

equation [41] 

b = KVXcos0

where b is FWHM in radians, X is the wavelength of X-ray beam (1.5418A), L is the 

crystallite size in A, K is a constant which varies from 0.89 to 1.39, but for most cases 

it is close to 1. The percentage crystallanity of the composites was determined by area 

ratio method. In this method the areas of amorphous and crystalline parts of the 

pattern were calculated. The average crystallite size and crystallinity (%) are listed in 

Table 3.2. The appearance of sharp peak in composite indicates some degree of 

crystallinity and the degree of crystallinity increases upon irradiation of PMMA/Cu 

composite at a fluence of lxlO11 ions/cm2 ( Table 2) for both composites (i.e 10%, 

40%). Interaction of ion beam with composite resulted in the formation of gaseous 

products accompanied by cross-linking i.e. formation of intermolecular bonds at the 

fluence of lxlO11 ions/cm2.On further increase of the fluence, irradiation induced 

large amount of energy deposition in the composite and leads to decrease in crystallite 

size, which may be attributed to splitting of crystalline grains [49].

139



In
te

ns
ity

 (a
.u

) 
In

te
ns

ity
 (a

.u
.)

1600

1800
1200

800
400

0

Pristine

.iL-
i—|—i—i—i—i—i—i—i—i—i—r—

0 10 20 30 40 SO SO

2 9 (degree)

2000

1000

0

Pristine

i—i—i—i—i—i—i—i—i—i—i—r~
0 10 20 30 40 50 60

2 ({degree)

(b) (c)

Fig.3.36 XRD spectra of (a) Pure PMMA (b) PMMA+10% Cu of pristine and 

irradiated samples, (c) PMMA+40% Cu of pristine and irradiated samples.
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Table 3.2

FWHM, crystallite size and % crystallinity of pristine and irradiated Cu/PMMA composites 

for 10% and 40% concentration of filler.

Pristine (PMMA+10% Cu) Pristine (PMMA+40% Cu)

2 theta FWHM Crystallite Crystallinity 2 theta FWHM Crystallite Crystallinity

Size Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm) (%)

38.928 0.2032 46.08 1.24 38.914 0.1670 57.03 1.67
43.282 0.2029 46.82 6.35 43.262 0.1854 51.33 16.26
45.261 0.2195 43.57 0.88 45.239 0.1859 45.29 2.71
50.437 0.2861 34.10 4.71 50.396 0.2612 37.56 7.19

Average Crystallite Size = 42. 64 ± 5.86 nm Average Crystallite Size = 47.80 + 8.34nm

Average Crystallinity = 3.29 ± 2.67% Average Crystallinity = 7.0 + 6.64%

lx 10nions/cm2 (PMMA+10% Cu) lx 10uions/cm2 (PMMA+40% Cu)

2 theta FWHM Crystallite Crystallinity 2 theta FWHM Crystallite Crystallinity

Size Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm) (%)

38.90 0.1728 54.18 7.7 38.820 0.1733 55.0 1.94
43.259 0.1899 50.00 5.6 43.165 0.1890 50.32 8.86
45.231 0.2019 47.3 2.5 45.157 0.1893 50.65 1.07
50.38 0.2743 35.5 1.13 50.306 0.2595 37.65 6.22

Average Crystallite Size = 46.78 ± 8.01nm Average Crystallite Size = 48.40 ± 7.48nm

Average Crystallinity = 4.32 ± 2.91% Average Crystallinity = 9.82 ± 3.73%
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lx 1012ions/cm2 (PMMA+10% Cu) lx 1012ions/cm2 (PMMA+40% Cu)

2 theta FWHM Crystallite Crystallinity 2 theta FWHM Crystallite Crystallinity

Size Size

(deg.) (B rad.) (nm) (%) (deg.) (B rad.) (nm) (%)

38.89 0.1968 47.57 4.63 38.877 0.1745 53.65 1.57
43.28 0.2365 24.09 3.26 43.227 0.2072 46.66 7.87
45.23 0.2176 43.9 0.77 45.210 0.1943 49.67 0.82
50.40 0.278 35.10 0.58 50.378 0.2738 35.81 5.22

Average Ciystallite Size = 37.66 ± 10.45nm Average Crystallite Size = 46.32 ± 7.64nm

Average Crystallinity = 2.31 + 1.97% Average Crystallinity = 3.87 ±3.28 %

3.3.3 Differential Scanning calorimetric (DSC) analysis

Considering the thermal properties of the composites, we must point out the important 

property of the glass transition temperature (Tg) of polymer. This is defined as the 

temperature where the plastic becomes hard and brittle when cooled rapidly after 

heating. At the glass transition temperature, the weak secondary bonds that stick the 

polymer chains are broken, and the macromolecule starts to move. Fig. 3.37 shows 

DSC thermograms of pristine PMMA, pristine and irradiated PMMA+40%Cu 

composite samples. Tg of the pure PMMA is observed at 72.9 °C and PMMA+40% 

Cu composite pristine and irradiated at fluences of lxlO11 and lxlO12 ions/cm2 are 

observed at 95.9 °C, 98.5°C and 93.5 °C respectively.

As shown in Fig. 3.37, the increase in Tg of composite may be due to the interaction 

of Cu metal particles with PMMA in more ordered state [50]. It is also observed that 

Tg of composite shifted towards higher temperature at a fluence of lxlO11 ions/cm2,
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which reveals that the composite became more crystalline. On further increase of the

11 1
fluence (ie. 1x10 "ions/cm"), Tg shifted to lower temperature, which reveals that the 

irradiation leads to chain scission and subsequently reduction in molecular weight. 

As a result, the system is changing towards more disordered state. It is also confirmed 

with XRD results.

TsrC4'3!,

Fig.3.37 DSC thermograms for pure PMMA (pristine) and pristine and 

irradiated PMMA+40% Cu composites at two different fluences.

3.4.4 Surface morphology

(i) Atomic force microscopy (AFM) analysis

Surface morphology of pristine and irradiated composites was studied using atomic 

force microscopy in contact mode on 5x5 pm2 area. The 3-dimensional morphology 

of pristine and irradiated (at a fluence of lxlO12 ions/cm2) samples are shown in figure 

3.38(a-d). The average surface roughness values are 0.54 nm and 23.0 nm for pristine 

composites with filler concentration of 10% and 40% respectively and those of
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irradiated samples the roughness values are 1.53 nm and 31.52 rnn respectively. The 

increase in surface roughness (Ra) with increasing concentration of metal particles 

may be due to the increase of density and size of metal particles on the surfaces of the 

polymeric films [32].

(ii) Scanning electron microscopy (SEM) analysis

SEM images are used to examine the texture of the fractured surface of the 

composites. SEM images were taken for pristine and irradiated samples of 10% and 

40% Cu dispersed PMMA composites at 15k X magnification. There are significant 

changes in surface topography after irradiation. Fig. 3.39 (a-d) shows SEM images of 

pristine and irradiated composites. It can be seen that the metal particles are isolated 

at 10% Cu filler i.e. there is no interaction between them (Fig. 3.39a). As the Cu 

content is increased (i.e. 40% Cu-filler), clusters of metal particles are formed (Fig. 

3.39c). A cluster may be considered a region in the polymer matrix, where particles 

are in physical contact or very close to each other. Aggregates of micro cluster are 

clearly visible on the surface and metal/polymer phases increase due to ion beam 

irradiation as shown in Fig. 3.39 (b, d).

144



(a) (b)

Fig. 3.38 AFM images of (a) PMMA+10% Cu (pristine) (b) PMMA+10% Cu 

(fluence lxlOl2ions/cm2). (c) PMMA+40% Cu (pristine) (d) PMMA+40% Cu 

(fluence lxlOl2ions/cm2).

145



Fig. 3.39 SEM images of (a) PMMA+10% Cu (pristine) (b) PMMA+10% Cu 

(fluence lxl012ions/cm2). (c) PMMA+40% Cu (pristine) (d) PMMA+40% Cu 

(fluence lxl012ions/cm2).
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3.3.4 Conclusions

The ac conductivity of the composites increases with increasing the frequency, 

concentration of filler and also with ion fluence. The dielectric constant and dielectric 

loss are observed to change significantly with filler concentration and also with ion 

flences. The increase in conductivity and dielectric properties of the composites due 

to ion beam irradiation may be attributed to (i) metal to polymer bonding and (ii) 

conversion of the polymeric structure into a hydrogen depleted carbon network due to 

the emission of hydrogen and/or other volatile gases. Thus irradiation makes the 

polymer more conductive. The temperature dependence electrical properties were also 

studied for pristine PMMA/Cu composites. It is observed that ac conductivity, 

dielectric constant and dielectric loss increased on increasing temperature. The X-ray 

diffraction patterns of the composites show an increase in crystallinity at lower 

fluence of lxlOnions/cm2 and decreases on further increase of the fluence. It means 

polymer composite improved the crystallinity at low fluence and tends to change into 

the amorphous phase on further increase of the fluence. Thermal property of the 

composite was studied by DSC analysis and it reveals that the Tg shifted towards 

higher temperature at low fluence and then shifted towards lower temperature on 

further increase of the fluence. It means that the composite system is moving towards 

the crystalline state at low fluence and tends to change towards disordered state 

(amorphous) at higher ion fluence. XRD analysis also supports these results. The 

surface roughness increases as filler concentration increases and also with the ion 

fluence as revealed from AFM studies. SEM micrographs reveal a texture consisting 

of agglomerates of Cu-particles with particles contact in matrix.

147



3.4 Summary

Three different fillers dispersed in PMMA polymer matrix and these composites have 

been irradiated with 140MeV silver ion beam. AC electrical, structural, thermal 

properties and surface morphology have been investigated using different 

characterization techniques.

AC electrical conductivity of all pristine and irradiated composites at 40 wt.% filler 

concentration is shown in Fig. 3.40. AC conductivity behavior is same for all 

composites but with slightly different magnitude. At low filler concentration (lOwt 

%), the electrical conductivity of the composites increases with increasing frequency. 

These composites show a typical insulating behavior, i.e frequency-dependent 

conductivity. When the filler content reaches 20wt%, there is a transition from an 

insulator to semiconductor. The concentration of the filler, at which composite 

changes the behavior from insulator to semiconductor is defined as percolation 

threshold which is associated with the formation of conducting network.

Conductivity is further observed to increase after irradiation in all composites. 

Irradiation is expected to promote the metal to polymer bonding and convert 

polymeric structure into hydrogen depleted carbon network. This carbon network is 

believed to make the polymer more conductive. AC conductivity was studied at 

different temperature ranging from room temperature to 80°C for all pristine 

composites samples and results show that the ac conductivity increases as temperature 

increases for all cases. Temperature dependence ac electrical conductivity of all 

pristine composites at 40% filler concentration and at frequency of 10MHz is shown 

in Fig. 3.41.

Dielectric constant and dielectric loss were studied for all pristine and irradiated 

composites and results show frequency and fluence dependent behavior for all cases.
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In general, the natures of the curves for all samples are same but the magnitude varies 

with filler material.

PMMA+ 40% CB PMMA+40% Al PMMA+40% Cu

Samples

Fig. 3.40 Comparison of conductivity of pristine and irradiated composites a 

two different fluences (i.e lxlO11 ions/cm2 and lxlO12 ions/cm2) kcepin; 

frequency constant (i.e 10MHz).

The temperature dependence of dielectric constant for all composites can be explained on 

the basis of two competing mechanisms: segmental mobility of polymer molecules and 

differential thermal expansion of PMMA and filler particles.

For the sake of comparison, the composites filler content (say 40 wt%) are considered 

at two different fluences of silver ion beam irradiation (i.e lxlO11 ions/cm2 and 

1x10 “ions/cm") keeping frequency constant (i.e. 10 MHz. Similar comparison for 

dielectric constant and dielectric loss have been considered for all composites and 

shown in Fig. 3.42 and Fig. 3.43 at a frequency of 10 MHz. Temperature dependence 

of dielectric constant and dielectric loss of all pristine composites at 40 wt% filler 

concentration and also at fixed frequency of 10MHz are shown in Figs. 3.44 and 3.45.
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PMMA+ 40% CB PMMA+40 % Al PMMA+ 40% Cu 

Sample

Fig. 3.42 Comparison of dielectric constant of pristine and irradiated composites 

at two different fluences (i.e lxlO11 ions/cm2 and lxlO12 ions/cm2) keeping
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PMMA+ 40% CB PMMA+40% Al PMMA+40% Cu

Samples

Fig.3.41 Comparison of conductivity of pristine samples for all composites at two 

different temperatures (40°C and 80°C) keeping frequency constant (i.e. 10MHz).
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PMMA+40 %CB PMMA+40%AI PMMA+40% Cu

Samples

Fig. 3.43 Comparison of dielectric loss of pristine and irradiated composites at 

two different fluences (i.e lxlO11 ions/cm2 and lxlO12 ions/cm2) keeping frequency 

constant (i.e. 10MHz).

30

PMMA+ 40% CB PMMA+40 % Al PMMA+ 40% Cu 

Samples

Fig. 3.44 Comparison of conductivity of pristine samples for all composites at 

two different temperatures (i.e. 40°C and 80°C) keeping frequency constant (i.e.
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PMMA+40 %CB PMMA+40%AI

Samples

PMMA+40% Cu

Fig.3.45 Comparison of dielectric loss of pristine samples for all composites at 

two different temperatures (i.e 40°C and 80°C) keeping frequency constant (i.e. 

10MHz).

XRD analysis reveals that the pristine and irradiated samples of PMMA/CB exhibit 

amorphous behavior due to ion beam irradiation where as the XRD results of pristine 

and irradiated samples of PMMA/A1 and PMMA/Cu composites show crystalline 

nature and % crystallinity of the these two composites system increases at low fluence 

and then decreases on further increase of fluence. It means that polymer composite 

improved the crystallinity at low fluence and tends to change into the amorphous 

phase on further increase of the fluence. This result is confirmed by the thermal 

analysis (DSC) result of these two composites.

AFM study reveals that the average surface roughness increases after irradiation in all 

cases due to large sputtering effect from the surface of films because of SHI 

interaction.
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The agglomeration of the particles increased on increasing the concentration of fillers 

and connectivity increased further upon irradiation as revealed from SEM analysis for 

all composites, which is also confirmed by conductivity results.
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