December 2009

Volume 5 Issue 4

Trade Science Ine.

A Tndéian Yournal

—  Ful] Peper

M SAIJ, 5(4), 2009 [455-462]

Electron-beam induced modifications of low density polyethylene

R.D.Mathad*, H.G.Harish Kumar?, S.Basavaraj?!, S.Ganesh?, K.S.S.Sarama®
Department of Physics, Gulbar ga Univer sity, Gulbar ga-585106, K ar nataka, (INDIA)
2Microtron Center, MangaloreUniversity, Mangalore-574 199, (INDIA)
3BhabhaAtomic Resear ch Center, M umbai-400 085, (INDIA)

E-mail : rdmathad@yahoo.co.in

Received: 31% May, 2009 ; Accepted: 10" June, 2009

ABSTRACT

Post irradiation studies have been carried out to elucidate the effects of
electron-beam irradiation on the structural, optical, dielectric and thermal
properties of low density polyethylene (LDPE) films. The modificationsin
the optical band gap and activation energy have been investigated as a
function of electronradiation dose using UV-Visabsorption spectraof LDPE
films. The spectral analysis showed a decrease in both the optical band gap
and activation energy Further the dielectric measurementsindicated aslight
increaseinthe dielectric constant and the ac conductivity of the LDPE films
upon electronirradiation. Thethermal analysiscarried out by DSC and TGA
revealed that the melting temperature, degree of crystallinity and thermal
stability of the LDPE films increased, obvioudly, due to the predominant
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cross linking following high doses of electron radiation.
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INTRODUCTION

Polymers, duetotheir high strengthtoweight ratio,
easy processability and excellent chemica and physica
properties, have been used in many applicationssuch
asin packaging, electric cableinsulations, microel ec-
tronics, dosimeter and medical applications®?l. Fur-
ther polymershave been extensively utilized in safety
systems of nuclear power plants, insulation of super-
conducting magnetsused infusion reactorsand in space
applications, wherethey areexposed to different kinds
of radiations”. Therefore many researchers have
shown aspecial interest onthe study of radiationin-
duced modification of polymer propertieswhichisvery
useful in understanding radiation induced polymer re-

actionsand also hel psin the sel ection of suitablepoly-
meric materia sto beused in radiation environments.
The modifications of polymer properties are often
achieved by different kinds of radiationssuch asion
beams, accel erated el ectrons and y-rays!>”. Among
them electron-beam irradiation of polymers has sev-
eral advantages asthefreeradicals produced during
itsinteraction with target samplesisvery high and mac-
roscopi c modifications of polymers can beachieved
at theintermediate doses between that of gammaand
ion beamirradiation. The main effects of interaction
of ionizing radiationswith polymersisto produce ex-
citation and ionization of theatomsand moleculesin
the polymers, which cause subsequent rupture of the
chemical bondsresulting in polymer chain fragments
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and freeradicals. Thesetransformations are respon-
siblefor most of the physica and/or chemical changes
obsarvedinthe polymers®Y. Theoptical andthedec-
trical propertiesof polymersaretheoneswhich are
highly sensitiveto theradiationsand many experiments
aimed to improvethe optical and the electrical con-
ductivity of polymersby radiations havebeen reported
and discussed!*>19,

Among thethermoplastic polymers, the hydroge-
nated polymers, such as polyethyleneare of particular
intereststhat are being employed in many commercial
and scientific gpplications. LDPE isoneof the popular
thermopl astic polymerswhichisproduced under high
pressure (82-276MPa) and high temperature (405-
605K) with afreeradical initiator such as peroxides
and oxygen and containssomelong chain brancheswhich
could be aslong as chain backbones, and short chain
branches®®. LDPE when irradiated with electron-
beam, gamma-ray and other formsof high energy ra-
diation predominately undergoes cross-linkingi?!.
Cross-linked polyethylene hasbecome widely adapted
for anumber of industrial applications, which require
withstanding high temperature environments such as
wireand cableinsulation, heat shrinkablemateria, hot
water tubing and steam resistant food packaging. Inthe
present work we made an effort to study the post irra-
diation effectson thestructura, optical, didectricand
thermal propertiesof eectronirradiated LDPE films.
Themodificationsintheoptica parametersviz, the
optical band gap, activation energy was studied from
the UV-Visabsorption spectraof the pristineand the
irradiated LDPEfilmsat different electron dosesinthe
range 0-360 kGy. Further, thevariationsin thedielec-
tricand thermal propertiesof the pristineaswell asthe
irradiated LDPE filmswere studied at different doses
of dectron radiation usingimpedanceanayzer, Differ-
ential scanning calorimeter (DSC) and thermo gravi-
metricandyzer (TGA).

EXPERIMENTAL

Thelow density polyethylene (LDPE) samplesin
theform of granuleswascompressonmoldedintofilms
of thickness 50 pm and 120 um using polymer press
equipment (Technosearch, India, PF-15). Thecompres-

sion molding was carried out by placing the polymer
granulesbetweenthe stainless sted diesat atempera
ture of 150°C under apressure of 10 MPafor 10 min
and wasthen cooled under pressure by circulating wa:
ter through the mold platens. The samplesweretaken
out when the platen temperature reached 40°C. The
filmswere stored in polyethylene zipper packet and
subjected to ectron irradiation using el ectron accel -
erator (ILU-6) at the Board of Research in Isotope
Technology (BRIT), BhabhaAtomic Research Centre
(BARC), Mumbai, India. The électron beam of energy
1.2MeV fromthelinear accelerator was employed at
1.0 mA beam current to giveadoserate of 10 kGy/s
and thefilmswereirradiated separately over thedoses
of 90, 180, 270 and 360 kGy. Thetemperature of the
samplesduring theirradiation was maintained constant
at about 25° C by breezing air onto the sampl es.

For structural analysis, the FTIR spectraof both
thepristineaswell astheirradiated LDPE filmswere
recorded using aFTIR spectrometer (Perkin-Elmer)
over thewave number range of 4000 - 400 cm*witha
resolution of 4.0cm'™.,

The polymer samplesof thickness50 um were cut
intoal.0x 4.0 cm?dimensonandinsartedintoaquartz
cdl for recording the optical absorption spectraof both
theprigineaswdl asthedectronirradiated LDPEfilms
using UV-Vis spectrophotometer (Perkin-Elmer,
Lamda-35). The absorption spectra were recorded
using anidentical empty quartz cell asareferenceover
thewave ength rangeof 190-500 nm.

TheLDPE filmsof thickness 120 um werecut into
dimension 1.0 x 1.0 cm? and athin coating of air drying
type silver paste was provided on both sides of the
filmsto achieve good e ectrical contact for dielectric
measurements. Asthesilver particlesof the pastehave
diameter of typicaly 1um, they stick to the sample sur-
face only and hence do not influence the conductivity
by interactingwith the polymer. Thesampleswereheld
between two nominally spring loaded copper platesand
were subjected to diel ectric measurements using the
LCR Hitester (HIOK-3532-50) over the frequency
range of 100 Hz-1 MHz at theambient temperature of
28° C. Thevauesof thedidectric constant (¢/)and ac
conductivity (o, ) were estimated from the measured
values of the capacitance (Cp) and losstangent (tand)
a thedifferent frequenciesusng thefollowing relaions
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g=CJC; o, =2nfC Dt/A(chmicm?) @
where, C isthegeometrical capacitanceof vacuum of
the same dimensionsasthat of the sample; D=tan 5,
whered being thephaseangle; t, thethicknessand Ais
the cross-sectional areaof theLDPEfilms,

Themdting temperature, melting entha py and the
degreeof polymer crystallinity for both thepristineas
well asthe electron-beam irradiated L DPE samples
weremade using the differential scanning cal orimeter
(Mettler DSC). The samplesweighing about 6.0 mg
were scanned in the temperature range of 50-600°C
under nitrogen atmosphere at a heating rate of 20°C/
min. Thedegreeof crystdlinity wasca culated usingthe
followingrdation:

AH

where X _-isthedegreeof crystalinity, AH_-thespe-
cific enthal py of meltingand AH, ° (=288 J/g) is the
specific mdting entha py for 100% crystalline LDPE,

Theweight loss (%) wasrecorded asafunction of
temperaturefor both the pristineand the e ectron-beam
irradiated L DPE samplesusingthermo gravimetric ana
lyzer (Mettler TA). Thesampleswerecut into very small
pieces, crimpedinsmall duminum pansandweighedin
amicrobalance with aprecision up to 10 ppm. The
sampleswere scanned in thetemperaturerange of 50-
600°C with aheating rate of 20°C/ min. Theresulting
weight losswas recorded asafunction of temperature
intermsof TGA thermograms.

RESULTSAND DISCUSSIONS

Sructural analysis

WehavegiveninFigure 1the FTIR transmission
spectraover the wave number range 4000- 400 cn?
for boththe pristineand theelectron irradiated LDPE
films. Thestrong bandsin thewavenumber region 2830
- 2950 cn correspond to C—H stretching vibration of
—CH,, group; the bands near ~724 cm*indicate the
rocking deformation of long chain —CH,, group; the
bands around ~1463 cm'* correspond to bending of —
CH, group; and the bands at ~1375 cm* correspond
to symmetrical bending of -CH, groupinboththepris-
tineand theirradiated samples. Theoccurrence of week
and strong bands around 3440 cm* and 1716 cnm?

—= Fyl] Peper

indicaterespectively theformation of oxidation hydroxyl
(OH) and carbonyl (C=0) groupsastheédectronirra
diation of the polymer was carried out inair. The co-
existence of C=0 and OH groups suggests that the
presence of oxygen inducestheformation of peroxide
radicalson thepolymer back bone. Theincreaseinthe
intensity of the band at 965 c* correspondingto =C-
H indicatesthe cregtion of trans-vinylenegroup inthe
irradiated samples. The appearance of C— C charac-
teristic bands at ~1620 cm* intheirradiated samples
might bedueto theirradiation induced cross-linking
effects. Thusthegppearance of new transmission bands
intheirradiated LDPE filmsindicatescertainly thera
diationinduced structura modificationsin the polymer
dueto thebreaking of molecular chainsleading to the
increment of trans-vinyleneunsaturation, formation of
carbonyl group, cross-linking and conjugated double
bonds.

Transmittance
(@]

T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (Cm™)

Figurel: FTIR spectrafor thepristineaswel astheirradi-
ated L DPE filmsat different dosesof electron radiation (a)
Pristine(b) 90kGy (c) 180kGy (d) 270kGy (€) 360 kGy

Changesin optical properties

The UV-Visabsorption spectraof boththepristine
aswel| asthed ectron-beamirradiated LDPE filmsover
thewavel ength range 190-500 nm aregivenin Figure
2. Theabsorption spectrum of the pristine L DPE show
absorption peaks at ~195 nm. The height of the ab-
sorption peak of LDPE filmsincreasesgradualy and
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shiftsdightly towardsthelonger wavelengthregion upon
electronirradiation. Further onincreasein the dose of
electronradiation asmall broadening of the absorption
peak wasnoticedintheirradiated samples. Theshiftin
the absorption edgetowardsthelonger wavelength re-
gionforirradiated isgeneraly interpreted as caused by
theformation of chromophoregroupsor extended sys-
tem of conjugated bonds, i.e. possibleformation of car-
bon clustersintheirradiated polymers.
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Figure2: UV-Visabsor ption spectrum for theaswell asthe
irradiated L DPE filmsat differ ent dosesof electron radiation
In the high absorption region the absorption coeffi-
cient (o) asafunction of photon energy (hv) inthehigh
absorption region can be expressed ag?3
a(v)hv=B(hv-E,)" ©)
where (hv) istheincident photon energy, E, theoptical
band gap energy and B isaconstant (= 47c, / NCAE)
wherec, speed of light, o;, extrapolated dc conductiv-
ity & T=o0 , DE, measure of theextent of band tailing,
n, refractiveindex and r isan exponent which cantake
values s, 3/2 2 & 3 depending on the nature of the
electronictransition responsiblefor the optica absorp-
tion. Thebest fit value of r can be determined fromthe
slope of thelinear part of (ahv)¥" versus hv. We ob-
tained abest straight linefit to our spectral datafor r =
Y4, which indicate that the transition is allowed direct.
We estimated the val ues of the band gap energy from
the extrapolation of the straight line part of the plot of
(ahv)? versus hv to the zero photon energy asshownin
Figure 3 and the estimated va ues of the E, aregivenin
TABLE 1. We observe that the optical band gap of

1x10° 4 —®=— Pristine
o T —o— 90kGy
1x10° 4 —4— 180 kGy
. 1—v—270kGy
910" —o— 360kGy

(ahvy’ eviem?

hv (eV)

Figure3: Plot of (ahv)?versushvfor thepristineaswell as
the irradiated LDPE films at different doses of electron
radiation

TABLE 1: The estimated values of the optical band gap
ener gy (Eg), activation energy (E ) and number of carbon
atom per cluster size (N) for the pristine as well as the
electron-beam irradiated LDPE films at different
radiation doses

Dose (kGy) E, E, N
0 5.30 2.459 ~42
90 4.58 1.9053 ~ 56
180 4.42 1.872 ~ 60
270 4.32 1.849 ~ 63
360 4.29 1.831 ~ 64

pristine LDPE film decreasefrom 5.30 eV t04.33 eV
withincreaseintheelectron radiation dose. A smilar
decrease in the value of E, of gamma irradiated
polyvinylchloride (PVC), polypropylene (PP) and
polyallyl diglycol carbonate (CR-39) filmshavebeen
reported by otherd?*29, Abdel -Fattah et al'* reported
that irradiation of the unpalsticized PV C filmsby 25
MeV proton beamsover afluency rangeof 0- 1 x10%
ions/'cm?decreasesitsoptical band gap from4.35to
2.04 eV. Sinhaet al®*?3 showed that gagmmaiirradia-
tion of PV C and PP films over the dose range of O -
10° Gy decreasesrespectively their optical band gap
energy from 2.68t01.43eV and 4.59t02.07 eV. The
decreasein the optical band gap of LDPE filmswith
increasing dose of e ectron radiation could be attrib-
uted to the formation of extended systems of conju-
gated bonds, e.g. carbon clusters. The number of car-
bon hexagon rings (M) inthe cluster can be estimated
from the Robertson relation given by(?

Woterioly Science ( mmm—
A VWMW



MSAIJ, 5(4) December 2009

R.D.Mathad et al.

459

£, = 2= ®
where 2istheband structureenergy of apair of adja-
cent t Sitesand = - 2.9 eV for six-membered car-
bon ring, C, But Fink et al®? have shown that the
Robertson equation underestimatesthe cluster szeand
hence they assumed the structure of the clustersto be
likethat of Buckminsterfullerene, C,, instead of C,,
and arrived a thefollowing relaion given by

Eq = 343/VN ©6)

where N isthe number of carbon atoms per cluster.
We obtained using thisrelation the number of carbon
atomsper cluster intheirradiated LDPE filmsand are
givenin TABLE 1. Further from Figure 2 one can ob-
servethat the absorpti on spectrashowed an extending
tall for lower photon energiesbe ow theband edgewnhich
can bedescribed by Urbach’s formula given by!?

a=Aexp(hv/E,) 4

whereE istheactivation energy whichisameasureof
energy width of thetail of localized statesin the band
gap. Figure4 showsaplotof (Ina) versus hv at dif-
ferent e ectron radiation dosesfor theLDPE films. The
activation energy E wasestimated from thereciprocal
of the slope of the linear portion of the behavior of
(Ina) with hy . Theestimated vauesE  aregiventhe
TABLE 1. Itisestimated that pristineL DPE filmshave
activation energy of 2.45eV. Upon eectronirradiaion
itisdecreasesto 1.83 at adose of 360 kGy.
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Figure4: Plot of (In @) versushvfor the pristine as well

as the irradiated LDPE films at different doses of

dectronradiation
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Modificationsin dielectric properties

Thevariation of thedidectric constant (¢ ) with
log frequency (log f) for the pristine and the elec-
tron-beam irradiated LDPE filmsisgivenin Figure
5. It can be observed that the ¢’ of pristine LDPE
filmsmeasured at 1 kHz increasesfrom 2.16t0 2.91
for theirradiated LDPE films at 360 kGy. Thein-
creasein dielectric constant of LDPE filmswith the
increasein el ectron radiation doses might be attrib-
uted to scissoring of the polymer molecular chains,
which leads to the formation of defect sitesin the
band gap of the polymer. These defects could result
intraps of charge carriersthat increasethe ability of
the polymer to store charges and hence causean in-
creaseinthedielectric constant of the samples. The
experimental results further showed that the dielec-
tric constant for the pristine aswell asthe electron-
beam irradiated L DPE films decreases with thein-
creasein frequency. It might be observed that asthe
frequency increases the charge carriers migrate
through the dielectric and get trapped against ade-
fect siteand induce an opposite chargeinitsvicinity
and thusthe polarization of thetrapped and the bound
charges cannot take placeresulting in adecreasein
the dielectric constant at these frequencies.
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Figure5: Plot of didlectric constant (¢) versuslogf for LDPE
filmsirradiated at different dosesof dectron radiation
Figure 6 depicts the dependence of the ac conduc-
tivity (o) onlogfrequency (logf) at theambient tem-
peraturefor both the pristine and the el ectron-beam
irradiated LDPE samples. Itisobserved that o, of the
LDPE films increases slightly with increase in the
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electron radiation doseand, infact, asharpincreasein
the conductivity is observed above 10° Hz for al the
irradiated films. Theincreasein conductivity could be
understood in terms of the free electron model. The
scissoring of polymer chainsuponirradiation resultsin
an increase of free radicals, unsaturated bonds etc
leadingto anincreasein thefree-electron dengty inthe
polymer, which obviously contributes to an
enhancement intheac conductivity of thefilmsat higher
frequencies.
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Figure6: Plot of ac conductivity (o, ) versuslogf for LDPE
filmsirradiated at differ ent dosesof eectron radiation

Modificationsin thermal properties

The DSC thermograms for the pristine and the
irradiated LDPE samplesat an eectronradiation dose
of 180 and 360 kGy aregivenin Figure 7. Thether-
mograms show changesin melting temperature and
degree of crystallinity of LDPE samplesupon elec-
tron irradiation. The melting peak is observed at
132.35°C and the degree of crystallinity estimated
using Equation (2) is about 58% for the pristine
samples. However, for the electronirradiated LDPE
at 360 kGy the melting temperature increases to
140.42°C and degreeof crystalinity wasal so found
to enhanceto 62.5%. WehavegiveninTABLE 2the
melting temperatures aswell asthe degree of crys-
tallinity of LDPE samplesat different doses of elec-
tron radiation. Theincreasein melting temperaturein
irradiated L DPE samplesthusindicates a predomi-
nant cross-linking of polymer chain upon electronir-
radiation.

Further theincreasein thermal stability inirradi-
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Figure7: DSC thermogram for thepristineand theirradi-

ated L DPE at 180 kGy and 360kGy electron radiation

TABLE 1: Theestimated valuesof the optical band gap en-
ergy (Eg), activation ener gy (E,) and number of carbon atom
per cluster size (N) for thepristineaswell asthe electron-
beamirradiated L DPE filmsat different radiation doses

Dose (kGy) Eq E, N
0 5.30 2.459 ~ 42
20 4,58 1.9053 ~56
180 4.42 1.872 ~ 60
270 4.32 1.849 ~ 63
360 4.29 1.831 ~ 64

ated LDPE samples was confirmed by TGA. We
have given the TGA thermogramsfor both the pris-
tineand the e ectronirradiated LDPE samplesat 180
kGy and 360 kGy in Figure 8. It isseen that for the
pristine sample aslow decomposition zoneis ob-
served up to 300 °C wherethereisaweight | oss of
about 4%. A faster rate of decomposition startsfrom
300°Ctill the polymer iscompletely decomposed at
416 °C wherethereisaweight loss of about 86 %.
Similarly for the electron irradiated LDPE at 360
kGy, aslower rate of decompositionisnoticed up to
415 °C wherethe sampleloses about 11% of itsini-
tial weight. Thisisfollowed by afast decomposition
over therange 415-484 °C at which theweight loss
isabout 89%. Thusit isobserved that the thermal
stability of LDPE increases dueto the electron beam
irradiation. Thereason for the increasein thether-
mal behavior of theirradiated LDPE might bedueto
the predominant cross-linking upon el ectron-beam
irradiation which increasesthe molecular weight and
compactness of the polymer, imparting more strength
to withstand the thermal strain.
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Figure8: TGA thermogramfor thepristineand theirradi-
ated L DPE at 180 kGy and 360kGy electron radiation

CONCLUSION

We concludefrom the present studiesthat the el ec-
tron-beam irradiation certainly modified thestructurd,
optical, didectricand thermd propertiesof LDPE films.
TheFTIR spectrashowed thecregtion of trans-vinylene
unsaturation, formation of carbonyl group, cross-link-
ing and conjugated double bonds upon electronirra-
diation of LDPE films. The UV-Visspectroscopic stud-
ies showed adecreasein the optical band gap and ac-
tivation energy of LDPE filmswithincreaseinthedose
of electron radiation. Thedie ectric measurementsfur-
ther reved ed that the el ectron-beam irradiation resulted
inadightincreaseinthedie ectric constant and ac con-
ductivity of LDPE filmsupon dectronirradiation which
could beattributed to the enhanced free el ectron den-
sity intheirradiated samples as aconsequence of mo-
lecular chain scission, formation of freeradicalsand
unsaturated bonds. Further, the DSC and TGA analy-
gsindicated theoccurrenceof predominant cross-linking
in LDPE upon e ectronirradiation whichincreased the
thermal stability of irradiated samples.
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