Chapter III
Effect of 3 MeV Proton Irradiation
on Polymer Composites

Abstract

Effect of 3 MeV Proton beam on Ferric oxalate, Pd(acac), Ni-DMG

and Ni powder dispersed PMMA films was studied at different ion

Sfluences. The results obtained from various characterization techniques

show the enslavement of different properties of composites upon ion
beam irradiation and filler concentration. It was observed that AC
electrical properties and microhardness enhanced after irradiation.
' S’tructural properties were studied by means of X-ray diffraction. FTIR
analysis reveals that the ion irradiation has lead significant
modifications in the chemical structure of the polymer at higher
fluences and higher ﬁZler concentration. Surface morphology of the
pristine and irradiated films was studied by means of AFM and SEM.
The results of all characterization techniques have been correlated to
give a better and apparent view of dielectric, structural, mechanical,

chemical, thermal properties and surface morphology.
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* 3.0 Introduction

Polymer composites prepared by incorpordting active inclusions (such as metal
powder, carbon black, graphite and conducting fibers) with passive polymer matrix
are incredibly demanding material in present scenario for various applications. lon
beam irradiation is also a deciding feature to achieve desire material properties.

Various types of radiation interact with matter in different ways; the primary
process is the production of ions and electrically excited states of molecules wﬁich,
in turn, may lead to the formation of frée radicals, unsaturation etc. The mechanism
of the interaction between protons and macromolecules is rather complicated.
Many processes, such as the production of primary and secondary radicals, escort

the formation of double bonds and transformation of C-C bonds, and autoxidation

occurs in the presence of oxygen. These reactions depend on the proton beam.

fluence and environmental conditions during and after the irradiation. This chapter
deals with the dependence of various properties of polymer composites on filler
concentration and fluence of proton beam. The effect of 3 MeV proton beam
irradiation on following composites have been investigated in this chapter.

@) PMMA-+Ferric oxalate [1,2]

(i)  PMMA-+Pd(acac) [3]

(iii) PMMA+NI powder [4]

(iv) PMMA-+Ni-DMG [5]

PMMA was prepared by solution polymerization method as explained in section
2:2.1 -of Chapter-2. Preparation method of ferric oxalate and Ni-DMG has been
" given in section 2.2.2. The composites were prepared by vigorous mixing of filler

and polymer and films were prepared by casting method as discussed in section

2.2.3. These films were irradiated with 3 MeV proton beam at Cyclotron centre,
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Punjab University, Chandigarh, India at the fluences of 5x10'? and 1x10" ions/cm’.
_AC electrical, mechanical, structural, chemical properties and surface morphology

have been studied for pristine and irradiated samples.

3.1 Effect of proton beam on PMMA+Fo composites

3.1.1 AC electrical properties

(i} AC eléctrical Conductivity

The a.c. conductivity of" the composites as a function of the frequency, fluence, and
filler concentration has been studied and shown in Fig. 3.1(a-d). AC conductivity
was calculated using eq. 2.3.13 as discussed in Chapter 2. Fig. 3.1 shows that
conductivity at low frequency (up to 10* Hz) looks like a straightlliné for all the
composites, typical of hopping conduction [6]. It is known that electrical
conducﬁvity of such composites depends on the type and concentration of the
dispersed compound. The increase in conductivity is related to a possible increase
in the number of conduction paths created between the filler particles aggregate in
the composite in addition to a decrease in the width of potential barriers within the
"bulk regions of high conductivity. Therefore, more charge carriers may be able to
“hop” by tunnelling; resulting in the increas_e in the bulk conductivity and it also
increases with increasing filler concentration [7-9]. Generally, enhancement in a.c.
electrical conductivity by increasing filler contents is attributed to the electronic
interaction processes taking place in the composites.

At low filler concentration, the transport charge cafriers are very low hence
conduction is only due-to hopping and tunnelling through a non-conducting
medium between the neighbouring particles. Therefore, the overall conductivity of

such a composite is low.’
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Fig.3.1 Conductivity versus log frequency for pristine and irradiated films of (a) Pure PMMA,
(b) PMMA+5% Fo, (¢) PMMA+10% Fo, (d) PMMA+15% Fo (e) Conductivity vs, filler

concentration atl MHz.
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As concentration of the filler increases, the gap between the particles diminishes
and conductivity slowly increases because charge transport becomes easier [10].
From Fig. 3.1(e) i.t was observed that the conductivity is enhanced with the increase
in concentration of filler. Conductivity is further observed to increase upon
irradiation. Irradiation is expected to promote the metal to polymer' bonding and
" convert polymeric structure into a hydrogen-depleted carbon network. It is this

carbon network that is believed to make the polymer more conductive [11, 12].

(i) Dielectric properties

Dielectric constant was calculated using the fofmula 2.3.15 (section 2.3.1) of
Chapter-2. It is observed that the relative dielectric permittivity is almost constant
in the wide frequeﬁcy range up to 100 kHz as shown in Fig. 3.2(a-d). This is
because of the constant motion of free charge carriers at these frequencies. As the
frequency increases further, the charge carriers migrate through the dielectric and
get trapped against a defect sites. They induce an opposite charge in its viciﬁity, as
a result the motion of charge carriers is slowed down and the value of dielec_tric;
constant decreases. The decrease in dielectric constant at higher frequency c;m be
explained by Jonscher’s power law i.e. e a ! where 0<n<1 [13]. |

Due to doping, the quantity of the accumulated charge increases because of the
polarizatio:; of the polymer/metal at interfaces. The polarization makes an
additional contribution to the charge quantity. From this point of view, the
dielectric constant of the composites will be higher than the pu;e polymer [14]. Our
experimental results also support this explanation as seen in Fig. 3.2(e). It is
observed that the value of n increases from 0.65 to 0.98 with ion fluence for pure

PMMA. Similar results are also obtained for doped PMMA after irradiation. This
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may be due to the dominance of metal to polymer bonding due to irradiation, which

reduces the dipole polarization and as a result slop (n) increases [151.
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vThe dielectric loss is the power dissipated in a dielectric as heat when the dielectric
is exposed to an electric field. Dielectric loss tangent (tand) is defined as a ratio of
energy lost or dissipated per cycle to the energy stored. It was measured directly
using LCR me;ter/lmpedance gain phase analyzer. Fig 3.3(a-d) represents the

dielectric loss versus log frequency for pristine and irradiated samples.

010+

0.08+
.
s .
1 oos |
0086
: PR \ PMMA+5% Fo
~a— Pristine < 0081 T Te-basthe
w s PR S £ \' —o—5xil O'I3 tonslcm?
g 0.04 . \\ —aee 1X10% onlen? -\ —a— 1x10" ions/cm
0.04- \‘
Ny NS
Ny N
002 O S
\\tﬁ " 0021 .\'::\::f\m
i, : e - —
.\'W'ﬁmﬁgwﬁﬁ' waeg .\Eé::;=
H
0004 r - ; r r 0,00 dowmmmy v . : T r
2 3 4 5 6 K 2 3 4 5 -3 7
4 LogFFin My) Log F(F in H2)
(@ (b)
042 0141
a 012 Y
0.0
0.10+ PMMA+15% Fo
0.08+ . PMMA#10% Fo ~n— Pristing
= - Prisd‘r;e 0.6 — o 6x10% ionsfer’
2 ol N | = 810" fonstenr’ = ) & 10" jonslen?
-\ ~a- 1410"™ jonsfen? 5008 - "\ .
&
004 N\, \\'\
N, 004 N
ai%;»k‘\ Ny A58,
g A i,
0.024 St Ny 1 T SN Ty
l“‘hlmﬁé::;: - 002 “"\l‘iEf N
Y
0.00-+uy i v T T 0004~ T v i T T
2 3 4 5 6 7 2 3 4 5 6 7
Log F(F inHey Log F{FinHz)
© @

Fig. 3.3 Dielectric loss (tand) vs log frequency for pristine and irradiated films of (a) Pure
PMMA (b) PMMA+5%Fe (¢) PMMA+10%Fo (d) PMMA+15%Fo.

1t is observed that the dielectric loss decreases exponentially with increasing the
frequency anq then became less dependent at higher frequency. It is also observed
that loss factor increasgs with Fo concentration and also with the ion fluence. The
growth in tan 8 and thus increase in conductivity is brought about by an increase in

the conduction of residual current and absorption current [13].
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3.1.2 Microhardness

The Vicker’s microhardness of all the samples was calculated using equation 2.3.16
{Section é.3.2) of Chapter 2. Fig. 3.4(a-d) shows Vicker’s microchardness versus
applied load for pllistine and irradiated composite films. The hardness is known to

be influenced by surface effects. Particularly at low penetration depths, the strain

hardening modifies the true hardness of the material.
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Fig. 3.4 Microhardness vs applied load for pristine and irradiated films of (a) Pure PMMA (b)
PMMA+5%Fo (¢) PMMA-+10%Fo (d) PMMA+15%Fe.

" The microhardness indentations were carried out on the surface of the pristine and
irradiated films at room temperature under different applied loads from 10-1000

mN and at a constant loading time of 30s. It has been observed that microhardness
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(Hv) value increases with the load up to 100 mN and then decreases and become

saturated beyond the load of 300 mN. At higher loads, beyond 300 mN, the interior -

of the bulk specimen is devoid of surface effects. Hence, the hardness value at

higher loads represents the true value of the bulk and it is consequently independent
of the load. It is found that hardness increases for ferric oxalate dispersed PMMA
ﬁlms. It may be due to the improvement in bonding properties [16]. The hardness
also increases upon irradiation. This may i:e attributed to hydrogen depleted calfbon

network, which further enhance hardness [17, 18]. -

3.1.3 Atomic force microscopy

Surface morphology .of pﬁstine and irradiated composites was studied using atomic
force microscopy in contact mode with silicon nitride (Si3Ny) tip. The 3-dimension
morphology of pristine and irradiated (at a fluence of 5x10% ions/émz) samples are
shown in Fig. 3.5 (a-h) in 2x2 pn'xz area. Average surface roughness was observed
to decrease from 8.6 to 6.3 nm for Pure PMMA after irradiation and surface
becomes reIatively smoother. Similarly, it decreases from 27.8,29.6 and 46.4 nm to
25.6, 22.0 and 32.5 nm respectivgly for 5, 10 and 15% ferric oxalate dispersed
PMMA composites after irradiation. This smoothness is attributed to defect
diffusion '
enhanced surface ¢ %7300 [19-21]. However the increase in roughness from 8.6nm

(pure PMMA) to 46.4nm (PMMA+15% Fo) is due to increase in density and size

of metal particle on the surface of PMMA films [22, 23].
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Fig. 3.5 AFM image of (a) Pure PMMA (Pristine) (b) Pure PMMA (lrradiated) (c)
PMMA+5% Fo (Pristine) (d) PMMA+5% Fo (Irradiated) (¢) PMMA+10% Fo (Pristine) (O
PMMA+10% Fo (Irradiated) (g) PMMA+15% Fo (Pristine) (h) PMMA+15% Fo (Irradiated)
films
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3.1.4 FTIR analysis

Figure 3.6 shows the FTIR spectra of pristine and irradiated samples.

(@

(b)

Fig. 3.6 FTIR spectra of pristine and irradiated (5x10" ions/em®) PMMA composites.
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The absorptién bands are obtained from the pristine spectrum are idenﬁﬁ_ed as {A)
730 cm™': CH, (C-H rocking), (B) 816 ecm™: CHs (C-H rocking), (C) 950 cm™:
carboxylic ester (D) 1270 ¢m’™': C-C-O stretching, (E) 1715 cm™: R-C=0 (kepton
of ester) (F) 2820-3080 cm™: C-H stretching (G) 3610 cm™': OH free stretching
vibration [24]. It is observed that there is no significant change in olverail structure
of the polymer but cﬁanges in peak intensities were observed after irradiation. The
reduction in peak intensities of the irradiated sample is attributed to the breakage of |
the chemical bonds and formation/emission pf low molecule gases and radicals due

to irradiation.

3.1.5 Conclusion

Proton irradiati>on has significantly enhanced the electrical and mechanical properties
of the Fo doped PMMA composites. This is aftributed 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 metal and polymer.
This makes the composite more conductive and harder. The dielectric constant/loss
shows frequency dependent behavior and change significantly after ‘injadiation. The
surface morphology reveals that the surface becomes smoother after irradia}tion. This
is attributed to the defect-enhanced surface difﬁ;sion. The FTIR spectra also reveal the

breakage of bonds and scissioning of polymer chain due to ion beam irradiation.
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3.2 Effect of proton beam on PMMA+Pd(acac) composites

3.2.1 AC electrical properties

(i) AC electrical Conductivity

Fig. 3.7(a-d) shows the variation of conductivity with log frequency and fluence of
ion beam. AC conductivity was calculated using eq. 2.3.13 (section 2.3.1) of
Chapter 2. In low frequency range, the conductivity is obtained due to hopping
mechanism [6]. Fig. 3.7(e) shows the dependence of conductivity on concentrations
of filler. It was observed that conductivity increases with filler concentration. It is
attributed to the conductive nature of Pd(acac). Electrical conductivity of such
composites depends on the type and concentration of the filler. Generally, the
conductivity increases on increasing the concentration of metallic compound in
polymer matrix. lon beam irradiation is expected to promote the metal to polymer
adhesion and convert the polymeric structure to a hydrogen depleted carbon
network. It is this carbon network that is believed to make the polymer more

conductive [11, 121.
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Fig. 3.7 Conductivity versus.log frequency of pristine and irradiated films of (a)
PMMA+10%Pd(acac) (b) PMMA+20%Pd(acac) (c) PMMA+30%Pd(acac) (d)
PMMA+40%Pd(acac). (¢) Conductivity vs. filler concentration at 1 MHz

(i) Dielectric properties

Dielectric constant was calculated using equation 2.3.15 as described in Chapter-2.

Figure 3.8(a-d) shows the variation in dielectric constant with log frequency. It

remains almost constant up to 100 kHz because the motion of charge carriers is

almost constant at these frequencies. Beyond this frgquenc}, the dielectric constant
decreases. The decrease in dielectric constant at higher freéuency can be explained

by Universal law of dielectrics given by & a ™' where 0<n<1[13]. Due to

dispersion of organometallic compound, the quantity of the accumulated charge

will increase because of the polarization at polymer/metal interfaces.
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Fig. 3.8 Dielectric constant versus log frequency of prisﬁne and irradiated films of (a)

PMMA+10%Pd(acac)

(b)

PMMA+20%Pd(acac)

()

PMMA+30%Pd(acac)  (d)

PMMA+40%Pd(acac). (e) Diclectric constant vs. filler concentration at 1 MHz

The polarization makes an additional contribution to the charge quantity. Therefore

the dielectric constant of the composites will increase with filler concentration [141.
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Fig. 3.8 (e) shows variation in dielectric constant with filler concentration at 1
o

MHz. Dielectric constant also increases upon irradiation.
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Fig. 3.9 Dielectric ‘loss versus log frequency of pristine and irradiatéd films of (a)
PMMA+10%Pd(acac) (b)) PMMA+20%Pd(acac) (c) PMMA+30%Pd(acac) (d)
PMMA+40%Pd(acac)

Fig. 3.9 (a-d) shows strong frequency dependence of dielectric loss. It 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 increased. The increase in dielectric
loss with increasing filler contents may be attributed to the interfacial polarization

mechanism of the heterogeneous system. It is noticed that dielectric loss further

increases with fluence [24].
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3.2.2 X-ray diffraction

Fig.3.10 (a) shows the X-ray diffraction pattern fo;' Pd(acac) powder. It shows
crystalline behavior of the organometallic compound. The most prominent peaks
obtained at 26 are 12.1°, 17.4°, 25.7° and 28.0°. Identical peaks were obtained for
the polymer composites because of the presence of different concentrations of
Pd(acac) in PMMA. Fig. 3.10 (b-f) shows the diffraction patterns of pristine and
irradiated composites with different filler concentrations. The spectrum represents

the amorphous nature of the pure PMMA and semi-crystalline nature of the .

composites.
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Fig3.10 XRD spectra of pristine and irradiated films of (a)Pd(acac) powder {b)Pure PMMA
(¢) PMMA+10% Pd(acac) (d)PMMA+20% Pd(acac) (e)PMMA+30%Pd(acac) (f)
PMMA+40% Pd(acac)

The crystallite size was calculated before and after the irradiation using Scherrer’s

formula [25] as discussed in section 2.3.3 of Chapter-2.

_ KA
lcos @

where K is constant approximately equal to unity and related to the crystalline shape, /
- is FWHM of the diffraction peak, D is crystalline size and 8 is the angle between the
atomic plane and both the incideﬂt and reflected beams [26]. Irradiation deposited
large amount of energy in the material and leads to decrease in crystallite size. This
may be attributed to splitting of crystalline grains. Percentage crystallintly of the
composites was determined by area ratio method. In this method the areas of

~amorphous and crystalline pérts of the pattern were calculated [27]. It has been
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observed that the percentage crystallinity of the composites increases with filler
fraction. It reveals the c.rystalline nature of Pd(acac).

However, it decreases after irradiation due to breakage of the bonds and emission
of volatile gases, which may form the disordered state in the.composite structure. It

is also corroborated with FTIR spectra. The valugs of average crystallite size and %

crystallinity of the pristine and irradiated samples are-listed in Table 3.1.

Table 3.1: Average crystallite size and % crystallinity of the composites by XRD analysis

Average crystalline size (nm) % Crystallinity
Sample o sxi0? | 1x10® || sx10? | 1x10%
Pristine | 2l , | Pristine | 5 | . )
ions/cm ions/cm ions/cm ions/cm
PMMA+10%
6.6 5.7 3.8 102 10.0 10.0
Pd(acac) ' ’
PMMA+20%
' 15.6 114 113 15.6 134 11.2
Pd(acac)
PMMA+30%
22.7 18.1 16.0 17.3 14.3 13.2
Pd(acac)
PMMA+40%
234 23 222 38.8 37.7 25.5
Pd(acac) :

3.2.3 FTIR spectroscopy

Fig. 3.11(a,b) shows FTIR spectra of pristine and irradiated (5x10" ions/em?)
samples. The presence of different functional groups in pure PMMA is identified as
follow: (A) the bond corresponds to ~OH free stretching vibration has been
obtained at 3610 cm™, (B) the broad band between 2835-2995 cm’ assigned for —
CH, group [17], (C) C=C stretching vibration is obtained at 2050 cm™. (D)
nonconjugated C=0 ester stretching band in pendant group of PMMA (-COOCHs;)
observed at 1700 ¢m™’. (E) The band at 966 cm™ corresponds to CH=CH (trans)
[28].
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The reduction in peak intensities after irradiation attributes the breakage of
chemical bonds and formation of free radicals, unsaturation etc. due to the
deposition of energy by ion beam. The absorption peaks at highér wavenumber
decrease sharply as filler concentration increases. It might be due to the formation .
of new bond of organometallic compound with polymeric chains by breaking
traditional polymeric bond and this may be the reason for the formation of new
peaks at lower wave number region (~ 500-800 cm™). The overall reduction in
intensity of the typical bands after irradiation signifies the chain scissioning
phenomenon of the polymeric materials and conversion of polymeric structure into
hydrogen depleted carbon network due to the emission of hydrogen and/or other

volatile gases [24].
3.2.4 Atomic force microscopy

Surface morphology of ’pristine and irradiated composites was studied by using
atomic force microscopy in tapping mode with silicon nitride (SisNy) tip. Surface
morphology of pristine and irradiated (at a fluence of "5x1012 ions/cm?) samples are
shown in Fig 3.12 (awd) in .2x2 pm? area.

Average surface roughness was observed to decrease from 7.6 nm to 2.4 nm for
PMMA+10% Pd(acac) and 11.4 nm to 9.8 nm for ‘PMMA+30% Pd(acac) after
irradiation. It indicates that the protor beam irradiation makes the polymeric
surface relatively smoother. This decrease in roughness is attributed to defect-
" enhanced sxé}facé diffusion [19-21]. However, the increase in roughness with
concentration of filler is ascribed to increase in density and size of metal particle on

the surface of PMMA films [22, 23].

110



100.0 rm 300 mn

Fig. 3.12 AFM images of (a) PMMA+10%Pd(acac)-Pristine (b) PMMA+10%Pd(acac)-
Irradiated (c) PMMA+30%Pd(acac)-Pristine (d) PMMA+30%Pd(acac)-Irradiated

3.2.5 Scanning electron microscopy

Fig.3.13 (a,c,e) represents pristine and Fig 3.13 (b,d,f) represents irradiated images
of pure PMMA, PMMA+10% Pd(acac) and PMMA+40%Pd(acac) respectively.
Surface morphology of composites shows appreciable change after proton beam

irradiation.



Fig 3.13 SEM images of (a) Pure PMMA-pristine (b) Pure PMMA-irradiated (c)
PMMA+10%Pd (acac)-pristine (d) PMMA+10%Pd (acac)-irradiated (ej PMMA+30%Pd
(acac)-pristine and (f) PMMA+30%Fd (acac)-irradiated films.
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3.2.6 Differential scanning calorimetry (DSC)

Fig. 3.18 shows DSC thermograms of pristine PMMA, pristine and irradiated
PMMA+40%Pd(acac) samples. The result reveals that the glass transition
temperature (Tg) increases>for ;che ;:orﬁposite than that of the pure polymer but
decreases after irr‘e;diation.

Glass transition temperature is characteristic of a material and represents the
transition from amorphous glassy state to rubbery state. The increase in Tg of
composites may be due to interactions of Pd(acac) and PMMA in more ordered
state [29]. After irradiation Tg decreases, which reveals the amorphiiation of the

composite which is also corroborated with XRD results,

{A) Pure PMMA(Pristine)
(B) PMMA+40%Pd(acac} (Pristine}
{C) PMMA+40%Pd(acac) (Irradiated)
©)
3
g
2
o
z
3)
98.3
{A)
¥

T T T T
80 90 100 110 120 130 140 150
Temperature (°C)

Fig. 3.18 DSC patterns for pure PMMA (pristine) and pristine and irradiated PMMA+40%
Pd (acac) films
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3.2.7 Conclusions

Proton irradiation has significantly enhanced eIectriéal and mechanical properties of
polymer composites. This is attributed to the fact that the radiation exposure on the
polymeric composites converts the polymeric structure into hydrogen depleted carbon
network and promotes good bonding between metal and polymer. TI;is makes the
composite more conductive and harder. XRD resuits depict that crystallite size and
degree of crystallinity decreased with ion fluence, however, it increases with
increasing filler concentration. The chain scission by irradiation at higher fluence
seems fo be the dominant process as studied by using FTIR spectroscopy. The surface
morphology as stugiied from SEM images shows partial agglomeration on the
composite surfaces after irradiation. AFM results show a decrease in average su;face
roughness after irradiation. It might be attributed to defect enhanced surface diffusion.
DSC analysis shows that T, decreases with irradiation due to amorphization of
material which is also corroboratged with XRD analysis. In general, proton beam
irradiation enhances dielectric property of the material nevertheless the structural

property degrades up to certain extent.
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3.3 Effect of proton beam on PMMA+Ni composites

3.3.1 AC electrical properties

() AC electrical Conductivity

Fig. 3.15(a,b) shows the frequency dependent electrical conductivity (calculated

using eq. 2.3.13 in Chapter-2) of pristine and irradiated composites and Fig. 3.15(c)

shows the dependence of conductivity on filler concentration at a frequency of |

MHz.
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Fig. 3.15 Conductivity vs. log frequency for (a) Pristine and (b) Irradiated composite films, (c)
Conductivity vs. filler concentration at 1 MHz.
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The result states that the conductivity significantly changes with metal
concentration and also with the ion fluence. Further, .almost all samples show
similar results up to 10 kHz, typical for hoping conduction, means there is no much
change in the conductivity with frequency in this range. The total conductivity of-
the composite depen&s on the microscopic and macroscopic conductivities. The
microscopic conductivity depends upon the doping level, chain iex_xgth etc. and the
macroscopic conductivity depends upon the orderness and molecular orientations in
the material [15]. The orderness increases with increasing metal concentration in
the composite which is approved by XRD analysis and it is also responsible for
increasing the conductivity. The increase in conductivity is related to a possible
increase in the number of conduction paths created between the filler particles
aggregates in the composite as a consequence electrical path is built in the polymer
matrix in addition to a decrease in the width of potential barriers within the bulk
regions of high conductivity. Therefore, more charge carriers may be able to ‘hop’
by mnnelliﬁg; resulting in the increase in the bulk conductivity and it also increases
with increasing filler concentration. Conductivity is further obs‘erveﬁ to increase
after irradiation. Irradiation is expected to promote the metal to polymer bonding
“and convert polymeric structure into hydrogen depleted carbon network. It is this

carbon network that is believed to make the polymer more conductive [11].

»

(i) Dielectric properties

Fig. 3.16(a, b) and Fig. 3.17(a, b) show the dependence of dielectric constant and
loss tangent respectively on the frequency of the applied field, filler concentration

and irradiation fluence. Fig. 3.16(c) shows variation in dielectric constant with filler
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concentration at fixed frequency (i.e. 1 MHz) for pristine and irradiated samples. It

was calculated using equation 2.3.15 (Chapter-2).
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Fig. 3.16 Dielectric constant vs, log frequency for (a) Pristine and (b) Irradiated composites,
(¢) Dielectric constant vs, filler concentration at 1 MHz

The dielectric permittivity as a function of frequency (1 MHz) reflects the-

important effect of the filler concentration on the sample properties. The increase in

dielectric' permittivity with metal concentration is attributed to the increase in the

- volume fraction of the charges {electric dipoles) at the interfaces between polymer

and metal particles. Ions under low frequency electric field can hop readily out of

sites with low free energy barriers but tend to ‘pile up’ at sites with high free
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energy barriers. This leads to a net polarization of the dipoles and large value of
dielectric permittivity. At higher frequencies, the polarization due to charge ‘pilg
up’ disappears and so dielectric constant decreases [30]. Thus the dielectric
constant remains almost constant for wide frequency range. Similar results have

been also obtained previously [31, 32].
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Fig. 3.17 Dielectric loss (tand) vs. log frequency for (a) Pristine and (b) Irradiated composites

In addition, the dependence of dielectric constant on frequency can be explained
according to Jonscher’s equation described as follows:
ie.gaf!

where ¢ is dielectric constant of the sample and 0<n<l1 [15]. Due to the dispersion
of metal particles, the quémtity of the accumulated charges will increase because of
the polarization at polymer/metal interfaces. The polarization makes an additional
contribution to the charge quantity. From this point of view, the dielectric constant
of the composites will be highér than the pure polymer. High dielectric constant
and dielectric loss at higher concentration of nickel in the polymer is attributed to

the increase in crystallinity as revealed from XRD analysis. As a result the
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orderness increases the interfacial interactions between the polymer and metal
particles and leads to maximum space charge polarization [33]. The observed
nature of fluence dependent dielectric constant and dielectric loss can be explained

by the prevailing influence of the enhanced free carriers due to irradiation [34].

3.3.2 X-ray diffraction

X-ray diffraction spectrum in Fig. 3.18(a) shows the amorphous nature of PMMA
and the crystalline behaviour of Ni powder. The average particle size of the Ni
power was obtained 39.8 nm. From Fig. 3.18(b) and (c) the most prominent peaks
are obtained at 26 ~ 51.9 and 44.6 in all the cases. The appearance of sharp peak in
éqmposites indicates some degreé of crystallinity, although the decrease in intensity
of the diffraction peak and slightly broadening of the peak after irradiation gives
evidence of decrease in crystallinity. However no significant change in the peak

position reveals that lattice parameters do not change significantly.
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Fig. 3.18 XRD spectrum of (a) Pure PMMA and filler (Ni -powder), (b) Pristine and (c)
Irradiated (5x10' ions/em®) composites

The crystallite size has been calculated before and after irradiation using Scherrer’s
formula [25]

_ K2
lcos @

where K is constant approximately equal to unity and related to the crystalline shape, /
is FWHM of the diffraction peak, D is crystailine size and 6 is the angle between the
atomic plane and both the incident and reflected beams.

Percentage crystallinity of the composites was determined by area ratio method. In
this method the areas of amorphous and erystalline parts Aof the pattern were
calculated {27]. The average crystallite size and % crystallinity of the pristine and

irradiated samples are listed in Table 3.2,
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Table 3.2: % Crystallinity and erystalline size of the filler

Filler Average crystalline size (nm) % Crystallinity
_concentration’ 5¢10"2 5¢10'2
(wt.%) Pristine ions/om? Pristine ions/em?
10 34.7 27.8 12.4 6.7
20 36.8 28.3 19.5 18.3
30 37.2 34.9 23.7 16.1
40 38.2 36.6 25.4 25

Irradiation induces large amount of energy deposition in the material which leads to
decrease in crystallite size which may be attributed to splitting of crystalline grains.
The chain scissioning due to irradiation, which is also corroborated with FTIR
analysis, assumed to be reéponsible for the reduction in crystallinity of the

composite,

3.3.3 FTIR Spectroscopy

FTIR spectra of pristine and irradiated composite films are shown in Fig. 3.19 (, ii)
respectively. The absorption bands are obtained from fhe ﬁristine spectrum which
are identified as follows: (A) 750- 810 cm™: CH, rocking vibration, (B) 700-1500
em™: C=0 'stretching vibration, (C) 135071450 em™: C-H bending vibration, (D)
1700 em™ : nonconjugated C=0 ester stretching band in pendant group of PMMA
(-COOCH3) (E) 2010 cm™: C=C stretching - vibration, (F) 2835-2995 em™:—CH,
group and (G) 3610 em™: -dH free stretching vibration [24]. FTIR spectra show
the interaction between macromo!eculf; and filler particles. Smali shift and
alteration in the peak position is observed due to changes in the nearest surrounding

of functional groups because of the presence of metal particles.
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Fig. 3.19 FTIR Spectra of (i) Pristine and (ii) Irradiated films of (a) Pure PMMA, (b)
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The peak corresponding to -OH stretching vibration for pristine PMMA was
observed at 3610 cm™ and it shifted to 3620 cm™' for 30% Ni doped polymer. The
reduction in peak intensities after irradiation is attributed to the breakage of few
chemical bonds and formation of free radicals, unsaturation, etc. due to emission of ‘
hydrogen and/or other volatile géses. However, metal and polymer are extremely
different materials, the interaction between metal and polymer is generally very
weak. Cohesive energy of polymer is typically two orders of magnitude lower than
the cohesive energy of metals. It is observed .that the hardness of the composite
increases after doping metal particle which indicates the cross linking phenomenon

[2i].

3.3.4 Atomic Force Microscopy

Surface morphology of pristine and irradiated composites was studied using atomic
force microscopy in tapping mode. The images of the 5x5 pm’ surface area of
pristine and irradiated (at a fluence of 5x10" jons/cm®) samples are shown in Fig.
3.20(a-f). The average surface roughness value decreases from 6.2 and 9.3 nm to
4.7 and 5.0 nm respectively for 20 and .3()% nickel dispersed PMMA composites
after irradiation. The relative smoothness is envisaged because of defect enhanced
surface diffusion [19]. However the increase in roughness with ﬁllef concentration
is atfributed to increase in density and size of metal particle on the surface of

PMMA films [22, 23].
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Fig. 3.20 AFM images of (a) Pristine PMMA+20% Ni (b) Irradiated PMMA+20% Ni (c)
Pristine PMMA+30% Ni (d) Irradiated PMMA+30% Ni films

3.3.5 Scanning electron microscopy

SEM images were taken for pristine and irradiated samples of 10% and 20% Ni
dispersed PMMA composites at 5 kX magnification. No significant change in
surface topography was observed after irradiation. Fig. 3.21(a-d) shows SEM

images of pristine and irradiated composites.
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3.21 SEM images of (a) PMMA+10% Ni (pristine) (b) PMMA+10%Ni (irradiated) (c)
PMMA+20% Ni(Pristine) (d) PMMA+20% Ni(Irradiated) films

3.3.6 Conclusions

Proton beam has significantly enhanced the electrical properties of the composites.
This may be attributed to metal to polymer bonding and conversion of polymeric
structure in to hydrogen depleted carbon network. Structural properties have
observed to change due to irradiation. The crystallite size and % crystallinity
decreased'aﬂer irradiation. The decrease in % crystallinity reveals the formation of
disorderness in the sample due to chain scissioning after irradiation. It is also
corroborated with FTIR spectroscopy. The average surface roughness of the
samples decreases upon irradiation however, no significant change is observed

from SEM images.
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3.4 Effect of proton beam on PMMA+Ni-DMG composites

3.4.1 AC electrical properties

(i) AC electrical Conductivity

Figure 3.22 shows the variation of conductivity with log frequency, calculated

using equation 2.3.13 as discussed in Chapter-2. It is observed that conductivity

increases with increasing concentration of dispersed Ni-DMG compound (Fig.

3.22(a)) as well as after irradiation (Fig. 3.22(b)).
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The increase in conductivity with increasing concentrations of organometallic
compound may be attributed to the conductive phase formed by dispersed
organometallic compbund in polymer matrix. It is known that electrical conductivity
of such composites depends on the typé and concentration of the dispersed compound.
Fig. 3.22(c) shows variation in conductivity with filler concentrations. The
conductivity of dispersed films iﬁcreases with increasing the concentration of Ni-
DMG compound in polymer matrix. The conductivity is also observed to increase
after the irradiation. Irra;iiation is expected to promote the metal to polymer adhesion
and convert 'the polyme;'ic structure into a hydrogen depleted carbon network. It is this

carbon network that is believed to make the p-olymer more conductive {11, 35].

(ii) Dielectric properties
Fig. 3.23 shows the variation in dielectric permittivity with log frequency
calculated using gquation 2.3.15 (Chapter-2). It is observed that dielectric
permittivity remains almost constant up to 100 kHz, because the motion of charge
carriers is almost constant at these frequencies. Beyond this frequency, thé
dielectric constant decreases. As the frequénqy increases, the charge carriers
migrate.throughb the dielectric and get trapped against a defect sites and they
induced an opposiie charge in its vicinity, as a result, motion of charge carriers is
‘slowed down and.the value of dielectric constant decreases. The decrease in
dielectric constant at higher frequency can be explained by Jonscher’s power law
ie. & a f*! where 0<n<1[15]. The value of n increases on irradiation from 0.26 to
0.56 for pure PMMA. Similar results are also observed for dispersed PMMA. This
may be due to the dominance of metal to polymer bonding due to irradiation, which

reduces the dipole polarization and as a result, slop (n) increases.

127



7.0
404 "v*—v»vwwa*yuv~vvyl\'
v, §
b g A A A e AhA A o \\"::023 65 L e e B e A A
- 354 \A\ bl 8.0+ A—Av—‘»«‘—i—&—kl-«AA\\ =041
§ A R el ot 2t T T TN \“ =024 § \\ ™
2 \,\ . 5 554 . . Ny
8 g L e el o S A‘{FOAS
g 3.0+ - '11:0.25 '§ 50 \\‘
T
% !~|—~n-a~—-—-4s'n~——un\\.\ ,g e \ n=0.49
8 s Pristne \ 451 radieted(10" ons/cr) \\ -
) _ —aw v PMVA, -
0.6 404 o PAIMASSY% N-DVEG \ =052
g e PMAMOSNDVG \.\
—v— PMVAHSHINDNG
.20 T v T y r : 35 ; 7 ; T r r
1 2 3 4 5 6 7 . 1 2 3 4 5 6 7
LogF (FinHz) LogF (FintHz}
(a) (b)

o] [2aE -
B ./

Dielectric constant
F-Y

N

©

Fig. 3.23 Dielectric constant vs. log frequency for (a) Pristine and (b) Irradiated composites,
{c) Dielectric constant vs. filler concentration at 1 MHz

According to Dissado and Hill {36] theory at high frequéncy, intra=ciuster motions
are dominant. In intra-cluster motions, the relaxation of a dipole will produce a
‘chain’ response in its neighboring dipoles and the reaction of the neighboring
dipoles will, in turn, affect the first dipole, so the overall effect will be seen as a
single éluster-dipole moment relaxation [15]. This reduces the dielectric constant at
these frequencies.

It is observed that -the dielectric constant increases on increasing the concentration
of Niﬂ_-DMG._ Fig. 3.23 gc) shows variation in dielectric constant with filler
concentration. Due to dis;ﬁersion of organometallic compound, the quantity of

accumulated charge will increase because of the polarization of polymer/metal at
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interfaces. The polarization makes an additional contribution to the charge
quantity. From this point of view, the dielectric constant of the composites will be
higher than the pﬁre pdlymer [14].The magnitude of the dielectric constant is
higher for irradiated samples compared to those of pristine samples. The 'increase in
dielectric constant may be attributed to chain scission, which results ?n an increase

of free radicals, unsaturation etc.
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Fig. 3.24 Dielectric loss vs. log frequency for (a) Pristine and (b) Irradiated composites

Figure 3.24 (a, b) shows the behavior of dielectric loss with frequency for pure and
dispersed Ni-DMG samples at room temperature. The loss factor (tand) shows
strong frequency dependence and decreases exponentially ;s frequency increases.'
The positive value of tand indicates the dominance of inductive behaviour [12]. It is
noticed that dielectric loss increas_es‘with increasing the concentration of filler and
also with the irradiation. fluence. 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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3.4.2 X-ray Diffraction

Fig. 3.25 (a, b) represents the diffraction pattern of the pristine and irradiated

samples for the most prominent peak. The peaks are obtained at 26 = 9.98 and-

10.61.
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Fig. 3.25 XRD pattern of () Pristine and (b) Irradiated samples
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The nature of the peak indicates the semi-crystalline nature of the sample. The
crystallite size was calculated before and after irradiation using Scherrer’s equation

[25] as explained in section 2.3.3 of Chapter-2.

KA
lcos &

where K is constant approximately equal to unity and related to the crystalline shape, /
is FWHM of the diffraction peak, D is crystalline size and 8 is the angle between the
atomic plane and both the incident and reflected beams.

The crystallite size obtained using above equation is listed in Table 3.3.

Results show that crystallite size of the filler decreases slightly after irradiation. It

is also observed that the intensity of the peak decreases after irradiation, but no
'signiﬂcant change in the peak posiﬁon has been observed. This reveals that the
Iatjcic;e parameters do not change significantly but crystallinity of the sample

decreases after irradiation [37].

"~ Table 3.3: Crysta'ﬂite size of the pristine and irradiated samples by XRD

Crystallite size(nm)
Sample
Pristine Irradiated(5x 10" jons/cm?)
PMMA+5%Ni-DMG 45.6 44.6
PMMA+10% Ni-DMG 47.7 45.0
PMMA+15%Ni-DMG | 485 457

- 3.4.3 -Atomiec Force Microscopy (AFM)

Surface morphology of the pristine and irradiated metallized polymeric samples has

been studied using atomic force microscopy. The images of 2x2 pm’ area were
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recorded in tapping mode as shown in Fig. 3.26 (a-f)- Each AFM image was
analyzed in terms of surface average roughness (Ra). The data shows that the
surface average roughness (rms) increases with metal compound (Ni-DMG)

concentrations but it decreases after irradiation.

() VY (0
Fig. 326 AFM image of (@) PMMA+5%Ni-DMG(pristine), (b) PMMA+5%Ni-

DMG(irradiated), (c)PMMA+10%Ni-DMG(pristine), (d) PMMA+10%Ni-DMG(irradiated),
(e) PMMA+15%Ni-DMG(pristine), ()PMMA+15%Ni-DMG(irradiated) films
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The average surface roughness obtained are 8.6 nim, 32.4 nm and 36.6 nm for pristine
samples with filler concen‘crationsJ of 5%, 10% and 15% respectively and decreases to
6.5 nm, 10.7 nm and 11.9 nm after irradiating at a fluence of 5x10'? jons/cm®. The
increase in surface roughness (R,) with increase in concentration of metal compound
may be due to the increase of density and size of metal particles on the surfaces of the
polymeric films [22, 23]. The decrease in surface roughness due to irradiation may be

attributed to defect enhanced surface diffusion.

‘3.4.4 Concl_usion

Disper;v,ion of organometallic compound (Ni-DMG) in PMMA films has enhanced
the properties of the pure polymer significantly. The increase iq dielectric
i)roperties with filler concentration may be attributed to the conductive phase
formed t;y dispersed organometallic compound in polymer matrix. Further
enhancement in dielectric properties was observed after proton irradiation. It may
be due to the metal fo polymer adhesion and conversion of the polymeric structure
into a hydrogén depleted carbon network. AFM analysis revealed that the proton
irradiation makes the surface of the sample smodther. This relative smoothness is
prob';ibly due to the sputtering effects and as a consequence surface diffusion. An

XRD analysis reveals that the crystallite size decreased after ion beam irradiation.
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3.5 Summary

Four different composites have been studied using proton beam irradiation. AC
electrical, mechanical, structural, thermal and surface properties have been
investigated using different characterization techniques.

AC electrical conductivity of all pristine and irradiated composites at 10% filler
concentration is shown in Fig. 3.27. The increase in conductivity is related to a
possible increase in the number of conduction paths created because of filler
particles aggregate in the polymer matrix. Therefore, more charge carriers may be
able to ‘hop’ by tunnelling; resulting in the increase in the bulk conductivity and it
also increases with increasing filler concentration. 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 and harder. This is the reason to increase the hardness of irradiated
PMMA+Fo films. Fig. 3.27 shows comparison of conductivity of all composites
before and after irradiation. Fdr the sake of comparison filler fraction (10 wt.%),
fluence of proton beam (5x10'? jons/cm?) and frequency (10 MHz) have considered
constant. Similar study for dielectric constant of all composites have been done and
shown in figure 3.28 at a frequency of 10 MHz.

Dielectric loss was studied for all pristine and irradiated composites and result
shows frequency and fluence dependent behavior for all cases. In general, the
nature of the curves of electrical response for all samples‘ are same but the

magnitude varies with filler material.
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XRD of pristine and irradiated samples of PMMA-+Pd(acac)y/Ni/Ni-DMG have
been studied and the results revealed that the crystalline size and % crystallinity of
the sample decreases upon irradiation. Irradiation induces large amount of energy
deposition in the material, which leads to splitting of crystalline grains and because
of that decrease in crystalline size. After in‘adiatibn,@ue to breakage of the
polymeric bonds and emission of volatile gases, disorderness i.ncreases in
composite structure which is responsible for decrease in % crystallinity of

composite material.

FTIR images show minute shift and alteration in the peak position of composites
due to changes in the nearest surrounding of functional groups because of the
presence of filler particles. The reduction in peak intensities after irradiation is
attributed to the breakage of few chemical bonds and formation qf vfree radicals,
unsaturation, etc. due to emission of hydrogen and/or other volatile gases.

Proton irradiation makes the surface smoother as obtained from AFM analysis. The
average surface roughness of all proton irradiated composites decreases than that qf
the pristine films. The decrease in surface roughness after irradiation might be

attributed to defect enhanced surface diffusion.
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