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Modificationsin polymeric properties dueto different doses of gamma
irradiation ranging from 10' Gy to 10° Gy: An account
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ABSTRACT

When polymeric materials like Polyallyl diglycol carbonate (PADC), Polycarbonate (PC), Polyvinyl Chloride
(PVC), Polypropylene (PP) etc. are exposed to gamma radiation, they show pronounced changes in their physical
and chemical properties. Interestingly, the changes dueto irradiation are varied in nature, proving that all polymers
do not undergo similar type of modifications under similar irradiation conditions. Thus, while polymers like PADC
and PVC do not reveal any change in the IR spectral pattern, the IR spectrum of polypropylene polymer confirms
the total destruction of isotactic arrangements of the polymer leading to the formation of alcoholic and ketonic
groups. The etch-rates are drastically enhanced due to irradiation at the highest dose for all types of PADC
detectors which is not the case for polycarbonates. For polyacetate polymer, elimination of carbon dioxide takes
place due to destruction of the ester group. Interestingly, in polycarbonate polymer it was observed that at the dose
of 10°Gy, phenolic groups form due to cleavage of ester bonds. Thermal stability of PADC (American-Acrylics) is
drastically reduced at the doss of 10° Gy, whereas for polypropylene polymer, the stability is greatly enhanced. It is
also observed that due to etching, thermal stability of PADC detectors decreases. Didlectric studies reflect the fact
that at a gamma dose of higher than 10* Gy, PADC detector may not behave as an ideal nuclear track detector. This
paper accounts the modifications on different types of polymeric track detectors due to gamma irradiation.
Variations in different properties such as track properties, structural modifications, thermal properties, electrical
properties etc. through a dose range of 10' Gy to 10° Gy are discussed
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INTRODUCTION

The application of radiation on polymeric materiesof great importance as it allows achievemeifitgesired
modifications in polymer propertiedtradiation of polymeric materials with gamma rayé&rays, accelerated
electrons and ion beams for example leads to thmedion of reactive intermediates such as freecedslj ions and
excited states which then lead to reactions tikain scission, chain aggregation, formation ofldelwonds and
molecular emissionThe outcomes of these reactions are formation @fized products, grafts, scission of main
chain (degradation) or cross-linking. Often the tarocesses (degradation & cross-linking) occur #emeously,
and the final outcome of the process is determimgd competition between the reactions [1,2]. Otkialaand
degradation occur gradually with increasing irrédia dose. Different polymers have different resgEm to
radiation, which are intrinsically related to thkemical structures of the polymerss a consequence of this,
physico-chemical properties of the polymer beconoelified [3-10].
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Responses of track detectors are different foersffit types of radiation, and the applicationshef detectors are
dependent on the type of radiation they are expased his property can be utilized to modify thelymoer
properties, as can be accessed from the fact foabawork has been reported on the influencgarhma radiation
on nuclear track detectors [11-18]

Our group has been involved with the study of paymodification through gamma radiation for the fasv years,
which has led to some understanding of the typeadifications that takes place in the irradiatetypers. This
paper presents an insight of the behavioral trexfdhe modifications caused in polymer materialsdifferent
doses of gamma radiation.

MATERIALSAND METHODS

Seven samples of the polymeric material/detectovasious thickness and sizes (3 x 3%crand 2x2 crf) were
exposed t0°°Co gamma source having a dose rate of 3.0 k Gyih.ekposure time varied from 12 s to nearly 14
days in order to deliver the required doses inréimge of 16to 1¢ Gy. The errors in doses range from 8% for low
dose (10 Gy) to about 1% for high doses.

For track studies, one set of each sample wassfigdsed at normal incidence to alpha and fissagnfients from a
#2Cf source (having a half-life of 2.65 years andivitiés of 57 x 1G fissionmin and 184 x 10 alpha
particlegmin). The pre-exposed samples, along with the unsagh second set of samples, were then irradiatiéd wi
various doses of gamma radiation in the dose rahd@'—1¢ Gy. Subsequent to the gamma exposure, the second
set was exposed to tH&Cf source for alpha and fission fragment detectibine first and the second sets are
referred to as the post- and pre-gamma sets, tigggaén this work.

The bulk etch rateV{g) and track etch rat&/f) were determined from the following expressions
Ve = Dg/2t, V= V X Vg, Where V= 1+ x/1— x*, x= Dg/D,,
where xis the diameter of the fission tracks angii® diameter of the alpha tracks [11]
RESULTSAND DISCUSSION
This paper is a report of the modifications tha eaused on different polymers/polymeric track cters due to
gamma irradiation. The modifications had been eadissessed by different analytical techniques3H]9and a
compressive account is now presented.
On PADC Detectors:

Gamma effect on four different types of PADC (Ptigtadiglycol carbonate) detectors was studied pi9-The
PADC detectors used are classified on the badisedf origin, as follow

Name of the detecto Manufractured by  Thickness
PADC Homalite 1500 pum
PADC American Acrylics 650 pm
PADC Pershore 1000um
PADC Trastrack 650 um

The chemical structure of PADC is given below

—ECH—CH—- — - CH—CH,=
CH;—0—C—0—C2Ha—0—C Ha—O—C—0—CH;

[
)

Since PADC is known to be one of the most widelgdugrack detectors, modifications on track propsrivere
studied for these detectors. Track studies revealadin almost all the cases, both the bulk aadktetch rate start
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increasing significantly at a dose higher thah &@. This increase in etch rates was observed tin - and post-
gamma exposed detectors. Since the etch rate geciegenerally due to scissioning of the moleccifein, it may
be assumed that scissioning of the molecular ctairts at a dose of 1Gy. With increasing dose, the intensity of
chain scissioning increases. It was also obsetvatigost-gamma irradiated detectors had higher rettiehvalues
than pre-gamma irradiated samples. This could leetdu'urther scissions caused by gamma radiatibe. mMore
scissioning of the polymeric chain, the more is tb@uction in the average molecular weight of tbemer, and
thus the etch rate values increase. Another exjtemenight be that the post-gamma exposure hinter&innealing
of fission product radiation damage, which ultinhaiecreases the etch rates. Table 1 shows theddtuatk rates for
pristine and irradiated detector at a dose 8630and 16 Gy, for the etching temperature of60 of both pre and
post-gamma detectors. The detailed modificationgliferent PADC detectors are available in oulieareports
[19-21].

Tablel. Bulk etch rate (Vg) in pm/h for gamma-irradiated PADC detectors

. 100G 10°G
Detector Etching TemperatuJe No Dose pre-gamma ypost-gammapre-gamma gost-gamma
Homalite 66C 0.69 +0.03 | 0.75+ Q03 076 +003 | 933+12 1120+ 12
Pershore 6T 150+003 | 420+0Q03 590+ Q03 | 1560+12 2240412
Trastrack 6fC 250+ Q03 | 380+ Q03 560 +003 | 2100+12 2620+12
American-Acrylics 66C 0.59 + 0.06 1.22+0.10 1.58+0.10 1806+ 26.95+1.8

Since the etch rate increase is generally cormlaigh scissioning of the molecular chain, thergossible of
cleavage of Polyallyl linkage with diethylene glyicas has been reported earlier [20 ]. This samsgof the chain

lead to the formation of radical (Fig.1) as wasedttd in PADC (American-Acrylics) at a gamma do&a Gy
[20]

PADC (American Acrylics)

Scon Time (min)

Fig.1. ESR spectra of pristineand irradiate PADC (American-Acrylics) in which the presence of oxygen radical isindicated by a broad
signal at a dose of 10° Gy [20]
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Figure2 TGA thermogram of gammairradiated PADC (American- Acrylics) [20] showsthat at the highest dose, thermal stability
decreases
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Gamma irradiatioroes not seem to have significant effect on thestadility of PADC detectors [23]. However,
only in the case of American-Acrylics detector,rthal resistance decreases drastically due to gasxpasure
(Fig.2) at the highest dose of®1By [20, 23].

This decrease in thermal stability in American Aics/ can be attributed to the scissioning of théymper chain.
However for other types of PADC detectors (Fig.B)rmal stability does not seem to be modified due
irradiation.

PADC (Homalite)
100

57

WEIGHT (%)
o
o

25

30 Ele) 180 210 270 330 390 450 510 570

Temerature (C)
Figure3 TGA thermogram of gammairradiated PADC (Homalite) [23] does not show any significant modifications
Further it was observed that chemical etching catise thermal stability of the PADC detector toréase to a

significant extent. Fig.4 shows the TGA thermogifametched and un-etched detector, which clearigiences the
decrease in thermal stability of the etched detd2e).
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Fig. 4. TGA thermogram of gammairradiated un-etched and etched PADC (American-Acrylics) detector [28]

The dielectric response of gamma irradiated PAD@¢Acan Acrylics) samples indicates an increasdietectric
constant values at a dose of Gy (Figure 5). An increase has been observell mtemsured frequencies implying
an improvement in the orientational polarisatiorthef PADC molecules with the applied electric figlbnsidering
the ion explosion spike model, it could be possthk at this highest dose, the detector may nbave as a good
track detector [22].

On Polycarbonate Detectors
An account of the different types of polycarbond&tectors as given below is reported here, basecsuits of
earlier studies [30,31].
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Name of the polymeric detectqr Manufactured by Kihéss
Makrofol-E Bayer AG, FRG 300 pm
Polycarbonate Bayer AG, FRG (transparent) 300 ym
Lexar GEC,USA 500 pn
Polycarbonate Bayer AG, FRG (semitransparent) 100
60
554 —@— Pristine
5
504 - 1(2 Gy
£ ——10 Gy
z
8
2
=
2
2
a
20 t t t
0 5 10 15 20

Frequency (kHz)

Fig.5 Variation of dielectric constant with frequency in pristine and irradiated PADC (American Acrylics) [22]

The Chemical structure of polycarbonate polymeyiven below

Polycarbonate polymer is known as bisphenol-A paiyonates, having two benzene rings in the monamigr
These aromatic groups are known as radiation &tatsl and have the ability to reduce the polymexdiation
sensitivity due to delocalization of the excitatienergy. Probably the presence of aromatic gronpthése
polymeric films makes them radiation insensitivel d&'ence the back-bone structure remains intact possibility
explains the fact that no significant change inlihik-etch rate of these detectors is observed aften exposure to
gamma radiation as high as’¥By [30]. Table 2 presents the etch rates of difietypes of polycarbonate detectors
at different doses [30].

Table 2. Bulk etchrate (Vg) in pm/h for gamma-irradiated Polycar bonate detectors

Detector Etching TemperatuJe No Dosg Pre 10°cy posi Pre 10° Gy post
Makrofol-E 60C 0.73 +.06 | 0.72 + .06 078+.06 | 0.90+.06 1.03+ .06
Lexan 66C 0.64 +.03 | 0.59 + .03 064 +.03 | 0.73+.03 0.85+ .08
Polycarbonate (transparent) °60 062 +.03 | 062+ .03 063+.03 | 0.74+.03 0.73+ .08
Polycarbonate (semitransparemt) %60 0.67 +.03 | 0.66 + .03 067 +.03 | 0.84+.03 0.89+ .08

Even though there was no apparent bond breakintheftotal polymer structure, ESR studies reveal esom
information about the cleavage of C-H bond of teeZene rings [R]. ESR spectra show the formatioraditcal in
the polymer irradiated at the highest dose (Fig.6).

ESR studies give further information about the wéeg of C-H bond of the benzene rings. The radiddth is
formed from the carbon atoms delocalizes in thg Epstem and the hydrogen radical formed probabighines
with other hydrogen radicals to form hydrogen moles.
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Fig.6. ESR spectra of gamma irradiated Makrofol-E detector, showstheradical signal at a dose of 10° Gy[30]

The thermal resistance of these detectors is notdido be modified after irradiation [23,30]. TGBetmogram of
polycarbonate (300 um), ascertains this (Fig.7)y@mwas observed that at the highest dose 8@y the polymer
thermal stability decreases to some extent andhwédgs process starts at lower temperatureai.d20°C and
continues up to 700°C.
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Fig.7 Thermogram of gamma irradiated Polycar bonate detector [30]

Interestingly, in case of one polycarbonate polyfi€0 pm), it was observed that glass transitionprature
decreases (Fig.8) with increasing gamma dose [31].

150

.\./I\
148 —

146 \

144

‘o)

o

T

142

140 ]

T T T T T T T
0 10*1 10%2 10*3 104 10*5  10*6
Gamma Dose (Gy)

Fig.8 Dose-dependent variation of Tg for gamma-irradiated polycar bonate polymer [31]
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IR spectra of polycarbonate (100 um) indicate tning to gamma exposure, polycarbonate polymer $orm
phenolic group at the dose of®IBy. This phenolic group forms due to cleavage térelsonds as explained by us
earlier [31].
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Fig.9 XRD spectra of gamma-irradiated polycarbonate polymer [31]

XRD studies indicate the presence of two types afoacrystalline zones which are dispersed in anrphous
matrix. With increasing gamma dose the intensitpath peaks increases. These results reflect hleahnorphous
character of the polymer decreases and crystgllimireases with increase in dose, which may beaseissioning
of the polymer chains, by which the polymer undesgsome spatial rearrangement. The small fragnreats
rearrange themselves towards new crystalline z&igure 9 shows the XRD spectra of pristine and gamm
irradiated polycarbonate polymer (100 pm).

Polyacetate Polymer
Gamma effect on different types of polyacetate payas given below were studied [32,33]

Name of the polym Manufacture by Thicknes
Triafol-TN (cellulose tracetate Bayer AG. Leverkusen, FF 100 pn
Triafol-BN (cellulose acetate butyrat¢) Bayer A@verkusen, FRG 200 um
Polyacetate Bayer AG. Leverkusen, FRG 770 ym

The bulk-etch rate (&) was determined by the track diameter techniqukffatrent etching temperatures (55, 60, 65
and 76C). The bulk-etch rates for both pre- and post-ganexposed Triafol-TN detector in the temperatarge
from 55 C to 70C is increased by about 10 -15% up to a dose D30 In the case of Triafol-BN, the bulk-etch
rate is practically independent of the gamma dgseoulG Gy. However, at 190Gy a steep increase ing\is
observed which is 30 to 50 times higher than therane \4 at 10 Gy. This marked increase ins\\nay be due to
scissioning of the molecular chains caused by gamadation. It was also observed that the etch-rateains
invariant for both pre- and post-irradiated sanBkTable 3 and Table 4 lists the bulk-etch reatues for Triafol-
TN and Triafol-BN for pre-gamma set at differensds and at different etching temperatures.

Table 3. Bulk- Etch Rate (Vg) in um/h For Triafol-TN for pre gamma exposure

Temperature | No Dose 10' Gy 10° Gy 10° Gy 10* Gy | 10° Gy
55°C 1.75+ .07 | 1.74+ .07 | 1.77+.07 | 1.89+ .07 | 1.80+.07 | 1.95+.07
60°C 2.35+.12 | 2.3% .12 | 242% .12 | 2.4% .12 | 2.4& .12 | 2.4% .12
65°C 2.76:.09 | 2.83%.09 | 2.84.09 | 2.84.09 | 2.8%.09 | 2.8& .09
70°C 3.42+ .13 | 3.6¥.13 | 3.6%.13 | 3.7%.13 | 3.7#.13 | 3.8%.13
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Table- 4 Bulk- Etch Rate (V) in um/h for Triafol-BN for pre gamma exposure [32]

Temperature | NoDose | 10'Gy | 10° Gy | 10° Gy | 10° Gy | 10° Gy 10° Gy
55°C 0.38.04 | 0.39:.04 | 0.38:.04 | 0.3%.04 | 0.3%.04 | 0.5¢.04 | 14.661.6
60°C 0.64+05 | 0.65:.05 | 0.6%.05 | 0.6%.05 | 0.65.05 | 0.6&.05| 31.382.9
65°C 0.7G.06 | 0.73.06 | 0.73.06 | 0.72.06 | 0.72.06 | 0.7%.06 | 40.6%4.2
70°C 0.82:.06 | 0.82.06 | 0.83.06 | 0.84.06 | 0.84.06 | 1.1¢.06 | 49.1@4.2

UV-Vis study of Triafol-BN (Fig.10) clearly reflestthe oxidation of polymer at the dose of By, which could be
due to removal of antioxidants present in the pa@yms explained by the disappearance of the pdakil@er) at
310 nm [32]. At the dose of 1@y, this shoulder disappears implying that théoaidant was removed by radiation
from Triafol-BN and thus oxidation was favored dahd detector became brittle.

5:0000
TRIAFOL=-BN

— — — NO DOSE

(Abs)

0-0000

2000 ! k 8000
Wavelength {(nm)

Fig. 10. UV -VISabsorption spectra of gamma irradiated Triafol-BN detector [32]

IR studies some information about the ester groegirdction of the Triafol-BN polymeric film at 1@y gamma

dose as reported earlier [32]. This destructiadseto a decrease in the average molecular weight@sequently
the bulk-etch rate increases.

Due to gamma exposure the dielectric constant @fptilyacetate polymer increases at a dose higher 1 Gy
(Fig.11). The increase is visible in the lower freqcy region i.e. in the range 42-1000Hz. The increase in
dielectric constant value is probably due to irtagty in the polymer chains caused by irradiatidhis irregularity

gives rise to a hopping mechanism which enhanaegatarization in the polymer matrix at a dose bigthan 16
Gy [33].

160 =
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_ |
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|
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0
E 60 '\, dielectric constant for pristine
kol L Y. and irradiated samples
fal [
40 ’.r
——
20 4 v v
——y
0 T T M T ¥ T T M T ¥ T T M T T 1
-1000 a 1000 2000 3000 4000 5000 6000 7000 8000

Frequency(Hz)
Fig. 11. A comparison of dielectric constant value of pristineand irradiated polyacetate polymer at different frequencies33]

Polypropylene (PP) Polymer

Interestingly it is observed that due to gamma sxpe at the dose of 4Gy, oxidation takes place by removing the
antioxidant present in the film which probably faaetes random destruction of the polymeric chaiithwthe
formation of alcoholic and ketonic groups. The deteechanism about the formation of alcoholic aeddtic group
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is explained in our earlier report[34]. Figure 1RBow the IR spectra of the pristine and gamma iaizdi
polypropylene polymer irradiated by gamma radiation

Tranamiitsncs %
: 3 ¢

[ X)

Wirvanusbers {em=)

Fig.12 FT-IR spectra of pristineand irradiated Polypropylene polymer [34]

With the formation different unsaturated groupghe polymer matrix, the optical band-gap of polyrdecreases
with increasing dose and it is prominent abovedbse of 16Gy. The optical band gap from 4.59 eV from pristine
sample reduces to 2.07 eV for the sample irradiateti§ Gy. The UV-Vis spectra of the irradiated polymer at

different doses are shown in Fig.13, which cleaeRects the shift of absorption edge towards higreqjuency due
to decrease in band gap [34].

40
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Figure 13. UV-VIS spectra of gammairradiated Polypropylene polymer showsthat dueto increase of gamma dose, adsor ption edgesto
higher wavelength [34]

TGA study of the polypropylene polymer clearly chmtes that due to gamma exposure at the dose®dByOthe
thermal resistance of the polymer increases (Fjgp to the dose of $@y, the decomposition of the polymer
starts at around 260—2and completes at around 330-%35 But at the dose of 1@y, decomposition starts at

a much lower temperature, i.e., around %C78and continues up to about 860and the polymer is found to
decompose in four different steps.
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Fig.14 TGA thermogram of pristineand gamma irradiated polypropylene polymer [34]

Polyvinyl Chloride (PVC) Polymer
Gamma irradiation of Polyvinyl Chloride shows that a dose higher than *IGy, optical band gap for the PVC

polymer decreases with increasing dose [35]. @kirease is more significant at higher gamma dasdsat the
dose of 186Gy observable scissioning of the C-Cl bonds takase as follows [35].

: 6 .
i 10° ay [ i .
Ho—C CHz2—C + Cl
[ Gamma Dose .
[¢]]
In In

This scissioning of the C-Cl bond leads to formatid double bonds as can be seen in IR spectra.rébuces the
thermal stability of the PVC and the irradiatedymoér decomposes at temperatures lower than thosedgristine
polymer. The heat evolved due to the decompositiothe polymer decreases to a large extent at tise of 16
Gy. At higher dose (fG3y), the exothermic behavior of the polymer disappealue to the scissioning of C-Cl bond

[35] as can be seen in Figure 15.
2]

heat flow [mww]

=} v "
000 QOO 0D Pl 4000

temperature [*C]
Fig.15 DSC ther mogram shows the disappear ance of exother mic peak at dose of 10°Gy [35]

CONCLUSION

On the basis of the study had been made on difféypes of polymeric materials the following corgibins are

made
a.Due to gamma exposure etch-rates of the PADC deteaicreases significantly at a dose of By and this

increase is more pronounced for post-gamma expaestedtors.
b.Thermal stability of PADC-American Acrylics decreasdrastically at a dose of®1Gy, which is not the case of

other types of PADC detectors. Due to chemicalietghthe thermal stability of PADC detector decesasore.
c. Dielectric constant of the PADC detector increastehie highest dose of 1Gy.
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d.Gamma irradiation does not seem to have any sagmifieffect on bulk-etch rates of polycarbonateders.
e.Amorphous character of the polycarbonate polymereteses and crystallinity increases with increasgamma
dose

f. Owing to gamma exposure, polycarbonate polymer $gshenolic group at the dose of Gy.

g.Bulk-etch rate of Triafol-BN increases significagndlt the highest dose of gamma exposure whichtisheocase
for Triafol-TN detector.

h.Due to gamma exposure the dielectric constanteptilyacetate polymer increases at a dose higaeritt Gy

i. Gamma exposure leads to formatafralcoholic and ketonic groups in polypropylendypter

j- Thermal stability of polypropylene increases dugamma exposure

k. Gamma irradiation leads to formation of polyeneBPYfC polymer due to scissioning of C-Cl bonds
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