CHAPTER 3

Effect of 140 MeV Agr** iow irradiatiow ow
conductive additivey filled i PMMA polymer

malyrin

This chapter describes the characterization of three polymer composites prepared by
dispersion of conductz’ve' fillers i.e carbon black (CB), Aluminum (A1), 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.




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 [i-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
peréol'ation 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 - P.), where P denotes the volume
fraction of the conducting phase and P, 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].




Ton irradiation of polymers and polymer composites can induce irreversible changes
in their macroscopic propertieé. 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 conc;entration and fluence
(1x10" ions/ecm® and 1x10" ions/cm?®) 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) AVPMMA 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
miéroscopy (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




25-80°C are discused. Thé 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-c). 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. 3.1d. 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) Temperaﬁlre 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].
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(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 interfaciél 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




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

AFigure 3.5 shows the variation of dielectric permittivity of polymer composites with
frequency of applied electric field at different concentrations andA temperatures for
pristine samples. The die}ectric 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 10° 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 seeﬁ 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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(e) Frequency dependence dielectric loss

The dielectric loss is'the ;ﬁower dissipated in dielectric as a heat when the dielectric is
exposed to an electric field. Dielectric loss (tand) 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
exponentiélly 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 & and thus

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

current and absorption current [31].
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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 énd 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). Thé 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 (a) XRD spectra of pristine and irradiated samples for PMMA+10%

CB composite.
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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.




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 (Ty) shifted to higher temperature, resulting in the cross linkihg
of polymer and CB particles. After irradiation, it was found that T, 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 (¢) PMMA+40%CB (irradiated ).
3.1.4 Surface morphology
(i) Atomic force microscopy(AFM)

The AFM image of 10 x 10 -pmz 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
(Ry). 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 1x10** jons/cm?. The increase in surface
roughness (R;) 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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Fig. 3.12. AFM images of PMMA+10% CB (a) pristine (b) at | x 1012 ions/cm?

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 compesite (a) pristine (b)irradiated at
1 x 10" jons/cm” and PMMA+40% CB composite (c) pristine (d) irradiated at 1
x 10" jons/em’.

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




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 the;t the glass transitions
temperature (T,) shifted towards lower temperature upon ion irrad_iation and reveals
that the composite system became disordered and amorphous in néture. ﬂe 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 compeosites: Results and discussion
3.2.1 Electrical properties
(a) Frequency dependence ac conductivity

The dependence of effective ac electrical conductivity of PMMA/AI composites on
frequency, filler content and ion fluence ié 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 higil applied frequency range [33,
34]. The conductivity increases on increasing the concentration of Al 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




expected to promote the metal to polymer bonding and convert the polyxheric
structure into a hydrogen depleted carbon network due to emission of hydrogen and
Jor other volatile gases. It is this carbon network that is believed to make the polymers

more conductive [23].
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(b) Temperature dependence ac conductivity
Figure 3.15 shows the variation of conductivity of éolymer 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/Al composites with frequency of
appli_ed electric field, concentrations and temperature.

Figure 3.16 shows the variation of In (Ac-conductivity) 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.
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(¢) Frequency dependence dielectric constant

Figure 3.17 (a-c) shows an increase in dielectric permittivity of PMMA/AI composites
with filler concentration and ion fluence. 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].




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.
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(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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Figure 3.19 shows the variation of dielecytric constant with temperature at 10 kHz and
1 MHz frequencies for different concentration of polymer composites. The PMMA/AL
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 gonstant of the composite

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




segmental mobility of the polymer, facilitate the orientation of dipoles and increase
dielectric constant consequently. Second, the obvious differential thermal expansion
of the Al 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 Al 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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Fig. 3.19 Variation of dielectric constant vs temperature with different
concentrations of PMMA/AL composites at two different frequencies.

(e) Frequency dependence dielevctric loss
Figure 3.20 (a-c) shows the variation of dielectric loss with ﬁequency, filler
concentration and ion fluence for PMMA/AI composites. The dielectric loss decreases

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




induced charges gradually fail to follow the reversing field causing a reduction in the
electronic oscillations as the frequency is inéreased [22,23].
® Temperaturg 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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Fig.3.21 Variation of dielectric loss of PMMA/AI composites with frequency of

applied electric field, concentration and temperature.
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Fig.3.22 Variation of dielectric loss vs temperature at different concentration of -
PMMA/AI 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/AI composites
before and after irradiation for 10% and 40 % of Al 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 = KNLcosO

where b is FWHM in radians, A 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




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 Al metal
(JCPDS) and other peaks are due to aluminum oxide (AL,O3) at around 34.32 and
44.47 (JCPDS). It indicates that there is aluminium oxide formation around Al 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/AI composites at the fluence of 1x10"! jons/em? ( 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 1x10" jons/em® and the polymer composites tend

to change into the amorphous phase (Figure 3.23 (a),(b)).
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Fig.3.23 XRD Spectra of (a) PMMA+10%Al (pristine) and PMMA+10%Al

(irradiated) at two different fluences of 1x10" jons/em® and 1x10" jons/em® (b)




PMMA+40%Al (pristine) and PMMA+40%Al (irradiated) at two different

fluences of 1x10'! jons/cm® and 1x10" ions/cm’.

Table 3.1

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

composites for 10% and 40% concentrations of filler.

Pristine (PMMA-+10%Al)

Pristine (PMIMA+40%Al)

2theta FWHM Crystallite Crystallinity

2 theta FWHM Crystallite Crystallinity

Size Size
(deg.) (Brad.) {(nm) (%) (deg.) (Brad.) {(nm) (%)
3432 03032 308 1.62 3453 02642 35.0 4.170

38.19 03065 30.6 5.61
39.90 03146 309 0.95
4447 03196 294 3.05

3840 02632 35.56 - 16.65
40.11 02512 3741 2.431
4465 02912 32.83 10.10

Average Crystallite Size =30.35 nm
Average Crystallinity =2.81 %

Average Crystallite Size = 35.20 nm
Average Crystallinity = 8.34 %

1x 10"jons/cm’ (PMMA+10% Al)

1x 10"jons/cm’ (PMMA+40%Al)

2 theta FWHM Crystallite Crystallinity
Size

(deg.) (Brad) (nm) (%)

2 theta FWHM Crystallite Crystallinity
Size

(deg) (Brad) (nm) (%)

3434 0249 385 238
3822  0.2712 350 9.27
3992 02521 375 1.32
4447 02962 327 3.45

3449 0.1825  55.65 6.11
3832 02158  42.77 32.11
40.07 0.1954  48.12 4.11
4460 02514  28.18 20.968

Average Crystallite Size = 35.95 nm

Average Crystallinity = 4.60%

Average Crystallite Size =42.51nm

Average Crystallixiity = 15.82%

1x 10"jons/cm* (PMMA+10%Al)

1x 10%ons/cm®* (PMMA+40%Al)




2theta FWHM Crystallite Crystallinity ~ 2theta FWHM Crystallite Crystallinity

Size Size
(deg.) (Brad) (nm) (%) (deg) (Brad) (nm) (%)

3453  0.2889 32.01 1.54 3437 02063 45.29 1.78
3836  0.2847 33.47 6.53 3823 02623 3564 7.94
40.12  0.2617 3598 0.96 39.93 03245 2894 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% Al composite pristine and irradiated at fluences of 1x10'! and 1x10%
jons/cm?® 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 Al metal
particles with PMMA in more ordered state. It is also observed that Tg of composite
. shifted towards higher temperature at a ﬂuence of 1x10"! jons/cm?, which reveals that
the composite became more crystalline. -On further increase of the 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 disordered state. It is also confirmed with XRD

results.




a- Pure PMMA
b- PMMA+40% Al
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Fig. 3.24 DSC thermograms of (a) pure PMMA pristine, (b) PMMA+40% Al

(pristine) and (c) PMMA+40% Al ( irradiated at a fluence of IxIOnions/cm?2)

(d) PMMA+40% Al (irradiated at a fluence of IxI012ions/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 pm?2 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 IxIO12 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
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PMMA films [32], lon irradiation of polymers leads, in general, to an increase in
surface roughness due to large sputtering effects.
(if) Scanning electron microscopy (SEM) analysis

The scanning electron microscopy (SEM) images were taken for pristine and
irradiated samples of 10% and 40% Al 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% ALl filler), the
continuous chains consisting of Al 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).



©)

(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/cmz2.
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Fig. 3.26 SEM images of PMMA+10% Al (a) pristine (b) at 1 x 10'? jons/cm’ and
PMMA+40% Al (c) pristine (d) at 1 x 10'?jons/cm®.
3.3. 6 Conclusions

(1) Both dielectric constant and dielectric loss of A/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
AI/PMMA composites decreased with an increase in frequency.

(2) The dielectric constant of the AVPMMA 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 AVPMMA 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/AI
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 cryétalline 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 Al 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) shovx_rs 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




contribution (oy), when the frequency is increased the ac-conductivity is found to
obey a power law (6,=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 ac 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 Variatioﬁ of In (Ac-conductivity) with the inverse temperature
for all pristine samples at two fixed frequencies (I MHz and 10 MHz). The
conductivity increased with increasing temﬁerature and this behavior can be explained

by suggesting that the electronic charge must hop between metal particles.
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Fig.3.29 Plot of natural log of conductivity (Inc) versus inverse temperature,
1000/T [K] for Pl\;IMA/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 I jons (140 Meﬂ’). 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 déngling 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




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 [26].
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Fig.3.30 Dielectric constant vs. frequency for PMMA/Cu composites (a) Pristine
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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
cohcentration 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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(¢) 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 piot of dielectric loss versus temperature for different concentrations
of the composites at the frequencies of 10 kHz and 1 MHz. Dielectric Joss 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
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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, ¢) represents the PMMA/Cu composites (for 10% and 40% Cu) before and
after SHI irradiation at different fluences. The peaks are obtained at 26 = 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 bet;)veen 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 (1x10'! ions/bmz) but




decreases on further increase of the fluence (i.e 1x10" jons/cm®) 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 =KWMLcosl

where b is FWHM in radians, A 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
itis 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 1x10"! jons/cm® ( 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 1x10'! ions/cm?.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].




1600

1400
1200 4
]
— 1000-4
= 800
£ oo
E=]
= 300 4
200 -
[+] Y - T ¥ T T
a 10 20 30 40 50 80
2 &{degree}
(@
2000 . % Cu 3000 . % Cu
1600 1 X Cud 00 Xt
1200 ] 1x1012ionsicm2 )
z§§ 1 * 1000
. X 1%
o LANNE SRS N A SN SR SR S b Y
2000 3000 -
5 1600 - 1x10 Yionsiom? g
& 1200 ] £ 200 |
= ] * 2
3 800 4 x £ o0 ]
g 400 1 | &
- 0 ] A T ¥ 13 T T T T v H 0 T T T A T Al T T
2000 3006 .
1800 ] Brist
E Hie
1200 1 7° . 2000
800 ] 1046 Pristine *
0 . x . ] %
LI RSSE SNNNE SHAN N N BN SN A AN A B AN At R B T Y
0 10 20 30 40 50 60 D10 20 30 40 50 60
2 8 {degrae} 2 f{degree}
(b) (©)

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

irradiated samples. (¢) PMMA+40% Cu of pristine and irradiated samples.




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) (Brad) {(nm) (%) (deg) (Brad) (nm) (%)
38928 02032 46.08 1.24 38914 0.1670 57.03 1.67
43282 0.2029 46.82 6.35 43262 0.1854 5133 16.26
45261 0.2195 43.57 0.88 45239 0.1859 4529 2.71
50.437 0.2861 4.71 50396  0.2612 37.56 7.19

34.10

Average Crystallite Size =42. 64 £ 5.86 nm

Average Crystallinity = 3.29 + 2.67%

Average Crystallite Size =47.80 + 8.34nm

Average Crystallinity = 7.0 + 6.64%

1x 10"jons/cm* PMMA+10% Cu)

1x 10"ions/em® (PMMA+40% Cn)

2 theta FWHM Crystallite Crystallinity

2 theta FWHM Crystallite Crystallinity

Size Size
(deg) (Brad) (nm) (%) (deg) (Brad) (nm) (%)
3890 0.1728 54.18 7.7 38.820 0.1733 55.0 1.94
43259 0.1899 50.00 5.6 43.165 0.1890 50.32 8.86
45231 02019 473 2.5 45.157  0.1893 50.65 1.07
5038 0.2743 35.5 1.13 50,306 0.2595 37.65 6.22

Average Crystallite Size = 46.78 + 8.01nm

Average Crystallinity =4.32 £ 2.91%

Average Crystallite Size = 48.40 £ 7.48nm

Average Crystallinity = 9.82 + 3.73%

g
pud
S
Py

Qg



1x 10"%ions/em® (PMMA+10% Cn) 1x 10%ions/cm* (PMMA+40% Cu)

2 theta FWHM Crystallite Crystallinity 2theta FWHM Crystallite Crystallinity
Size Size
(deg.) (Brad) (nm) (%) (deg) (Brad) (nm) (%)
3889 0.1968 47.57 463 38.877 0.1745 53.65  1.57
4328 0.2365 2409 326 43227 02072 46.66 7.87
45.23 02176 439 077 45210  0.1943 49.67 0.82
50.40 0.278 35.10 0.58 50.378 0.2738 35.81 522
Average Crystallite Size =37.66 £+ 10.45nm Average Crystallite Size = 46.32 + 7.64nm
Average Crystallinity = 231 £ 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 1x10" and 1x10' ions/cm?® are
observed at 95.9 °C, 98.5°C and 93.5 °C respectively.

As shown in F1g 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 1x10'! ions/em?,




which reveals that the composite became more crystalline. On further increase of the
fluence (ie. 1x101'1'i0ns/crh"), 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 pm? area. The 3-dimensional morphology

of pristine and irradiated (at a fluence of IxIO1 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 nm 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 pafticles are formed (Fig.
3.39¢). 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 phéses increase due to ion beam

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




@ (b)

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

(fluence IxIOIl2ions/cm2). (¢) PMMA+40% Cu (pristine) (d) PMMA+40% Cu

(fluence IxIOI2ions/cm?2).
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Fig. 3.39 SEM images of (a) PMMA+10% Cu (pristine) (b) PMMA+10% Cu
(fluence 1x10"%ions/cm?). (¢) PMMA+40% Cu (pristine) (d) PMMA+40% Cu

(fluence 1x10%ions/cm?).




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 (iij
conversion of the polymeric structure into a hydrogen depleted carbon network due to
thé 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 1x10"ions/cm? 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 revéals 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
ﬂﬁence as revealed from AFM studies. SEM micrographs reveal a texture consisting

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




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 (10wt
%), 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 té semiconductor. The concentration of the filler, at which composite
changes the behavior from insulator to semiconductor is defined as percolation
threshold which is assqciated 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. '




In general, the natures of the curves for all samples are same but the magnitude varies
with filler material.

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 IXIO!ll ions/cm? 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.

10~ 10MHz
mm Pristine
1x10” ions/cm?2

1x1012 ions/cm2

0

Conductivity (S/m)
0

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 IXIO!ll ions/cm? and IxIO12 ions/cm2) kcepin;

frequency constant (i.e 10MHz).



Conductivity (S/m)

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).

35_, 10 MHz
Pristine
30 1x10!! ions/cm

1x1012 ions/cm2

Dielectric constant

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 IXIOUl ions/cm? and IXIOL ions/cm2) keeping

frequency constant (i.e. 10MHz).

150



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

Samples

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

two different fluences (i.e IxIO!l ions/cm2 and IXIO12 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.

10MHz).
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PMMA+40 %CB PMMA+40%Al PMMA+40% Cu
Samples

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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