Chapter 4: Results and Discussion

ABSTRACT

This chapter gives the details view of the results obtained by

different characterization techniques. It is divided into six parts
| to explain the results of‘ six polymers separately and

‘exclusively.



4.0 RESULTS AND DISCUSSION

In this chapter the experimental results of all polymeric samples studied
Sefore and after irradiation have been reported. Polypropylene,
polyimide/kapton, polyethylene Aterephthalate, polyether sulfone,
polycarbonate/makrofol-DE and blend polymer (PVC+PET) were irradiated with

3 MeV proton beam at different fluences.

Details about all polymers are discussed in Chapter 3 (article 3.2).
Descriptive view of all characterization techniques are already discussed in-
previous Chapter 3 (article 3.4). Effects of irradiation on physico-chemical
properties for all polymers are reported here. Structural analysis was studied by
FTIR spectroscopy.: AC electrical properties analyzed by means of an LCR
meter and changes in AC conductivity, tan § (Dfélectric Ioss),.Dielectric constant
was méasured as a function of fluence. Thermal stability was studied by
. Thermogravimetric analysis (TGA); glass transition temperature (T,) and melting
behaviour (Tn) was studied by Differential scanning calorimetry- (DSC)
techniques. Mechanical property wés analysed by‘microhadness study. Surface
morphology study is also reported for all polymer samples. Possible reasons are
élsb ihébrporated for these findings. This chapter is divided into six parts to

éxplain th'e, results of six polymers separately and exclusively.

4.1 Polypropylene
| Polypropylene (PP) continues.to be an imporfant polymer because of its
édvantages in cost and performance, for health care and packaging

appiicaﬁér\s. PP belongs to the family of polyolefin. It is a vinyl polymer having -
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hydrogen atom substitutents (—HC—CH—)n or (—H,C—CRH—), and
undergoes dominant homolytic rupture of the C—H bonds to form hydrogen free
radicals which cross-link with each other. With increasing dose, the degree of
cross-linking increases [1]. Being highly crystalline, PP exhibits high stiffness,
hardness and tensile strength. ‘It has excelient‘ mechanical and dielectric
properties. Most products made from polypropylene for medical purposes such
as syringes require sterilization before use. It is the lightest known industrial
polyrﬁer and finds its application in electrical appliances.

Wang et al [2] studied the effect of 100keV proton irradiation on
polypropylene, which leads to crosé—linking between the macromolecules of the
polymer and enhancing its mechanical properties. Optical and electrical
properties of 2 MeV electron and 62 MeV proton irradiated PTFE, Pl, PET and
PP were studied by Mishra et al [3]. The shift in optical absorption edges as
observed by UV-VIS spectra of the irradiated polymers has been correlated to
the optical band-gap using Tau's expression. A decrease in the optical band gap
has been observed in irradiated PP and PTFE but no ®nsiderable change was
found in PET and Pl. Further AC conductivity measurement confirmed on
increase in conductivity by electron irradiation. The effects of 23 kGy dose of 2

~MeV electron irradiation on PP has been studied by Mishra et al [4] using
different characterization techniques; viz FTIR spectroscopy, Electron spin
resonance spectroscopy, thermogravimetric ané(ysis, differential scanning
~ calorimetry and X-ray diffraction analyses. Thermal stability of the polymer was
found to be increasing due to electron irradiation. The isotactic nature of the
| polymer was found to be unaffected by electron irradiatioﬁ. An increase m

- crystallinity of the polymer has also been observed after irradiation.
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But the details study about AC frequency response, structural changes
and thermal stability were not reported.

In the present work, polypropylene was irradiated with 3 MeV proton
beam. The pristine and the irradiated PP at two different fluences (10" and 10"

ions/cm?) were characterized through structural, electrical, thermal and surface

topography [5].

4.1.1 Structural Analysis

Figure 4.1 shows the FTIR spec{fa of pristine and irradiated samples.
The absorption bands as obtained frdm the pristine spectrum are identified as
(A) 984 cm™ 3/1 helix structure; (B) 1168cm'3/1 ‘helix structure; (C) 1296 cm™
CH, wag; (D) 1382 cm™'CH; symmetri;: scission; (E) 1451 cm™* CH; asymmetric
scission; (F) 2049cm™ C=C alkynes group; (G) 2838 e CHs symmetric
stretching; (H) 2906 cm™ CH, asymmetric strefbh.; (1) 2948 cm™ CH; asymmetric
s’trétching, It is inferred that reduction in specific height is due to deterioration of
these groups in the form of Hz, CO or CO,. The absorption bands representing
the 3/1 helix structure of PP are found in the pristine as well as in irradiated PP
at 1168 cm™ and 984 cn‘f_1 showing that the helix structure has not been affected
by pfofoh irradiaﬁon [{4]. The main effect of irradiation is the formation of new
bonds,'free radicals, double bonds etc. The alkynes (C=C) group at 2049 cm”
and CH3 symmetric stretching _atA 2838 cm? aré 'm'odifie'd-. The symmetric and
asymmetric stretching, }sc.issioning orybbending and waging vof C’HQ and CHj; group
frequeécies are modified due to irradiation. The increase in ébsorban‘ce' at 2838
cm’” in.‘tﬁe irradiated PP can be accounted for the formation of additional CHs

groups via radiation induced cross linking.
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Figure 4.1: FTIR spectra for pristine and irradiated polypropylene films.

4.1.2 Electrical Property

The electrical properties of pristine and irradiated polypropylene films
- were studied using an LCR meter. The resistance, capacitance and dielectric
measurements were carried out over the frequency range 100 Hz-1MHz at room
temperature. AC conductivity was calculated using equation 2.17 and dielectric

constant ,‘by equation 2.19 as discussed in Chapter 2.



¢ AC electrical frequency response

The variation of conductivity with respect to log frequency (f in Hz) for
pristine and irradiated samples is shown in Figure 4.2. A sharp increase in
conductiyity at 100 kHz has been observed in both cases. It is also observed
that conductivity increases as fluence increases. The increase in conductivity
due to irradiation may be attributed to scissioning of polymer chains and as a
result increase of free radicals, unsaturation etc. An ac field of sufficiently high
frequency applied to a metal polymer metal structure may cause a net
polarization, which is out of phase with tﬁe field. These results in ac conductivity,
it appears at frequency grea;(er than that at which traps are filled or emptied [6].

Figure 4.3 shows variation of tan d with log f (f in Hz) for pristine and
irradiated sampk;‘,. it reveals that loss factor (tan d) drop sharply as frequency
increases and became constant beyond a frequency of 1 kHz. It is also
observed that loss factor increases as fluence increases. This indi;:ates that loss
factor (tan d) depends on frequency below 1 kHz and became constant beyond
this frequency, suggesting that PP films can be used as dielectric in capacitors
being used .above 1 kHz frequency. It is observed that loss factor increases
moderately as fluence increases. The growth in tan d as the increase in
conductivity is brought about by an increase in the conduction of residual current
and the conduction of absorbance current [7].

Figure 4.4 shows variation of dielectric constant (e) with log frequency (f
in Hz) fbr pristine and irradiated samples. The e value remains constant for low
frequencies (100Hz to 100 kHz) and then decreases. At low frequencies the
mobility of the free charge carrier is constant and so e is constant. As the

frequency increases the charge carriers migrating through the dielectric and get
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trapped against a defect sites and induce opposite charge in its vicinity, as a

result of which théy slow down and the value of e decreases [8].
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Figure 4.2: Conductivity versus Log f for pristine and irradiated

" polypropylene films.
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Figure 4.4: Dielectric constant versus Log f for pristine and irradiated
polypropylene films.

134



4.1.3 Thermal Studies
Thermogravimetric analysis was done to study the thermal stability of the

pristine and irradiated polymers.

4.1.3.1 TGA analysis

The decomposition behavior of the polymer was examined by TGA as
shown in Figure 4.5. It is quite evident from the thermo grams that there is a
decrease in thermal stability due to proton irradiation. As depicted from figure,
the stable zone decreases from 251°C (for pristine) to 222°C (for irradiated
sample at fluence of 10" ions/cm?) respectively. The stable zone is followed by
a slow rate of decomposition from 251-277°C for pristine and from 222-286°C for
irradiated PP with weight loss (%) of about 10% and 16% respectively. A fast
rate of decomposition starts after that till the sample is completely decomposed
at 377 °C for pristine and 388°C for irradiated samples. It seems that irradiation
changes the PP structure to some extent to make it more stable at high
temperature.

The activation energy for the polymer decomposition process was
calculated from the TGA thermograms using the eq". In(In(mo/m))=E/R(1/T),
where E is activation energy of decomposition, mg is the initial mass, m is the
mass at temperature T and R is the universal gas constant [9]. The plots of In (In
(mo/m)) vs 10°T (K™Y is shown in Figure 4.6. The activation energies are 69.5
kJ/mol and 63.1 kJ/mol for pristine and irradiated PP respectively. This denotes
a degradation of the polymer matrix under proton irradiation, making it to start

decomposition earlier than the pristine PP.
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Figure 4.5: TGA thermograms for pristine and irradiated polypropylene
films.
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Figure "4f6: In (In(m¢/m)) versus 10%T (K™) for the pristine and irradiated
polypropylene films.
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4.1.4 Surface Morphology

Polypropylene is a smooth, soft and transparent. When it is exposed to
proton beam, no change in color is observed. The Figure 4.7 shows the optical
micrographs of pristine and irradiated samples. It is to be noted that the
iradiated samples do not appear to be flat (smooth) but seems to have the
appearance of a “hill-like” contour. As the fluence increases, the size of “hill-like”
contour decreases i.e. the number of hill-like contour increases. Surface of

irradiated samples became rough.

4.1.5 Conclusion

The general natures of FTIR spectra of pristine and irradiated
polypropylene are almost same except some minor change in intensity. The
irradiation gives rise the modification of C=C at 2049 cm™and CH; symmetric
stretching at 2838 cm™. The helix structure of PP has not been affected by
proton irradiation. Proton irradiation of PP leads to chain scission and cross
linking and as a result there are changes in the dielectric properties. The value
of conductivity, dielectric loss and dielectric constant increases with the increase
of fluence. TGA study indicates the degradation of polymer matrix under proton
trradiation and making it to start decomposition earlier than the pristine PP.
However, there seems to be little more stability of irradiated PP, as complete
decomposition occurs at higher temperature than pristine PP. The surface of
irradiated samples show “hill-like” contours as observed from optical
microscope. The surface of irradiated PP films became rough compared to

pristine one.
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Figure 4.7: Optical mici'ographs of pristine and irradiated polypropylene

films; (a) pristine, (b) 10" ions/cm? and (c) 10" ions/em?,
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4.2 Polyimide/Kapton

Polyimide represents an impbrtant class of high temperature, solvent
resistant polymers.u Aromatfc heterocyclic polyirhides aré .typical of most
commercial polyimide. This polymer has such incredible mechanical and thermal
propérties so that they are used in place of metals and glass in many high
performance applications in the electronics, automotive, and eveh the
aerospace industries. It comes- from strong intermolecular forces between
polymer chains. Polyimides usually are in two forms. The first of these is linear
structure where the a'foms of the imide gréup are part of linear chain. The
second of these structures is a heterocyclic structure Where the imide group is

part of cyclic unit in the polymer chain.

The effects of iow .and, hiéh energy ion beam irradiation ha\}e been
studied extensively. Xu et al [10] studied ion beam induced chemical and
structural modifications .irn Pl films. The quantitative evaluation of the FTIR data
shows di:fférent evolution behaviours under energetic ion irradiation for different
functionalvgroups. | |

Fink et al [11] investigated the IR transmission sbectra for keV to MeV
light and heavy ion irradiatéd PETP, PMMA, PC and PI films. Changes in most
preexisting transmission dips have been observed as a function of the irradiation
dose but no additiqnal new IR absorption structures have been recorded after
irradiation.

Terai and Kobayashi [12] studiéd the coh*iposition and strﬁcture changes
of Pl d_u§ to irradiation induced carbonization‘ by surfaée characterization

techniques and electric resistance measurement using 4 MeV Ni** ‘ibns in the
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fluence range 3.5 X 10'? to 1.0 X 10" ions/cm® They have reported that high
energy ion irradiation changes the structure and the propertieg of PI films. High
energy ion irradiation causes the carbonization of Pl films efféctively. In the low
fluence region, the oriented structure of Pl was preserved in the carbonized
~ area, while it was destroyed with increasing fluences. The electric resistance of
the film became very higr; in the high fluence region of 10" ions/cm?, which
comes from the dispersion of the carbonized areas fn the insulating matrix. High
energy ion irradiation creates a large concentration gradient of hydrogen in the
surface layer of the PI film.

Garg and Quamara [13] investigated the effects of 100 MeV Si* beam on
conduc;tion behavibur of Pl. Measurements under both transient and the steady
state conditions at different temperaturgs were made’ at different electric filed
ranging from 24 to 160 kV/é:m. Thé loss in the cérbonyl groups due to high
energy. ion irradiation results’ in a decrease of the decay rate of transient
éu‘rrenté. The transient curreﬁts in ion irradiated samples are mainly govefned
by free:‘ radicals formation. Based on the Schottky coefficient estimations_, the
P;)ole Frénkel an‘d Schottky conductibn mechanism appears to be operative
_céngjuctions mechanism at higher and intermediate temperature regions
A;refspéct;ivélj The decay behaviour is temperature and fluence dependent.
| Vifk‘ et al [14] showed the physical and chemicél resp‘onAse of 70 MeV
cérbon; ion irradiated Pl by using UV-visible, FTIR and :XRD techniques. UV- -
"--.viisible; fsbé_ctroscopic analysis of ifrradiat_ed‘ Pl revealed a change in optical
densnty afﬁd creation of defects, wvhich may be due to both degradaﬁon and

?ééoss I_ihkiﬁg of polymer chains simuitaneously. FTIR analyses revealed that ring =
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or ladder-structured polymers are chemically highly resistant to elecironic energy
loss. Pl has partial crystallinity as evidenced by XRD patterns.

Mishra et al [15] studied the spectroscopic and thermal behaviour of 2
MeV electron irradiated Pl by using FTIR spectroscopy, TGA and DSC
measurement. Through emergence of any néw structures after irradiation was
not observed, yet a decrease in thermél stability of the polymer accompanied by
decrea#e in melting temperature was observed after irradiation.

l:n the present work, Pl films were irradiated with 3" MeV proton beam at
the ﬂuéncés of 10", 10" and 10" ions/cm®. Pristine and irradiated kapton films
were characterized through structure, electrical, thermal,j mechanical and

surface morphology [16,17].

4 2.1 Structural Analys:s

The FTIR spectra of pristine and irradiated Polylmxde (Pl) samples are ‘
%shown in Flgure 4.8. The absorption bands as obtained from the pristine
Esbet:trum.are identified as (A) 932 cm™:C-C stretching vibration; (B) 1015 cm™
C-O-C stretching of ester; (C) 1728 cm™: C=0 stretching vibration; (D) 2777 cm’
'1:tC-H sti*etching vibration; (E) 3073 cm’’: aromatic C-H stretching vibration; (F)
;3486 cm™: C-H bending vibration; (G) 3630 cm™': O-H stretching vibration. C=0
£(Carbonyl group) is prone to irradiation and intensity of C=0 group decreases. It
is observed from the comparison 'of_'the spectra of pristine and irradiated
‘samples that no significant chahge in the vibrational frequencies occurs. This
éimplies tﬁgt the inter-chain separation is not affected much by proton beam ,'

- ;ir_radiatiqn, Most of the peak positions were found un‘changéd. There is no -
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change in the overall structure pf,'the polymer. It may be concluded that

polyimide is highly resistant to radiation degradation.
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4 2 2 Electncal Property

Electncai propemes of pristine and irradiated sampies were studied using i
an LCR meter in the frequency range 100 Hz-100kHz The resistance, -
capacxtance and dxe!ectnc loss measurements were carried ‘out at ambient .
"temperature. AC conductivity was calculated using equation 2.17 and dielectric :

i _censtent by equation 2.19 as discuseed in Chapter 2.
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e AC electrical frequency response

| The Figure 4.9 shows the vaﬁétion of conductivity with log frequency (f in

Hz) for the pristine _and irradiated polyimide films. A sharp increase in

conductivity has been observed around 50 kHz for pristine and irradiated

samples. It is also observed that the conductivity increases as fluence -

increases. The increase in conductivity due to irradiation may be attributed to

- scissioning of the polymer chains and resulting in an increase of free radicals,
unsaturatioh, étc. An AC field of sufficiently high frequency applied to a metal-

polymer-metal structure may cause a net polarization, which is out of phase with

the field. This results in AC conductivity; it appears at frequencies greater than

that.at which traps are filled or emptied [6].

Figure 4.10 éhows the plot of tan d versus log frequency for the pristine '
and irré'diéted samplés. It is observed that loss factor (tan d) increases
zmodérate’ly.:as frequency increases up to 10 kHz. It is al§b observed that the }K
joss fac’:‘cj)r'?inéreases as the ﬂuénce increasesf‘tan‘d. has positive values

indicating the dominance of inductive behavior.

Figﬂjl’lre‘ 4.11 shows the variation of dielectric constant with log frequency '
for the pfistine and irradiated sampies. As evident from the graph the dielectric "
o C(;nstant remains almost constant over a wide fréquency range and increases as .
the fldence }r;creases. It is an interesting observation bécause lot of Ka'pton
bésed capjaCitors are used in nucleér plants and bound to be exposed to nuclear ;:.

radiation.
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Figure 4.9: Conductivity versus Log f for pristine and irradiated
polyimide/kapton films.
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4.2.3 Thermal Studies
The thermal response of the pristine and irradiated kapton samples was
verified by two techniques, viz. (i) thermogravimetric analysis and (i) differential

scanning calorimetry.

4.2.3.1 TGA analysis

The TGA thermograms of pristine and irradiated Pl samples are shown in
f;'igure 4.12. The pristine sample was completely stable up to 410°C, where
: »t:here is no weight loss of the sample. This zone is followed by a slow rate of
(élecomposition. Due to the limited heating temperature of up to 500°C, the

weight loss of about 12% for pristine and 18% for irradiated (10'® ions/cm?) Pl
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was observed. The stable zone of irradiated sample was observed up to the

temperature of 395°C.

4.2.3.2 DSC analysis

Figure 4.13 shows the DSC thermograms for the pristine and irradiated
Pl samples. The glass transition temperature (Ty) was observed around 265°C in
pristine, and no significant change was observed in irradiated (10 ions/cm?)
sample. As the DSC study was done in temperature range 40°C-325°C, no

melting temperature (T;;) was obtained.
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 4{.2.4 Mechanical Property (microhardness)

We haQe stu'died the mechanjcal property {microhardness) by means of
Vickers’ micréhardness tester. The Vickers’ hardness was calculated using
equation 2.4 as discussed in Chapter 2.

Figure 4.14 gives the plots of the Vickers’ microhardness (Hv) versus
épplied load P, at different fluences. It is evident that the hardness value
iﬁcreases with load up to 300 mN and then saturates beyond the load of 400
mN. The increase of Hv with load éan be explained on the basis of the strain-
Eardening phénomenon. On applyiné the load, the polymer is subjected to some
strain hardening. Beyond certain loa;d the polymer exhausts its strain hardening

éapacity and the hardness tends to become constant.
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The rate of strain hardening is greater at low loads and decreases at
higher loads [18,19]. As can be seen, the hardness becomes independent of
load for more than 400 mN. The value obtained from the saturation region,
therefore, represents the true hardness of the bulk material, since at high loads .
the indentor pehetration depth is also high and surface effects become
insignificant. 1t is also observed that the hardness increases as fluence

increaées. This may be attributed to the cross linking phenomenon [18].
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Figure 4.14: Microhardnéss for pristine and irradiated polyimide/kapton
films.
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4.2.5 Surface Morphology

~ Polyimide/kapton is a semi transparent and yellowish brown (amber) in
colior.-When it is irradiated with the proton beam of fluence 1010 ions/cm?;
no change in its color is observed by naked eye. When these samples were
'studied. by optical microscope, its colouf changes have been obseWed. Figure
4.15 shows the optical micrographs of pristine and irradiated samples. It is
observed that the surfaces of irradiated samples do'hot appear to be flat

(smooth). It became rough and the roughness increases as fluence increases.

4.26 Conclusion

It is observed from the comparison of FTIR.spectra of pristine and
irradiated polyimide ‘fhatn no significant change has been observed in t'h-e overall
structure of the polymer but minor changes obsefved in the ’intensity of irradiated
samples aé compared to the pristine which may be due to the Bréakage of a few
‘bbnds.; It |s also revealed from thermal analysis that Pl is highly resistant to
radiation dégradation. The value of conductivity, dielectric loss and dielectric
cénstant were observed to increasé with the increase of fluence. This may be j
attributed to séissioning of polymeric bonds, resulting in an increase of free .
' ;rédica!'s, uﬁsaturation etc. Proton iradiation has been found to increase the
Vickers’ hardness of the-Kapton films. It is observed from the optical
micrographs that the irradiated sarhples do not appeaf to be flat (smooth). It

beCame rough and the roughness of surface increases as the fluence increases.
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Figure 4.15: Optical micrographs for pristine and irradiated
polyimide/kapton films (a) pristine, (b) 1013 ions/cmz2, (c) 1014

ions/cm? and (d) 1015 ions/cm2.
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4.3 Polyethylene terephthalate
Polyethylene terephthalate (PET) is a soft, transparent thermoplastic with

a high melting point (~265 °C) and a very good mechanical strength (at least up
to 175 °C) due to the presence of the aromatic ring in the polymeric structure. It

is resistant to heat and moisture and virtually immune to many chemicals and
has wide applications.

The effects of ion beam irradiation on PET have been studied extensively
by number of author using keV-MeV, light and heavy ions.

Ciesla and Starosta [20] reported the DSC, FTIR and XRD studies on
PET films irradiated with high energy heavy ions at high fluences. DSC revealed
the amorphization of PET films after heavy ion irradiation. Differences in melting
and crystallization processes between pristine and irradiated samples were
observed on primary heating but also on cooling and repeated heating. The
decrease in crystallinity was confirmed by wide and small angle XRD and
volume crystallinity measurements. The amorphization is due to cross linking
and degradation process. The changes in irradiated PET revealed by IR
spectroscopy can also be attributed to an increase of the content of
amophization phase.

Steckenreiter et al [21] showed the chemical modification of PET induced
by swift heavy ions. The irradiations with Kr (8.6 MeV/u) and with Mo (5.6
MeV/u) ions were performed under vacuum and in oxygen atmosphere,
respectively. The overall degradation of polymer was investigated as a function
of fluence. A significant loss of crystallinity is related to scission processes of the

main chains at the ethylene glycol residue. The benzene ring structure show
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only small changes under’irradiation and do not seem to participate in the
degradation process significantly. While various degradation processes known
from photochemical degradation take place, the creation of alkynes near the
track core is found to be a unique process induced by heavy ions. The presence
of oxygen during irradiation enhances the overall degradat-ionjof PET leads to
enhanced formation of alkyoes and COa,.

Biswas et al [22] studied the effect of swift heavy ion ijrradiati()n on the
radiochemistry and melting characteristics of PET by FTIR and fDSC techniques.
After irradiation with a 180 MeV Ag'* ion beam, DSC measﬁ‘;rements 'of PET
fxims exhibited significant change in their melting behavrour The gradual ‘
increase in the meltung enthalpy of :rradtated PET with the ion ﬂuence is

observe, which reaches a maximum when track over!appmg sets m and

decreases exponentlaliy thereaﬁer FTIR measurements of ‘rradtated PET at ¢

dxfferent ion ﬂuences have also shown partly different trend of amophlsa‘uon X-
ray drﬂ’ractxons results of :rradsated PET revealed a shift and a reductlon of the -
main peak»along:wnh the appearance of anew small peak ! ‘

| vTripathy' et al [23] studied’ 62 MeV proton mduced modlﬁcatlon in
Npolyethylene terephthalate by using FTIR spectroscopy, thermograwmetnc-
. :analySIS differential scanmng calonmetry, and X-ray dlffrac’uon spectroscopy 3
The expenments revealed a restoratlon of the orystallme matnx and’
' s:multaneous decrease i in thermal stablhty in the irradiated polymer as a funct:on }’ |
- of dose, :ndlcatlng that PET underwent both deg‘radatlon arid cross: Ilmng ~by:
proton :rradzat:on

However detailed "study of change in m:crohardness and eiectncal‘

propeny_due to ion irradiation has not much been reported. in this work we have '
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reported the effects of 3 MeV proton on the electrical, mechanical, thermal and
surface morphology of PET at different fluences. The changes in these
properties of polymer have been corroborated with structural modifications as
observed with the FTIR spectroscopy.

Pristine and irradiated PET films were characterized through structural
(FTIR spectroscopy), electrical (LCR meter), thermal (TGA and ' DSC),

mechanical (microhardness tester) and surface topography [24,25].

431 ‘Structura! Analysis

The FTIR spectra of the pristine and irradiated samples are jsho\:cvn in
Figure 4.16. The absorption bands as obtained from the pristine speotr_unw are
identiﬁed.las:(A) 725 em™: ring deforma,tion of phenyl ring, bending vibraﬁon of .
CH, group; (B) 862 cm"—:’ C-H deforrnation of phenyil ring, vibration"ﬁbandj’of: para
substituted benzene fing; (C) 1730 cm™: C = O stretching vibrat‘ion"»(D):'2335 :‘
cm’ vrbratron of COg, (E). 2975 cm™: C-H stretching of CHy group, (F) 3068 om™
© C-H stretchlng aroma’uc group, Gy 3294 cm™: C-H stretchmg vxbratrons of the
a!kyne group. Steckenrerter et al [21] also reported a band at 3294 cm’ whrch is
assrgned-to the charactenstrc C-H stretchmg mode of the alkynes end group (R-
C C H) The formation of the alkyne groups is also confrrmed by the:
srmultaneous observat:on of the C C stretchmg vibration band at 2102 om
The bands in the wave number reglon from 3600 cm -2500 cm are due to the' '
O- H stretohmg vrbratron The band at 1504 cm™ corresponds to amorphrsatton
of the crysta!hne fractron and main chain scission -at the para posmon of .

drstnbuted benzene nngs [22] Iti is. observed that there is no change in overali

’ structure of the: polymer but a minor ohange in intensities have been observed .
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up to the fluence of 10" ions/cm?. This might be due to the breakage of a few
bonds in the structure. It may be concluded that PET is resistant to radiation at
least up to the fluence of 10' ions/cm?. The spectrum corresponding to the
fluence of 10" jons/cm? indicates a very significant change in the structure of
polymer. This might be due to the scissioning of polymer chain. Further at this
fluence, there was severe surface roughening (as o!;sewed by optical
microscope) and became opaque. There is a drastic fall in the transmitted

intensity due to scattering of IR beam from the surface.

e 1015,0,,;;:;“2 S

Tran_smitta:_ficeﬁ(j’a;u;)f |

S - - L ] 1
4000 A500 3000, 2500 2000 .
L Wavenumber{cm-1)

1 S
1560 1000- 510

Figuré 4.16: FTIR spectra for prisﬁne and irradiated polyethylene
terephthalate films.
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4.3.2 Electrical Property

Electrical properties of pristine and irradiated samples were studied using
an LCR meter in the frequency range 100 Hz to 1MHz. The resistance,
capacitance and dielectric loss measurements were carried out at ambient
temperature. AC conductivity was calculated using equation 2.17 and dielectric

constant by equation 2.19 as discussed in Chapter 2.

e AC electrical frequency response

Figure 4.17 shows the variation of electrical conductivity with log of
frequency for the pristine and irradiated PET films. A sharp increase in
conductivity has been observed around 300 kHz for pristine and irradiated
samples. It is also observed that conductivity increases as fl‘uences increases.
The increase in conductivity due to irradiation may be attributed to scissioning of
polymer chains and as a result increase of free radicals, unsaturation etc. An ac
field of sufficiently high frequency applied to metal-polymer-metal structure may
cause a net polarization, which is out of phase with the field. This results in ac
conductivity, it appears at frequency greater than that at which traps are filled or
emptied [6].

Figure 4.18 shows a plot of tan d versus log of frequency for pristine and
irradiated samples in the frequency range 300 Hz to 1 MHz. It is observed that
the variation of tan & with log frequency is identical for pristine and irradiated
samples at low frequencies, and higher for irradiated samples. This possibly
indicates the dominance of inductive behavior. The tan & decreases as

frequency increases and becomes negative beyond a frequency of 300 kHz for



pristine and irradiated sample up to the fluence of 10" .ions/cm®. This shows
dominance of capacitive contributions [26).

Figure 4.19 shows the variation of dielectric constant with log frequency
for the pristine and irradiated samples. As evident from the plot, the dielectric
constant remains almost constant up to 100 kHz and then decreases at higher
frequencies. At low frequencies, the mobility of the free charge carriers is
constant and thus the dielectric constant remains unchanged. As the fréquency
iﬁcreases, the charge carriers migrating through the dielectric and get trapped at
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. At these
frequencies, the polarization of trapped and bound. charges can not take place

and hence the dielectric constant decreases.
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Figure 4.17: Conductivity versus Log f for pristine and irradiated
polyethylene terephthalate films.
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Figure 4.19: Dielectric constant, versus Log f for pristine and irradiated
Polyethylene terephthalate films.
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4.3.3 Thermal Studies

Thermogravimetric analysis and differential scanning calorimetry were

done to characterize the pristine and the irradiated PET films.

4.3.3.1 TGA analysis

The TGA thermograms of pristine and irradiated samples are shown in
Figure 4.20. As depicted in the figure the stable zones for pristine and irradiated
(at the fluence of 10" ions/cm?) samples are the same (up to the temperature of
222°C) though at the fluence of 10" ions/cm?, the stable zone is present only up
to 127°C. This change clearly indicates that up to the fluence of 10™ ions/cm?,
the system remains reasonably organized but gets quite disorganized with some
residual energy when fluence of 10" ions/cm? is uséd. Some b.on'd‘formation,
i.e., forming a more organized structure séems to occur up to the fluence of 10™
ions/cm®. The weight loss of 0.8 %, 1.5 % and 4.6 % has beén‘ observed for the
pristine and irradiated samples at 10" and 10'® ions/cm?, respectively, at the
temperature of 343°C. However, at the temperature of 383°C, the weight loss of
3.9 % has been observed vfor pristine and irradiated samples (at the fluence of
10" jons/cm?), whereas at the fluence of 10'° ions/cm?® a weight loss of 10% is
observed. From the data, it is evident that no significant change has been
observed up to the fluence of 10" ions/cm?, the fact aléo revealed by FTIR
Spectra (Figure 4.16). |

The activitation energy for the polymer decor’npdsiﬁon process was

calculated from the TGA patterns using the equation [9].
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In{ln[iniﬂ = ~—-§~(~;-) +const , where E is the activation energy of
m,

decomposition, my is the initial mass, m is the mass at temperature T and R is
the universal gas constant. The plots of In [ In (mo/m)] versus 10%/T are shown
in Figure 4.21. It is observed that up to the fluence of 10™ ions/cm?, the system
remains reasonably organised but gets quite disorganised with some residual
energy when fluence of 10'® ions/cm? is used. Some bond formation, i.e.
formation of a more organised structure, seems to be happening up to the
fluence of 10 ions/cm? as indicated by higher E of decomposition (260 kJ/mol)
at 10™ jons/cm?. However, decomposition is facilitated at higher fluence (i.e.
10" jons/cm?, E=127 kJ/mole). The activation energy for pristine PET sample is

216 kJ/mol.

4.3.3.2 DSC Analysis

Figure 4.22 shows, the DSC -curves for pristine and irradiated PET films
at the fluence of 10" and 10" ions/cm?. It is observed that the endotherm
denoting the melting temperature (T») underwent a change after irradiation. The
endotherm for the pristine PET was observed at 262°C. By increasing the ion
~ fluence up to 10" ions/cm?, the radiation damage effects on PET became more
evident, and the melting endotherm ?(Tm') is shifted to lower temperature up to ~
248°C. From the analyses of DSC ‘curves, the enthatpy of melting endotherm
can be considered as the overla:\p of two distinct terms, one at higher
ter,n‘perature corresponds to less damaged material compared to low.

temperature peaks [27]. The decrease in melting temperature with fluence
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further support the fact that scissioning of chemical bonds predominate by

proton irradiation.

4.3.4 Mechanical Property (microhardness)

We have studied the mechanical property (microhardness) by means of
Vickers' microhardness tester. The Vickers' hardness was calculated using

equation 2.4 as discussed in Chapter 2.

Figure 4.23 shows the plot of Vickers’ microhardness (H,) versus applied

load (P) obtained for the pristine and irradiated samples.
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Figure 4.20: TGA thermograms for pristine and irradiated polyethylene
terephthaiate films.
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Figure 4.22: DSC thermograms for pristine and irradiated polyethylene
' terephthalate films.
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It is evident from the figure that the microhardness is maximum at the
fluence of 10" ions/cm?2. The increase in the hardness may be attributed to the
cross linking effect [18]. 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. At the higher loads beyond 400 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. The hardness is seen to increase as fluence increases
up to the fluence of 10™ ions/cm® However, with increasing fluence, the
polymer degrades its mechanical strength and as a result hardness decreases
at the fluence of 10'° ions/cm?. The‘degradation may be a result of scissioning
of the chemical bonds at the higher radiation fluences. It is also observed from

FTIR spectra that structure of polymer changed at the fluence of 10" ions/cm?.
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Figure 4.23: Microhardness for pristine and irradiated polyethylene
terephthalate films.
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4.3.5 Surface Morphology

Polyethylene terephthalate is milky white with shiny and smooth surface.
The modification of polyrner surface is found with the change in the colour of the
polymer which is white milky with shiny for the pristine film and no appreciable
change in colour has been observed at the fluence of 10" ions/cm?. On the
further increase of the fluence the surface became .light—yélloWish, and
yellowish-brown at the fluence of 10” and 10" ions/cm?® respectively. When
these polymers were observed through optical microscope as shown in Figure
4.24 it is to be noted that the rrradrated samples do not appears to be flat
(smooth), but seems fo be rough. The roughnes‘s of the samples'i mcreases as

fluence increases.

435 Conclusion

The FTIR spectra rndrcate that PET gets chemrcatty degraded at the
highest proton fluence used that is 1015 ions/em?. It is observed that there is no
changes in overall structure of the polymer but a mmor change in rntensrtres
have been observed up to’ the fluence of 10" ionsfcm?. ThlS mrght be breakage
of few bonds in the structure There is an exponentral rncreasesm conductrvrty
wrth log of frequency and- the effect is- srgmﬂcant at hrgher fluences The loss
factor (tan d) and dlelectnc constant are observed to change apprecrably with
the ﬂuences The calonmetrrc measurements of 3 MeV proton rrradrated PET
show sngnrfacant change in melting enthatpy and rt decreases as ﬂuence

increases. Thrs decrease m mettrng temperature is attnbuted to the decrease in

molecutar werght The minor changes have been observed due to the cross-
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linking and scissioning of the irradiated PET as evidenced from TGA and DSC
thermograms. However, chain scission by proton irradiation at higher fluence
seems fo be the dominant process. The Vickers hardness of the polymer
increases up to a fluence of 10™ ions/cm?, probably due to cross-linking without
ahy degradation effect. However, the hardness decreases at the fluence of 10'
ions/cm? because of degradation of the polymer due to scissioning of bonds;
which is also corroborated with the FTIR spectra. It is observed from the optical
micrographs; that the irradiated samples do not appear to be flat (smooth). It
became rough and the‘ roughness of polymer surface increases as the fluence

increases.
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Figure 4.24: Optical micrographs for pristine and irradiated polyethylene
terephthalate films (a) Pristine, (b) 1013 ions/cm2, (c) 1014

ions/cm? and (d) 1015 ions/cmz2.
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4.4 Polyether sulfone

Polyether sulfone (PES) plays an ever increasing role in microelectronics
and aerospace applications due to its attractive diefectfic, mechanical, thermal
and chemical properties. It acts a like polycarbonate, but PES is a more heat
resistant. It can also stand' up well to water and steam, so it is used to make
things like cookware and medical products that need to,- be sterilized between
uses. lts chemical resistance is not es wide ae PEEK‘e; hence stable solutions

can be made if solvents are correctly chosen.

Only a few papers have mentioned the effects of low and high energy
" ions on PES. Wang et al [28] studied the dose rate effects on the electrical
properties of several polymers (PES PEEK, PS and PSA) |mplanted by 50 keV
atomic and molecular mtrogen tons They have reported that the electrical
conductlvsty of these polymers showe significant changes with varying dose rate.
These changes could not' be expteined by terget temperature effects. The .

eurrent—voftage' ‘characteristies and fhe temperature dependence of resistivity 1 S
were also found to be influenced by varying the dese rate;. Bridwell et al [29] .
studied the effects of 50 keV ions of‘»’EHe B, C, N, Ar-and As on PET, PAN, PES

and PEEK polymers. The surface res:stlwty versus dose in the range 10'°- 107

lonslcm lndlcates a plateau effect that are dependent on the incident ion and

the target polymer. They have also»g reported that alsphatlc or‘pamal!y aliphatic ¢

polymere such as PET and PAN wﬂ! reach lower resistivity than polymers that . .
have mo}e fully aromatic structuresg such as PEEK and PES. Evelyn et al [30}”. o
ir(adiated the stack of thin films of PES PS and PVC by 5 MeV helium ions and: .

) studied ’gh‘e radiation induced changes in chemical structure of polymers. The

166



presence of sulfone and phenyl groups in the chemical composition of PES

results in heat resistance and stability of the polymer to ionizing radiation.

Pristine and irradiated PES films were characterized through structural
(FTIR spectroscopy), electrical (an LCR meter), thermal (TGA and DSC),

mechanical (microhardness tester) and surface morphology {31,17].

4.4.1 Structural Analysis

Figure 4.25 shows the spectra of pristine and irradiated PES samples.
The absorption bands as obtained from the pristine spectrum are identified as
(A) 720 cm™: CH, absorption bands: (B) 890 cm™: C-H bending vibration; (C)
1080 cm™': C=S stretching vibration; (D) 1730 cm™: C=0 stretching vibration; (E)
1950 cm™: C=C stretching vibration; (F) 3000 cm™; C-H stretching vibrétion. it ss
observed that there is no change in overall structure of the polymer but a minor
change in intensities have been observed up to the fluence of 10™ 'ionélémz. It
may be concluded that PES is resistant to radiation at least up to the fluence of
10" jons/cm?. The spectrum corresponding to the fluence of 10" ions/cm?
indicates a very significant change in the structure of polymer. This might be due
to the breakage of bonds in the structure as well as formation of unsaturated
structure. Further at this fluence, there was severe surface roughening (as
observed through optical microscope Figure. 4.32) and because of severe
roughness there is drastic fall in transmitted intensity due to scattering of IR from

‘the surface.
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Figure 4.25: FTIR spectra for pristine and irradiated polyether sulfone
films.

4.4.2 Electrical Property

Electrical properties of pristine and irradiated samples were studied using
‘an LCR meter in the frequency range100 Hz-1MHz. The resistance, capacitance
-and dielectric loss measurements were carried out at ambient temperature. AC
conductivity was calculated using equation 2.17 and dielectric constant by

equation 2.19 as discussed in Chapter 2.
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e AC electrical frequency response

AC conductivity measurement was performed for irradiated and pristine
PES samples as shown in Figure 4.26. A sharp increase in cbnductivity has
been observed around 300 kHz for pristine and irradiated samples. It is also
observed that conductivity increases as fluences increases. The increase in
conductivity due to irradiation may be attributed to scissioning of polymer chains
and as a result increase of free radicals, unsaturation etc. An ac field of
sufficiently high frequency applied to metal polymer metal structure may céuse a
net polarization, which is out of phase with the field. This results in ac
conductivity, it appears at frequency greater than that at which traps are filled or
emptied [6]. |

Figure 4.27 shows a plot of tan d versus log frequency for pristine and
irradiated PES films. It is observed that tan d is higher for irradiated sample and
shows dominance of inductive behavior.

As evident from the graph (Figure 4.28) the dielectric constant remains
almost constant up to 100 kHz and then decreases at higher frequencies. At the
lower frequency, the mobility of free charge carriers is constant and so diélectric
constant is constant. As the frequencies increases the charge carriers migrate
through the dielectric and get trapped against a defect sites and induce an
opposite charge in its vicinity, as a result of which they slow down aﬁd the value

of dielectric constant decreases.
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Figure 4.26: Conductivity versus Log f for pristine and irradiated polyether
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Figure 4.27: tan § versus Log f for pristine and irradiated polyether sulfone
films.
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Figure 4.28: Dielectric constant versus Log f for pristine and irradiated
polyether sulfone films.

4.4.3 Thermal Studies
Thermogravimetric . analysis and differential scanning calorimetry
measurements were done to study the thermal response of pristine and

iradiated samples.

4.4.3.1 TGA analysis

TGA thenﬁograms of pristine and irradiated PES are shown in Figure
4.29. The thermal stability 'was fodﬁd to decrease with the increase of fluence. -
The pristine ‘PES was stable up té the temperature of 410°C while irradiated
sample is stable up to the temperature of 150°C with no loss of weight. The

stable zone is followed by slow decomposition rate. Due to limited heating
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temperature of 500°C, the weight loss of pristine and irradiated (10" ions/cm?)
PES up to this temperature was observed to be about 5% and 10% respectively.
The decrease in thermal stability was observed at higher fluence (10"
ions/cm?), which implies that chain scission proceeds preferentially compared

with cross linking.

4.4.3.2 DSC analysis

Figure 4.30 shows the DSC thermograms of pristine and irradiated PES
samples. T, was observed at 225°C in pristine sample, and was also present in
the irradiated (10" ions/cm?) sample. Due to limited heating temperature, Tr,

was not observed in both the samples.

. 4.4.4 Mechanical Property (microhardness)

We hé\)e studied the mechanical property (microhardness) by means of
Vickers’ microhadness tester. The Vickers' hardness was calculated using
equatidn 2.4 as discussed in Chapter 2.

Figure 4.31 show tﬁe plot of Vickers’ microhardness (Hv) versus applied
load (P) for pristine and irradiated films. It is evident that the Hv value increases
with the load up to 200 mN and then saturates beyond the load of 400 mN. The
increase of Hv with load cén be explained on the basis of the strain-hardening
phenomenon. On applying the load, the polymer is subjected to some strain
hardening and beyond certain loads the polymer exhausts its strain hardening
capacity and the hardness tends to become constant. The rate of strain

hardening is greater at low loads and decreases at higher loads.
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Figure 4.30: DSC thermograms for pristine and irradiated polyether
sulfone films.

173



As can be seen that the hardness becomes independent of loads for load
more than 400mN. The value obtained from the saturation region, therefore,
represents the true hardness of the bulk materiais. Since at high loads the
indenter penetration depth is also high and surface effects become insignificant.
It is also observed that the hardness increases as fluence increases. This may
be attributed to the cross-linking phenomenon [18]. However, on further increase
of the fluence, the polymer degrades its mechanical strength and as a result the
hardness decreases at the fluence of 10'® ions/cm?. The degradation may be a
result of scissioning of the chemical bonds at the higher filuences. It is also
observed from the FTIR spectra (Figure 4.25) that the structure of the polymer

changed at the fluence of 10" ions/cm?.

4.4.5 Surface Morphology

Polyether suifone is pale amber in colour. After modiﬁ’cation with proton
beam, no change in colour observed for 10" ions/cm?, but further increase of
the fluence the irradiated samples became light-yellow and dark brown at the
fluence of 10" and 10'° ions/cm? respectively. Figure 4.32 shows the optical
micrographs of pristine and irradiated PES samples. When these polymers were
observed through optical microscope, the irradiated samples do not appears to
be flat (smooth), ‘but seems to be rough. The roughness of the sample increases

"~ as fluence increases.

4.4.5 Conblusion

The FTIR spectra revealed that PES get chemically degraded at the
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fluence of 10" ions/cm?®. There is an exponential increase in conductivity with
log frequency and the effect is significant at higher fluences. The value of
dielectric constant and loss factor increases with the fluence. The decrease in
thermal stability at the highest fluence indicates that the polymer underwent
chain scission by proton irradiation and as a results, an increase of free radicals
etc. It is noted from the optical micrographs that the irradiated samples do not
appear to be flat (smooth). It became rough and the roughness of polymer
increases as the fluence increases. The Vickers’ microhardness of the bolymer
increases up to the fluence of 10" ions/cm? probably due to cross-linking
without any degradation effect. However, the hardness decreases at the fluence
of 10" ions/cm? because of degradation of polymer due to scissioning éf bonds,

which is also corroborated by the FTIR spectra.
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Figure 4.31: Microhardness for pristine and irradiated polyether sulfone
films,
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Figure 4.32: Optical micrographs of pristine and irradiated polyether

sulfone films (a) pristine, (b) 1013 ions/cm?2, (c) 1014 ions/cm?

and (d) 1015ions/cm2.
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4.5 Polycarbonate/Makrofol-DE

Polycarbonate (makrofoI-DE) is an amorphous polymer_ with attractive
engineering properties tnoluding high impact strengt'h; low rnoisture absorption,
low combustibility, good dimensional stability and high light transmittance. The
latter property has resulted in the application of PC as an‘i:mpact—resistance
substitute for window glass. Applications include glazing, safety shields, |enses,
eyeglasses, c’:asings::and ‘housings, light fittings, kitchenware V(microwaveabte),

medical apparatus (sterilisabte) and CD's (the discs).

The effect of ion beam irradiation on PC has already been reported.

Ferain and Legras [32] reported the chemical modifications indoced by swift

heavy ions (SHI) on a model compound of PC ie. diphenyt oarbonate' (DPC).

They have estabitshed the:'similarity' t)etween heavy ion irradiaﬁon énd heat

treatrnent On the basrs of these results they explamed the preferentral

‘ chemtcai attack along the tracks of the lrradrated film. Steckenrerter et at [33]‘
dstudred the degradatlon processes in PC rnduced by SHI rrradlatlons mducrng
electromc stopprng power hrgher than 4.0 MeV mg'em?. They observed alkyne

| formatron in all rrradrated samples using msrtu Fourier transform rnfrared (FTtR)
: spectroscopy Mrshra et al [15] studred the thermal and structural propertres of
62 MeV protons.rrradrated PC at drfferent doses (10, 30, ,60 and 80 kGy); They

- have’ reported no promrnent variation. in the absorbance bands of MFN and

. ’observed modrf catlon in thermal propertnes of MFN, Wthh rs dose dependent
Thermal analysrs is further corroborated the fact that cham—scrssron 1s “the
dommant phenomena in irradiated MFN sampies resultmg tn the reductron of rts

jv thermat stablllty by about 19%. Prraux et al [34] studied PC partlcle track—etohed
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membranes used as templates in nano-tubes and nano-wires manufacturing.
Dehaye et al [35] studied the chemical modifications in bisphenol A
polycarbonate induced by swift heavy ion irradiations and analyzed in situ by
means of FTIR spectroscopy. Four beams (‘iSC, DNe, “8Ca, '*°Xe) with energy of
a few MeV/amu have been used. The FTIR spectra obtained after the irradiation
exhibit an overall reduction in the intensities of the virgin PC typical vibration
bands and the appearance of néw bands. The analysis of the destruction and
the new vibration bands points out that the energy deposition mechanisms are
quite different depending on electronic stopping power. Wang et al [36] and Zhu
et al [37] reported chemical changes in PC induced by very high energetic ions
(>GeV) by using ex-situ FTIR spectroscopy. They also studied alkyne creatién in
irradiated PC for electronic stopping powef values higher than 3.3 MeV mg™
cm?. Chipara and Reyes-Rovmero [38] reported electron spin resonance (ESR)
investigations of SHI irradiated PC perférmed to study the nature of free radicals
as well as exchange interactions among them on the basis of track structure.

In the present work, Polycarbonate was irradiated with 3 MeV proton
beam at different ﬂuences.v Pristine and irradiated PC (MFD) films were
characterized through structural (FTIR spectroscopy), electrical (LCR meter),
thermal (TGA and DSC), mechanical (microhardness tester) and surface

morphology [39].

4.5.1 Structural Analysis
The FTIR specira of the pristine and ‘irradiated samples are shown in
Figure 4.33. The absorption bands as obtained from the pristine spectrum are

identified as: (A) 765 cm™: out of phase skeletal vibration of C-H deformation;
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(B) 1030 cm™: C-O stretching vibration; (C) 1645 cm™: C=C pheny! ring
stretching vibration; (D) 1775 cm™ : C=0 stretching vibration; (E) 2594 cm™:
hydroxyl stretchiﬁg bond; (F) 2968 cm™: CHs stretching vibration; (G) 3060 cm™:
C-H stretching vibration of aromatic compounds. It is observed that there is no
change in overall structure of the polymer but mihor changes in intensities were
observed up to the fluence of 10" ions/fcm?. The minor changes in the intensity
of peaks of the irradiated samples may be due to the breakage of few bonds in
the ladder structure, but this will not change the overall structure of the polymer.
The spectrum corresponding to 10'® ions/cm? revealed that the material suffered
‘severe degradation through scissioning of polymer chains and as a result,

significant change in the structure of the polymer.

452 Electribal Property

Electrical propeﬂieé of pristine and irradiated samples were studied using
an LCR meter in the frequency range 100 Hz-1MHz. The resistance,
capacitance and dielectric loss méasu_rements were carried out at ambient
temperature. AC conductivity was calculated using equation 2.17 and dielectric

constant by equation 2.19 as discussed in Chapter 2.

. AC' Electrical Frequency Response
Figure 4.34 shows the variation of electrical c?:mductivity with log
frequency for the pristine and irradiated samples. A sharp increase in
conductivity was observed around 300 kHz for pristine and irradiated samples. It

is also observed that the conductivity increases as fluence increases.
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Figure 4.33: FTIR spectra for pristine and irradiated polycarbonate films.

The increase in conductivity due to irradiation may be attributed to
scissioning of the polymer chains, resulting in an increase of free radicals,
unsaturation, etc. An AC field of sufficiently high frequency applied to a metal-
polymer-metal structure may cause a net polarization, which is out of phase with
the field. This results in AC conductivity; it appears at frequencies greate_r than
that at which traps are filled or emptied [6].

Figure 4.35 represents a plot of loss factor (tan &) versus log frequency

for pristine and irradiated polycarbonate (MFD) films at ambient temperature.
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The loss factor (fan §) decreases exponentially as frequency increases. It is also
observed that the loss factor increases as fluence increases. The increase in
loss factor with fluence méy be due to scissioning of po¥ymef chains, resulting in
an increase of free radicals etc. The tan § has a positive value, ihdicaﬁng the

dominance of inductive behavior.
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Figure 4.34: Conductivity versus Log f for pristine and irradiated
polycarbonate films.

Figure 4.36 shows a plot of dielectric constant (¢) versus Log f at ambient
temperature for pristine and irradiated po!ycarbbnate samples. As evident from
the graph, the dielectric constants remain almost constant up to 100 kHz and
then decreases at higher frequencies. At lower frequencies the mobility of the

free charge carriers is constant and thus the dielectric constant is constant. As
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the frequency increases, the charge carriers migrate through the dielectric and
get trapped against a defect sites and induce an opposite charge in its vicinity,
as a result of which motion of charge carriers is slowed down and the value of

dielectric constant decreases.

4.5.3 Thermal Studies
The thermal response‘ of pristine and irradiated MFD samples was
studied by two techniques viz., (i) Thermogravimetric analysis and (ii) Differential

scanning calorimetry.

4.5.3.1 TGA analysis

As depicted in Figure 4.37, the p'riétine aﬁd irradiated (at the fluence of
10™ ionslcm?').samples are the thermally stable up to 313 °C and 296 °C
respectively. On the other hand, fhe stability of irradiated sample (at the fluence
of 10"® ions/cm?) only remained up to 255°C. This c‘hanée clearly indicates that
up to the fluence of 10;"‘ ions/cm?, the éystem rerﬁaihs reasonably organized but
becomes quite disorganized when the fluence of 10" ions/cm? is used and
thermal stability reduced by about 19%. At the limiting heating temperature of
500 °C, the weight loss of pristine and irradiated poiycarboﬁate was about 46%,
48% and 59%, respectively. From the data, it is evident that no significant
change was observed up to the fluence of 10" ions{cmf, which is also shown by

FTIR spectroscopy (Figufe 4.33).
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The activation energy for the polymer decomposition process was
calculated from the TGA patterns using the eq". In(in{mg/m))=E/R(1/T), where E
is activation energy of decomposition, mg is the initial mass, m is the mass at
temperature T and R is the universal gas constant [9]. The plots of In (In (me/m))
vs 10%T (K" is shown in Figure 4.38. The actiQation energies are 136.87
kJ/mol and 95.56 kJ/mol for pristine and irradiated (10" ions/cm?) PC
respectively. This denotes a degradation of the polymer matrix under proton

irradiation, making it to start decomposition earlier than the pristine PC.

4.5.3.2 DSC analysis

Figure 4.39 shoWs the DSC thermograms for pristine and irradiated
samples. The glasé transition temperature (Tg) appeared around 146°C and no
melting endotherm (T,,,) peak was observed in the pristine sample. B'y increasing
the fon fluence up to 10" ions/cm?, the T, was shiﬁe& to lower temperature
(i.,e.144 °C). The minor change observed due to the cross-linking and
scissioning of the irradiated polycarbonate, which is also corroborated from TGA
thermogram and FTIR spectrum at the fluence of 10 ions/cm?. The decrease in
T, with further increase in proton fluence support the fact that chain scission

predominates by irradiation.

4.5.4 Mechanical Property (microhardness)

We have studied the mechanical property (microhardness) by means of
Vickers' microhadness tester. The Vickers’ hardness was calculated using

eqvuation 2.4 as discussed in Chapter 2.
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Figure 4.40 show the plot of Vickers’ microhardness (Hv) versus applied
load (P) for pristine and irradiated PC films. It is evident that the Hv value

increases with the load up to 200mN and then saturates beyond the load of 400

mN.
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Figure 4.37: TGA thermograms for pristine and irradiated polycarbonate
films.

The increase of Hv with load can be explained on the basis of the strain-
hardening phenomenon. On applying the load, the polymer is subjected to some
strain hardening and beyond certain loads the polymer exhausts its strain
hardening capacity and the hardness tends to become constant. The rate of

strain hardening is greater at low loads and decreases at higher loads.
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As can be seen that the hardness becomes independent of loads for load
more than 400mN. The value obtained from the saturation region, therefore,
represents the true hardness of the bulk materials. Since at high loads the
indenter penetration depth is also high and surface effects become insignificant.
It is also observed that the hardness increases as fluence increases. This may
be attributed to the cross-linking phenomenon [18]. At the fluence of 10"
ions/cm?, the surface become dark brown and Microhardness indentation mark

could not be observed on the surface.
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Figure 4.40; Microhardness for pristine and irradiated polycarbonate films.
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4.5.5 Surface Morphology

The modification in surface morphology are found with the change in
colour of the polymers, which is transparent for pristine film and no appreciable
change in colour has been observed at the fluence of 10" ions/cm?. On further
increase of the fluence the surface became slight yellow and dark brown for
iradiated samples at the fluence of 10" ionsfcm® and 10" ions/cm?
respectively. Figure 4.41 éhows the optical micrographs of PC samples. It is
observed that surface become rough and roughness increases as fluences

increase.

4.5.6 Conclusion

The FTIR spectra indicate that MFD is chemically degraded at the highest
proton fluence used, viz. 10" ions/cm”. On the other hand there was no
significant change in the absorbance bands of MFD observed by proton
irradiation up to the fluence of 10" ions/cm?. The minor changes in.the peak’s
intensity of irradiated samples may be due to breakage of a few‘ bonds in the
ladder structure, but this will not change the overall structure of the polymer. The
increase in dielectric properties‘ due to irradiation may be attributed to
scissioning of polymer chains, resulting in an increase of free radicals,
unéaturation etc. The decrease in tberma! stability at the highest proton fluence
(10" jonsicm?) indicates that the polymer underwent chain-scission by proton
irradiation. No significant change in the position of Ty was observed for pristine

and irradiated samples at the fluence of 10" ions/cm?® which is also
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corroborated with TGA thermogram and FTIR spectra at the fluence of 10"
ions/cm?. The Vickers' hardness of the PC sample increases up to a fluence of
10 ions/cm?, probably due to cross linking without any degradation effect. It is
observed from the optical micrographs; that the irradiated samples do not
appear to be flat (smooth). It became rough and the roughness of polymer

surface increases as the fluence increases.._

Figure 4.41: Optical micrographs of pristine and irradiated polycarbonate
films (a) Pristine, (b) 10" ions/cm? (c) 10™ ions/cm® and (d)
10'® ions/cm?.
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4.6 Blend Polymer (PVC+PET)

The significant advantages of polymer blends are that the properties of
the finished product can be tailored to the requirements of the applications,
~ which can not be achieved alone by one polymer. PVC is an important material
in cable insulation and sheathing; there is a much greater emphasis today on
the use of non-halogenated materials in electrical insulation. An extremely
important factor in the seléction of insulation and sheathing materials is the
flammability, smoke evolution and toxicity of the evolved gases. Since PVC has
very good electrical properties whereas PET was chosen because of its very
good mechanical strength due to the presence of the aromatic ring in polymer
structure. This polymer was prepared in the laboratory in equal proportion of
PVC with commercial grade PET in two roli mill as discussed in chapter 3.3.1.

Four films were irradiated by 3MeV proton beam at different fluences of 10",

- 0.5X10™, 10™and 10'® ions/cm? [40]. The unirradiated (pristine) and irradiated

samples were characterized for structural, electrical (dielectric properties),
thermal, mechanical (microhardness) properties and surface morphology as

discussed in Chapter 2 (article 2.3).

4.6.1 Structural Analysis

The FTIR spectra of the pristine and irradiated samples are shown in
Figure 4.42. The absorption bands as obtained from the pristine spectrum are
identified as : (A) 800 cm™: C-Cl stretéhing vibration; (B)1485 cm™: C-H Bending

vibration; (C) 1730 cm™: C=O‘stretching vibration; (D)1950cm™: C=C stretching
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vibration; (E) 2335cm™":vibration of CO,; (F) 2700cm™: O-H stretching vibration;

(G) 2850cm™: C-H stretching vibration.
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Figure 4.42: FTIR spectra for pristine and irradiated blend polymer films.

It is observed that there is no significant change in the intensities up to
the fluence of 10" ions/cm?. It is found that the absorption bands characteristic
of all above functional groups declines, conforming their destruction by
irradiation. These functional groups vanish gradually as irradiation proceeds.
'This may be atiributed to scissioning of polyméric chains and the
formation/emission of low molecule gases and radicals due to irradiation [22].
Further, the drastic changes in intensities of absorbance bands at the fluences

of 10" ions/cm?, and above, indicate that transmittance of IR beam from surface
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decreases due to roughness/opaque. It may be speculated that scattering from
the surface could also be a contributing factor in reducing the intensities of the

absorbance/transmittance bands.

4.6.2 Electrical Property

The electrical propérties of pristine and irradiated samples were studied
using an LCR meter. The resistance, capacitance and dielectric measurements
were carried out over the frequency range 100 Hz-100 kHz at room temperature.
AC conductivity was calculated using equation 2.17 and dieléctric constant by

equation 2.19 as discussed in Chapter 2.

e AC electrical frequency responsé

AC conducﬁvity measurement was performed for irradiated and pristine
samples as shown in Figure 4.43. A sharp increase in conductivity at 20 kHz
has been observéd in pristine as well as irradiated samples. It is also observed
that the conductivity increases as fluence increases. The increase in
conductivity due to irradiation may be attributed to scissioning of the polymer
chains and as a result, an increase of free radicals, unsaturation, etc. An Ac field
of sufficiently high frequency applied to a metal-polymer-metal structure may
cause a net polarization, which is out of phase with the field. This results in AC
conductivity; it appears at frequencies greater than that at whiéh traps are filled
or emptiéd [6]. |

Figure 4.44 shows variation ‘of tan § with log frequency for pristine and

irradiated samples. It reveals that tan & drops as frequency increases. It is also
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observed that loss factor (tan 8) increases as fluence increases. tan & has
positive values indicating the dominance of inductive behavior.

Figure 4.45 shows the variation of dielectric constant with log frequency
for the pristine and irradiated samples. It is seen that the dielectric constant
remains almost unchanged over é wide frequency range and increases as
fluence increases. This indicates that mobility of the free charge carriers is

constant at these frequencies and so the dielectric constant does not change.
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Figure 4.43: Conductivity versus Log f for pristine and irradiated blend
polymer films. '



0.080

\ —CO—— Pristine
: —0— 10" ionsl/cm”
0.075 - e 10 ionslem”
—¥— 10" *ions/icm’
0.070 - #
)*/
w0 /““'* f
§ 0.065 e MA/'A )
e _—-——O/ W
%
N
0.055 N
H M T v ¥ * ¥ T
1 2 3 4 5

Figure 4.44: tan § versus Log f for pristine and irradiated blend polymer

Log f (fin Hz)

films.
30 - --O— Pristine
—O—10"%ions/em”
D 10"0nsfom?
—¥—10"%ionslem®
284 B e 2
b
3
@ 264
g Lo 5 e = A A ALY, WS, G Wy
13
L2
% 244 o
& R R & e B ey # LS WP
&
(]
22 0—*0———0—0"——0——0—-0.0______,%
20 v T v T v f
2 3 4 5

Log f{f in Hz)

Figure 4.45: Dielectric constant versus Log f for pristine and irradiated
blend polymer films.

194



4.6.3 Thermal Studies
Thermogravimetric analysis and differential scanning calorimetry were

done to characterize the pristine and irradiated samples.

4.6.3.1 TGA analysis

The decomposition behavior of the polymer was examined’ by TGA as
shown in Figure 4.46. Thermograr"n shows two stage decomposition. As
depicted from the figure, the stable zone disappeared for the irradiated (10"
ion}s/cmz) polymer, which was observed up to 169°C for pristine polymer. TGA
thermograms indicate a degradation of thé ‘polymer matrix under proton
irradiation making it to decompose earlier than the pristine sample, which is also
corroborated by FTIR spectra (Figure 4.42).

The weight loss of about 10% and 25% has been observed for pristiné' -
and irradiated samples at the temperature of 270 °C, whereas a weight loss of
about 72% and 70% has been obéerved for pristine and irradiated samples
respectively at 500 °C. No appreciable change has been observed in the second
stage.

The activation energy for the polymer decomposition process was
calculated from the TGA patterns using the eq". In (In{m¢/m))=E/R(1/T), where E

is activation energy of decomposition, mg is the initial mass, m is the mass at
| temperature T and R is the universal gas constant [9]. The plots of In (In (mg/m))
vs 10°/T (K"} is shown for both stageé in Figure 4.47 (a) and (b). The activation
energies for first stage are 95.81 kJ/mol and 12.926 kJ/mol for pristine and

irradiated blend polymer respectively. The activation energies for second stage
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are 11.22 kJ/mol and 36.13 kJ/mol for pristine and irradiated blend polymer
respectively. As can be seen from thermograms (Figure 4.46), the weight loss of
pristine sample is about 2% more than the irradiated one in the temperature
range 285-500°C. This indicate that, in the second stage, the thermal stability of

irradiated sample is better than the pristine one.

4.6.3.2 DSC analysis

Figure 4.49 shows the DSC thermograms of pristine and irradiated (~10"
and 10" ions/cm? polymer films. The endotherm for the pristine film was
observed at 249°C. By increasing the fluence the endotherm shifted to slightly
higher temperature and then decreases to lower temperature on further increase
of the fluence. This change clearly indicates that up to the.fluences of 10"
ions/cm?, the system remains reasonably organized but gets quite disorganized
with some residual energy when fluence-of 10" jons/cm? is used. From the
analysis of DSC curves, it is observed that the endotherm consists of two péaks
at the fluences of 10'"* ions/cm?, one at high and conétant temberature related to

the unchanged material and the other at low temperature related to damage

material. This may be due to decrease in molecular weight [27].

4.6.4 NMechanical Property (microhardness)

We have studied the mechanical property (microhardness) by means of
Vickers’ microhadness tester. The Vickers’ hardness was calculated using

equation 2.4 as discussed in Chapter 2.
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Figure 4.50 show the plot of Vickers’ microhardness (Hv) versus applied
load (P) for pristine and irradiated films. It is evident that the Hv value increases
with the load up to 200mN and then saturates beyond the load of 400 mN. The
increase of Hv with load can be explained on the basis of the strain-hardening
phenomenon. On applying the load, the polymer is subjected to some strain
hardening and beyond certain loads the potymer exhausts its stratn hardening
capacity and the hardness tends to:become constant. The rj,aite of strain
hardening is greater at low loads and de:crea'ses at higher loads [18]. . - |

As can be sleen that the hardness becomes independent of loads for load
more than 400 mN The va!ue obtarned from the saturatlon regron therefore
represents the true hardness of the bulk matenals Srnce at hrgh !oads the
rndenter penetratron depth rs also hrgh and surface effects become rnsrgnrfrcant
ltis also observed that the hardness lncreases as fluence mcreases Thrs may
‘be attrrbuted to the cross- hnkrng phenomenon [18] On further increase: of
fluence (ie. 10” ronslcm ) the polymer degrades rts’mechanrcal strength and

(

“as a result the hardness decreases Strtl at higher ﬂuence re 1015 rons/cm the

sample become dark brown and it was not possrbte to see the rndentatron mark
s E -

4.6.5 Surface Morphology
The modifications in surface morphotogy are found wrth the change in

o cotour of potymenc btend whrch is (dult Gray for the prrstrne film and no

o apprecrable change in colour has been' observed at the ﬂuence of 1()13 |ons/cm

|3

' ?_ On further increase of the ﬂuence the surface became yellowrsh~brown and dark

: brown at the ﬂuence of 10" and 1015 ions/cm? respectrve!y ‘When these

o polymers were: viewed through optrcal mrcroscope iti is observed
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that the irradiated samples do not appears to be flat (smooth), but seems to be

rough. The roughness of the sample increases as fluence increases.
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Figure 4.49: Microhardness for pristine and irradiated blend polymer films.

4.6.6 Conclusion

The proton irradiations of blended polymers lead to chain scission and as
a result there are changes in the dielectric properties. There is an exponential
' inc'r.ease in conductivity with log frequency and the effect is significant at higher
fluences. The DSC measurement of irradiated blen:d‘edI~ polymer shows
significant changes in its melting property. This indicates that the melting
temperature first increases with the fluence, and then decreases again. When

ion track overlapping sets in, competing processes such as amorphisation
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overtake, leading to a reduction of the melting point. The TGA theffmogfam 3
indicates a degradation of the polymer matrix under proton irradiation making it
to decompose earlier than the pristine sample, which is also corrobdrate’d by
FTIR spectra. However, chain scission by proton irradiation at higher fluence
seems to be the dominant process. The Vickers’ microhardness of the blend
polymer increases up to the fluence of 10" ions/cm?, probably due to cross-
linking without any degradation effect. However, the Vickers’ hardness
decreases at the fluence of 10" ions/cm? because of degradation of polymer
due to scissioning of polymeric chains, which is also corroborated by the FTIR
spectra. Due to severe damage of surface at highest fluence microhardness
indentation could not be measured. The optical micrographs indicate that the
irradiated samples do not appear to be flat (smooth). It became rough and the

roughness of polymer increases as the fluence increases.
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Figure 4.50: Optical micrographs of pristine and irradiated blend polymer
films (a) pristine, (b) 1013ions/cm2, (c) 1014 ions/cm2 and (d)

1015ions/cma2.
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