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ABSTRACT: Films were prepared from a blend of low-density polyethylene (LDPE) and
ethylene-vinyl acetate (EVA) containing 45% VA and ditrimethylol propane tetraacry-
late (DTMPTA). Electron-beam initiated crosslinking of these films was carried out
over a range of radiation doses (20–500 kGy), concentrations of DTMPTA (1–5 parts by
weight), and blend compositions. The IR studies revealed that oxidation and crosslink-
ing dominated up to an irradiation dose of 100 kGy. At higher irradiation doses chain
scission and disproportionation predominated among all the competitive processes for
the 50:50 blend without DTMPTA. The gel fraction of the films increased with the
increase in irradiation dose, DTMPTA level, and EVA content of the blends. X-ray
diffraction and differential scanning calorimetry studies showed that the crystalline
portion of the blends was only affected by radiation at higher irradiation doses ($200
kGy). Scanning electron microscopy studies indicated that in the 50:50 blend the LDPE
formed the continuous phase, which was further confirmed by atomic force microscopy
and transmission electron microscopy studies. However, a co-continuous morphology
was formed when the EVA content was increased. When DTMPTA was added to the
blends ($3 wt %), the 50:50 blend exhibited a co-continuous morphology. © 2001 John
Wiley & Sons, Inc. J Appl Polym Sci 81: 1936–1950, 2001
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INTRODUCTION

Modification of polymers and polymer blends in
the presence of radiation is a potential method for
the development of materials with superior prop-
erties. Electron-beam modification of polymers re-
sults in the formation of a 3-dimensional network

structure through the union of in situ generated
macroradicals.1–3 Polyfunctional monomers, such
as multifunctional acrylate and allylic reactive
molecules, blended with the base polymers help
to achieve crosslinking at a reduced radiation
level without a significant deterioration of the
base polymers.4,5

Electron-beam modification has certain advan-
tages over conventional grafting processes such
as the absence of catalyst residue, complete con-
trol of the temperature, it is a solvent-free system,
and it is a source of enormous amounts of radicals
and ions with single control and accurate repro-
ducibility.6–9
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Blending is an effective method of modifying
the properties of polymers because it is a simple
operation and has low costs. Radiation crosslink-
ing can make effective modifications of polymer
blends.10 However, use of electron-beam radiation
is relatively new. This may be particularly inter-
esting for thermoplastic elastomers from blends
of rubbers and plastics, which are extensively re-
ported.11–15

Different authors reviewed the treatment of
polymers and polymer blends by electron-beam
irradiation. It was observed that some polymers
like natural rubber and ethylene propylene rub-
ber can generally be crosslinked using electron-
beam radiation,16–19 whereas some others like
polypropylene and poly(vinyl chloride) have a ten-
dency to degrade.20 The effects of electron-beam
radiation on the structures and properties of var-
ious polymers, including polyethylene (PE) and
ethylene-vinyl acetate (EVA), in the presence of
different types of polyfunctional monomers were
also reported by Bhowmick et al.17,19,21–23 Mar-
tinez-Padro and Vera-Graziano carried out g-ra-
diation induced crosslinking of PE and EVA (18%
VA content) blends.24 Possible chemical reactions
and alternative irradiation methods were also
discussed. Abdel-Bary and El-Naser studied the
characterization and possible application of
grafted acrylamide onto low-density PE (LDPE),
EVA, and their blends.25 The influence of elec-
tron-beam irradiation on the mechanical proper-
ties of polypropylene–ethylene-propylene-diene
monomer rubber blends was studied by Har-
nischfiger et al.26 Mateev and Karageorgier stud-
ied the effect of electron-beam irradiation and the
content of EVA (13% VA content) upon the gel
forming processes in LDPE-EVA films.27 The
above authors did not report on the detailed char-
acterization and thermoplastic elastomeric be-
havior of these blends. Recently, Chattopadhyay
et al. discussed the heat shrinkability and me-
chanical properties of thermoplastic elastomeric
films from blends of PE and EVA.28,29

The objective of the present work is to charac-
terize thermoplastic elastomeric films from a
LDPE and EVA (45% VA content) blend with
variations in the radiation dose, monomer level,
and blend ratio. Ditrimethylol propane tetraacry-
late (DTMPTA), a tetrafunctional unsaturated
monomer, was used to produce high yield of rad-
icals during irradiation. IR spectroscopy, X-ray
diffraction (XRD), and differential scanning calo-
rimetry (DSC) measurements were used for char-
acterization of the modified polymers. Gel fraction

studies were performed to evaluate the extent of
crosslinking.

EXPERIMENTAL

Materials

The EVA copolymer (Levaprene 450, 45% VA con-
tent, 0.975 g/cm3 density, 0.26% ash content at
950°C, 0.6% maximum volatility) was supplied by
Bayer, Germany. The LDPE was procured from
IPCL (Indothene 16MA400, 0.918 g/cm3 density,
3 dg/min melt index, Baroda, India). The DTMPTA
(Ebecryl 140) used as the radiation sensitizer was
obtained from UCB Chemicals.

Preparation of Samples

The EVA, PE, and DTMPTA were mixed in a
Brabander Plasticorder (PLE-330) at 130°C with
a 60 rpm rotor speed. The PE was first allowed to
melt for 2 min, followed by EVA and DTMPTA,
and the total mixing time was 4 min. The mixes so
obtained were sheeted out through an open mill
set at a 2-mm nip gap. Then they were remixed in
the Brabander Plasticorder for another 2 min at
130°C.

The sheets were compression molded between
Teflon sheets for 2 min at 150°C and a pressure of
5 MPa in an electrically heated press to obtain
films of 0.025 6 0.003 cm thickness. The moldings
were cooled under compression to maintain the
overall dimensional stability.

Our initial studies28,29 indicated that 50:50
(w/w) EVA and PE blend irradiated in an electron
beam gave rise to thermoplastic–elastomeric
properties. The DTMPTA level was varied only
with that composition to see the effect of the sen-
sitizer on the properties of the blend. The blend
ratio of PE and EVA was varied in another set of
experiments.

Irradiation of Samples

The molded films were irradiated in air at a room
temperature of 25 6 2°C by using an electron-
beam accelerator (model ILU-6) under forced air
cooling at the Bhabha Atomic Research Centre
(Bombay, India). Irradiation doses of 20, 50, 100,
200, and 500 kGy were used. The specifications of
the electron-beam accelerator were given in ear-
lier communications.21–23 The formulations of the
samples are given in Table I.
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Measurement of Properties

Gel Fraction

The gel fraction was measured gravimetrically by
immersing the samples in xylene at 80°C for 72 h.
The equilibrium swelling time was determined
from the experiments and calculated from the
weight of the sample before and after swelling as
follows:

gel fraction 5 w2/w1 (1)

where w1 is the initial weight of the film and w2 is
the weight of the insoluble portion of the film. The
results reported here were the average of three
samples.

XRD Analysis

The XRD patterns of the control, stretched, and
shrunk samples were recorded with a Philips X-
ray diffractometer (PW-1840) using crystal mono-
chromated Co Ka radiation in the angular range
of 10–40° (2u) and at a 40-kV operating voltage
and a 20-mA current.

The areas under the crystalline and amor-
phous portions were determined in arbitrary
units and the degree of crystallinity (xc) was mea-
sured using the relation:

xc 5
Ic

Ic 1 Ia
(2)

where Ia and Ic are the integrated intensity cor-
responding to the amorphous and crystalline
phases, respectively.30 The 2u values could be re-
produced within 60.02° variation.

The crystallite size (P), interchain distance (r),
and interplanar distance (d) were calculated as
follows:

P 5
92.26
bcosu

~l 5 1.79 Å! (3)

r 5
5
8

l

sinu
(4)

d 5
l

2sinu
(5)

where b is the half-height width of the crystalline
peak and l is the wavelength of the X-ray radia-
tion. The results reported here were based on
three samples.

IR Studies

IR spectra were taken on the thin films (;100
mm) using a Perkin–Elmer (model 837) spectro-
photometer. The absorbance peak area was mea-
sured under a particular peak for a constant
thickness of the film.

DSC Studies

DSC studies were carried out using a DuPont
9000 thermal analyzer at a heating rate of 20°C
min21 in nitrogen in a temperature range of 2150
to 150°C. The peak minima from the melting ther-
mogram was considered as the melting point
(Tm).

The crystallinity (xc) was calculated from the
heat of fusion, which is the area of the melting
peak, using the relation31

xC 5
DHm

DHc
3 100 (6)

where DHm is the melting enthalpy of the sample
and DHc is the melting enthalpy of a perfectly
crystalline PE sample (66.4 mcal mg21).

Table I Formulation of Samples

Sample
Code

PE
(wt %)

EVA
(wt %)

DTMPTA
(wt %)

Radiation
Dose
(kGy)

PE100 100 0 0 100
PEVA 55000 50 50 0 00
PEVA 55020 50 50 0 20
PEVA 55050 50 50 0 50
PEVA 55100 50 50 0 100
PEVA 55200 50 50 0 200
PEVA 55500 50 50 0 500
PEVA 55101 50 50 1 100
PEVA 55103 50 50 3 100
PEVA 55105 50 50 5 100
PEVA 37100 30 70 0 100
PEVA 37000 30 70 0 00
PEVA 46100 40 60 0 100
PEVA 64100 60 40 0 100
PEVA 73100 70 30 0 100
PEVA 73000 70 30 0 00
PEVA 55023 50 50 3 20
EVA 100 0 100 0 100
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Microscopy Studies

Scanning electron microscopy (SEM) photographs
of the blends were taken with a JSM 5800 micro-
scope (Jeol). The accelerating voltage was 15 kV.
The EVA phase was etched out with toluene for
uncrosslinked samples and concentrated nitric
acid was used for crosslinked samples. The sam-
ples were gold coated prior to the SEM studies.
An atomic force microscopy (AFM) image of the
film was recorded in air at 25°C with a Nanoscope
III (Dimension Zero, Digital Instruments Inc.) in
the tapping mode using microfabricated cantile-
vers. For transmission electron microscopy (TEM)
observation the EVA phase was stained with os-
mium tetraaoxide and the specimen was mic-
rotomed at 245°C to an ultrathin section of
70-nm thickness. The phase structure was ana-
lyzed with a TEM microscope (Hitachi HT 300).

RESULTS AND DISCUSSION

IR Studies

Figure 1 describes the IR spectra of pure DT-
MPTA in the region of 2000–1000 cm21. The peak
positions and their respective assignments are
given in Table II. These peaks are in good agree-
ment with the literature values32 and can be ex-

plained from the structure of DTMPTA as shown
below:

The structure shows that DTMPTA is an unsat-
urated acrylic monomer having four unsatura-
tions with a very bulky type of structure. In the
course of irradiation it can effectively use some of
its unsaturations to form huge amounts of free
radicals. Mixing DTMPTA with polymers like PE
or EVA can increase the crosslinking efficiency of
the respective polymers by producing free radi-
cals.23

DTMPTA undergoes polymerization upon irra-
diation through unsaturation and forms a net-
work structure by crosslinking. As a result, it
transforms from the liquid to the solid state. Ta-

Table II Peak Position and Peak Assignment
for Pure DTMPTA

Wave
Number
(cm21) Functional Group (Mode)

1730 .CAO (carbonyl stretching)

1630
.CAC, (double bond stretching of

vinylidine group)
1460 .CH2 (scissor vibration)
1406 .CH2 (in-plane vibration)

1275
COH (in-plane deformation of
OCHACH2)

1190
Asymmetric COO stretching

vibration

1120
Asymmetric COO stretching of

aliphatic ether

1060
Symmetric COOOC stretching

vibration of acrylate

Adapted from Socrates.32

Figure 1 The IR spectra of DTMPTA in the range of
2000–1000 cm21.
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ble III gives the changes in the absorbances on
irradiation. All the residual unsaturation ob-
served in the crosslinked material must have
been due to the unreacted double bonds (peak at
1630 cm21). The restricted mobility of the DTMPTA
molecules was due to their bulky structure that
shields the double bonds from further reaction in
the 3-dimensional DTMPTA network formed dur-
ing irradiation. At higher irradiation doses ($200
kGy) the increase in the absorption ratio of the
1730 cm21 peak with respect to 1460 cm21 might
be due to the oxidation at higher irradiation doses
(Table III).

Figure 2 shows the IR spectra in the region
of 2000 –500 cm21 for EVA, PE, and their
50:50 blend without irradiation. The IR spectra
of pure EVA showed an absorption peak at

1730 cm21 that was due to carbonyl stretching
( CAO) from an ester group; at 1460 cm21 due
to COH bending of CH2; at 1370 cm21 due to
COH bending of OCH3; at 1250 cm21 (split)
due to COH stretching; at 1120 cm21 due to
OCOOOC ether linkage; at 1023 cm21 due to
ACOOOC of the ester group; at 722 cm21 due
to COH rocking; and at 956 and 612 cm21 due
to the acetate group COH deformation and
COOOC bending, respectively (Table IV). On
the other hand, PE showed peaks at 1460, 1370,
and 722 cm21. Apart from these, PE showed a
very small peak at 1308 cm21 that was attrib-
utable to the branch points, which was probably
overlapped with the EVA peak at 1250 cm21 in
the blends. The 50:50 blend of these two poly-
mers showed an IR spectra, which was additive

Table III Change in DTMPTA with Irradiation

Irradiation Dose
(kGy)

A1730

A1460

A1630

A1460

A1408

A1460

A1275

A1460

A1190

A1460

A1110

A1460

0 2.5 0.73 1.69 2.66 0.93 1.17
20 2.5 0.50 0.88 0.66 1.32 1.10
50 2.6 0.43 0.85 0.51 1.34 1.11

100 2.6 0.42 0.86 0.50 1.38 1.10
200 2.9 0.44 0.87 0.49 1.42 1.15
500 3.1 0.44 0.75 0.50 1.46 1.14

Figure 2 The IR spectra of EVA, PE, and their 50:50 blend without irradiation in the
2000–500 cm21 region.
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of the constituents, indicating the individual
characteristics in the blend.

Figures 3 and 4 show the IR spectra in the
2000–500 cm21 region of the 50:50 blend with
varying radiation doses (0–500 kGy) without
DTMPTA and at a constant radiation dose of 100
kGy with varying DTMPTA levels (1–5 wt %),

respectively. Upon irradiation, one extra peak
(compared to the unirradiated samples) appeared
at 1745–1750 cm21 (cyclic ketones and esters),
which may have been due to the cyclization of the
macroradicals formed in the process of irradia-
tion. There was no other significant difference in
the spectra when the irradiated 50:50 blend was
compared with the control samples. In the blends
the formation of the vinyl end groups21–23 (peak
at 1640 cm21) in PE was suppressed, possibly due
to the addition of the macroradicals to the p elec-
trons and cyclization in the presence of EVA. The
unirradiated blend (50:50) with DTMPTA showed
a sharp peak at around 1640 cm21 (not shown)
that mainly resulted from CAC,, stretching
of trans-vinylene, which is present in DTMPTA.
When the blends were irradiated, the peak at
1640 cm21 disappeared. This was probably be-
cause of grafting and crosslinking of DTMPTA
with PE through unsaturation.

Figure 5(a,b) shows the variation of the 1730
cm21 peak due to the CAO stretching vibra-
tion with the irradiation dose and DTMPTA level.
The CAO stretching vibration increased
sharply with the radiation dose, reached its max-
ima at 100 kGy, followed by a sharp decrease at
higher doses. The initial increase of the carbonyl

Table IV IR Peak Characterization of PE and
EVA Blend

Peak
(cm21) Mode of Vibration (Functional Group)

1730 .CAO stretching (ester carbonyl)
1460 .CH2 scissor vibration
1370 COH bending vibration of CH3

1250
COO stretching (esters and acids often

split)
1120 COOOC stretching (ether)
1023 ACOOOC stretching (ester and acids)

956 COH deformation (acetate)

722
COH rocking vibration (branch point of

PE mainly)
612 COOOC deformation (acetate)

Adapted from Socrates.32

Figure 3 The IR spectra of a 50:50 PE and EVA blend
with the variation in radiation dose.

Figure 4 The IR spectra of a 50:50 PE and EVA blend
at 100 kGy with the variations in the DTMPTA level.

ELECTRON-BEAM CROSSLINKED PE-EVA FILMS 1941



( CAO group) concentration was due to the aer-
ial oxidation of the samples during irradiation
under a normal atmosphere. As the irradiation
dose increased, the probability of chain scission
and degradation increased along with the oxida-
tion and crosslinking. The decrease in carbonyl
absorbance at higher irradiation doses indicated
that the degradation and scission dominated
among the other competitive reactions at those
irradiation doses.

At constant irradiation doses the CAO ab-
sorbance steadily increased with the DTMPTA
level because of the presence of CAO in the
DTMPTA. After 3 wt % of DTMPTA, the increase
in CAO absorbance was sharper, indicating

Figure 6 The plot of the absorbances of (a) the COH
stretching vibration of CH2 and OCH3; (b) the
COOOC stretching vibration (ester); and (c) the COO
stretching, COH deformation, and COOOC deforma-
tion frequencies with the radiation dose.

Figure 5 The variation of CAO stretching of the
50:50 blend (a) with the irradiation dose without
DTMPTA and (b) with DTMPTA at 100 kGy.
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that ultimately oxidation predominated in the
presence of the large amount of macroradicals
formed by DTMPTA.

In Figure 6(a) the absorbances (area under the
peak) at 1466 and 1370 cm21 are plotted against
the irradiation dose. Absorption due to CH2
scissor vibration (at 1460 cm21) andOCH3 bend-
ing (at 1370 cm21) remained almost constant up
to 100 kGy, followed by an increase at higher
irradiation doses. Up to 100 kGy there was prob-
ably a balance between various reactions (i.e.,
aerial oxidation, crosslinking, chain scission or
disproportionation, and cyclization). After 100
kGy the chain scission by disproportionation or
the cyclization reaction dominated.

The variations of absorbances at 1250 and
1023 cm21 (COO stretching and COOOC
stretching) are plotted against the irradiation
dose in Figure 6(b). It is observed that the peak
area around 1250 cm21 increased sharply up to
100 kGy, which was followed by a decrease and
then remained constant. The peak area at 1023
cm21, on the other hand, initially increased and
then decreased at higher doses. These again
proved that oxidation predominated up to 100
kGy and at higher doses degradation and dispro-
portionation increased.

The absorption peak area due to acetate groups
(956 and 612 cm21) remained constant up to 100
kGy [Fig. 6(c)] and was followed by a slight de-
crease at higher irradiation doses. This may have
been due to the deacetylation of VA at higher
irradiation doses. The COOOC (ether) absorp-
tion increased at the lower irradiation doses and
decreased at higher doses, which once again
proved the fact that the degradation dominated
only at higher irradiation doses. The same trend
was observed with the peak at 722 cm21 (mainly
due to PE).

Figure 7(a) shows the effect of DTMPTA levels
on the absorbance (areas) at 1460 and 1370 cm21,
which are due to CH2 scissor vibration and
COH bending vibrations, respectively. The peak
absorbance areas of CH2 scissor vibration and
OCH3 bending vibration remained constant up to
3 wt % of DTMPTA and was followed by an in-
crease. Up to 3 wt % of DTMPTA there was prob-
ably a balance between different factors that per-
sisted (e.g., addition of DTMPTA, chain scission,
oxidation of the backbones of the polymers, and
disproportionation or cyclization). The final in-
crease was partly due to the contribution from
DTMPTA and partly from the scission and oxida-
tion processes.21,23 The variation in the absor-

bances at 1250 and 1023 cm21 supported the
same trend of scission and oxidation at higher
DTMPTA concentrations. The absorbance due to
724 cm21 (mainly due to PE) remained constant
over the whole range of DTMPTA levels, which
proved that the oxidation and degradation of PE
was suppressed in the presence of DTMPTA. The
acetate peaks (956 and 612 cm21) remained al-
most constant up to 3 wt % DTMPTA, after which
it slightly decreased [Fig. 7(b)]. This may have
been due to the fact that at higher DTMPTA
levels the deacetylation of the EVA phase takes
place.

Figure 7 The plot of the absorbances (at different
frequencies) with varying DTMPTA levels for (a) COH
stretching of CH2 and OCH3 and COOOC stretch-
ing (ester) and (b) COOOC and COH deformations.
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Gel Fraction Analysis

The gel fraction values of the films are plotted
against the irradiation doses [Fig. 8(a)], DTMPTA
levels [Fig. 8(b)], and EVA contents of the blend
[Fig. 8(c)]. For a particular blend ratio and mono-
mer level, the gel fraction steadily increased with
the radiation dose. The higher values of the gel
content at higher radiation doses indicated the
formation of 3-dimensional network structures.
At a constant radiation dose of 100 kGy, the gel
content steadily increased with the increase in
DTMPTA level. The increase in the gel fraction
was only marginal after 3 wt % DTMPTA concen-
tration in the blend. At a constant irradiation
dose of 100 kGy, the gel content increased with
the increase in the EVA content of the blend.

At higher irradiation doses or higher concen-
trations of DTMPTA, a large number of radicals
were formed, which would lead to a higher gel
fraction by radical combinations. However, at
very high doses of irradiation or DTMPTA levels,
there were also possibilities of chain scission
and/or degradation of the polymers. A balance
was struck at optimum levels. Hence, the gel frac-
tion did not change to a significant extent after an
irradiation dose of 200 kGy and 3 wt % DTMPTA.
The increase in the EVA proportion made the
blend more amorphous in nature, which in turn
increased its efficiency toward crosslinking at a
particular radiation dose. Also, EVA can easily

Figure 8 The gel fraction versus the (a) radiation
dose for a 50:50 PE:EVA blend without DTMPTA, (b)
the DTMPTA level for a 50:50 PE:EVA blend irradiated
at 100 kGy, and (c) the EVA content of the blends
irradiated at 100 kGy without DTMPTA.

Figure 9 The plot of ln(s 1 s1/2) versus ln(1/R) for
50:50 blends with and without DMPTA, pure PE, and
pure EVA.
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form free radicals at lower radiation doses com-
pared to PE.24,25

The sol fraction (s) of a radiation crosslinked
polymer can be correlated to the inverse of the
irradiation dose following the Charlesby–Pinner
equation33:

s 1 s1/2 5 p0 /q0 1 10/~q0RU! (7)

where U is the number-average degree of poly-
merization, p0 is the fracture density per unit
dose (kGy21), q0 is the density of crosslinked units
per unit dose (kGy21), and R is the radiation dose
(kGy). This gives an idea of the ratio of chain
scission to crosslinking for the pure polymers ex-
posed to irradiation. However, in 50:50 blend it
does not give a linear correlation between (s
1 s1/2) and 1/R as expected from the Charlesby–

Pinner equation. In the blends a plot of ln(s 1 s1/2)
versus ln(1/R) was made (Fig. 9). Parallel lines
were drawn according to the following equation:

ln~s 1 s1/2! 5 0.4 ln~1/R! 1 A (8)

where A is a constant that depends on the blend
compositions. The values of A were calculated to
be 1.62, 1.54, 1.46, and 1.44 for the 50:50 blends
containing 0, 1, 3, and 5 wt % of DTMPTA, re-
spectively. The A values were calculated by a
linear regression method with an average stan-
dard deviation and correlation factor of ,0.15 and
.0.98, respectively. It is obvious from Figure 9
that as the DTMPTA concentration increased the
curve approached linearity and behaved more like
pure EVA. The PE, on the other hand, did not give
a linear correlation. The 50:50 blend without

Figure 10 DSC thermograms of a 50:50 blend of pure PE and EVA irradiated at
different radiation doses.
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DTMPTA showed behavior similar to PE. Hence,
with the increase in DTMPTA level the extent
of crosslinking increased, although at higher
DTMPTA levels oxidation and chain scission also
increased. Similarly, with the increase in the
EVA proportion of the blend the nature of the
curves approached the nature of pure EVA (not
shown).

DSC Studies

The DSC thermogram in Figure 10 exhibits the
plots of heat flow versus temperature. Pure EVA
showed two distinct transitions termed b and g,
where the g- and b-relaxation peaks appeared at
a temperature of around 2135 to 2130°C and
around 220°C, respectively. The g transition is
associated with the crankshaft motion of the poly-
methylene groups of the main chain backbone.
The b relaxation is associated with the branch
points containing the side group (VA). The b peak
becomes prominent if the concentration of the
side groups exceeds a certain limit.34

On the other hand, pure PE exhibited one
prominent endothermic peak due to the crystal-
line melting at around 105°C. However, the g-re-
laxation peak of pure PE was not detected clearly.
This may have been due to interference from the
crystalline zone.35

Upon blending the characteristic relaxation of
the individual transitions was not changed signif-
icantly, indicating the immiscible character of the
blend. The g relaxation was not changed signifi-
cantly with the variation in irradiation dose,
DTMPTA level, or blend variation.

The melting temperature (Tm) remained con-
stant up to 100 kGy, and it dropped to 99°C at 500
kGy. The DSC results also supported that the
percentage of crystallinity remained constant in
the initial stage with the increase of radiation
dose (up to 100 kGy). A further increase in the
radiation dose resulted in a decrease in the per-
centage of crystallinity, which was also reflected
in the decrease in the Tm (Table V).

The b-transition temperature (due to EVA)
first increased as the films were irradiated (com-
pared to the control sample) and remained con-
stant up to 100 kGy. At higher radiation doses
($200 kGy), the b-transition temperature (Tb)
increased (218°C at 500 kGy). The increase in Tb

at higher radiation doses may have been attrib-
utable to a decrease of the segmental mobility as
a result of the formation of 3-dimensional net-
work structures.

Similarly, the Tm and the Tb both shifted to
higher temperatures with the increase in the DT-
MPTA level of the blends.

Table V Results of X-Ray and DSC Studies

Sample
Code

X-Ray Studies DSC Studies

Crystallinity
(%)

P
(Å)

r
(Å)

d
(Å)

Crystallinity
(%) Tm (°C) Tb (°C)

PEVA55000 23 182 5.25 4.2 27 106 222
PEVA55020 23 178 5.25 4.20 26 106 220
PEVA55050 23 178 5.21 4.17 26 105 220
PEVA55100 23 176 5.25 4.20 26 104 220
PEVA55200 21 174 5.25 4.20 24 102 219
PEVA55500 20 162 5.29 4.24 21 99 218
PEVA55101 22 176 5.25 4.20 26 104 220
PEVA55103 21 174 5.21 4.17 25 103 221
PEVA55105 20 158 5.25 4.20 24 102 216
EVA100 — — — — — — 220
PEVA37000 16 178 5.25 4.2 17 104 223
PEVA37100 16 176 5.25 4.20 16 104 222
PEVA46100 18 176 5.25 4.20 19 104 223
PEVA64100 26 176 5.25 4.20 28 104 220
PEVA73000 33 178 5.25 4.20 35 105 220
PEVA73100 32 178 5.25 4.22 34 104 215
PE100 45 190 5.21 4.17 50 106 —
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X-Ray Studies

Figure 11 shows the XRD patterns of the control
film, the 50:50 blend of PE and EVA irradiated at
different radiation doses, and pristine PE and
EVA samples irradiated at 100 kGy. There were
mainly two crystalline peaks in the diffraction
patterns of the blends, one in the angular range
(u) of 12.2–12.4° and another between 13.6 and
13.8°. The diffraction angles corresponded to an
orthorhombic unit cell. These peaks are well char-
acterized in PE and correspond to specific crystal-
lographic planes 110 and 200 (Miller Indices). On
the other hand, EVA contributes only to the amor-
phous portion in the blend.30

The crystallite size, interchain distance, and
interplanar distance were calculated with respect

to the peak in the 12.2–12.4° angular range. It
was observed that the crystalline peaks were dis-
tinctly broadened (crystallite size decreased) at
higher radiation doses and higher concentrations
of DTMPTA. This was due to the destruction of
the crystallite portions during crosslinking at
those irradiation doses and DTMPTA levels. The
percentage of crystallinity remained more or less
constant up to 100 kGy and decreased at higher
radiation doses. Interplanar and interchain dis-
tances remained constant because the angle of
the peak (u) did not vary significantly, despite the
variation of the irradiation doses, DTMPTA lev-
els, or blend ratio.

For the 50:50 blend films irradiated at 100
kGy, the minimum crystallinity was obtained for
the samples containing 5 wt % of DTMPTA. This
was probably due to the efficient crosslinking at
higher DTMPTA levels. The crystallite size also
followed the same trend.

No significant change in the crystallite size,
interchain distance, or interplanar distance was
observed with the variation in the blend ratio.
The percentage of crystallinity was systemati-
cally increased with the increase in PE content of
the blend.

Microscopy Studies

Figure 12(a– c) shows the morphology of
PEVA73000, PEVA55000, and PEVA37000. The
black domains indicate the positions of the ex-
tracted EVA phase. In the PE-rich blend
PEVA7300, which had 30 wt % of EVA, PE was
found as the continuous matrix. Figure 12(b) in-
dicates the morphology of PEVA55000, which re-
veals the fine dispersion of EVA phases in the
continuous matrix of PE. AFM and TEM studies
also confirmed the morphology of the 50:50 blends
[Fig. 12(d,e)]. The domain size of EVA was in the
range of 1–2 mm. A cocontinuous morphology was
observed for the PEVA37000 blend with spheri-
cal, elliptical, and elongated elliptical domains.
This variation in the domain morphology can be
explained.

The molten polymeric materials during melt
mixing experience a high shearing action. The
induced shearing force deforms the dispersed
molten polymer into elongated, rodlike particles,
which progressively constrict until rupture. When
the particles come out of the shearing zone, they
may fully or partly relax to regain their original
spherical, elliptical, or elongated elliptical shapes
and may remain isolated from each other. How-

Figure 11 The X-ray diffraction pattern of 50:50
blends with and without DTMPTA, PE, and EVA.
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ever, there is also a tendency for particle recom-
bination, leading to intricate shapes. The two
components of the blends (PE and EVA45) have
different polarities and melt viscosities. Thus, an
immiscible blend morphology is expected. Be-
cause of the high melt flow index or low melt
viscosity of PE, the blends preferentially have a
PE continuous matrix, even at a higher propor-
tion of EVA.

Figure 13(a,b) shows the SEM photomicro-
graphs of 50:50 blends irradiated at 50 and 100

kGy, which were etched with concentrated nitric
acid to extract the EVA phase. The morphology
did not change: dispersed EVA particles were
found in the PE matrix. However, the shape of the
particles changed. Figure 13(c) shows the SEM
photomicrograph of a 50:50 blend irradiated at 20
kGy containing 3 wt % of DTMPTA. DTMPTA is a
polar monomer, which can plasticize the EVA
phase. This gave rise to a cocontinuous morphol-
ogy of this blend in which both phases interpen-
etrated each other.14

CONCLUSIONS

EVA-LDPE films crosslinked to varying degree by
irradiation and DTMPTA were characterized by
IR spectroscopy, gel fraction, XRD, DSC, and mor-
phology. The following conclusions were drawn.

1. Oxidation and crosslinking dominate up to
a 100-kGy irradiation dose, after which the
scission and disproportionation become the
major mechanism in the 50:50 PE and EVA
blends without DTMPTA. At a constant
irradiation dose the deacetylation is sup-
pressed due to the addition of DTMPTA in
the blend. After 3 wt % of DTMPTA chain
scission becomes the progressively domi-
nating process.

2. The gel fraction of the films increases with
the increase in irradiation dose, DTMPTA
level, and EVA content of the blend. The
sol fraction of the control and the blend
with and without DTMPTA fit into the
modified type of Charlesby–Pinner equa-
tion.

3. The XRD and DSC studies reveal that the
crystalline portion of the blends is affected
by irradiation only at higher radiation
doses (200 kGy and above).

4. SEM studies show that the PE forms the
continuous matrix in the 50:50 blend; how-
ever, a cocontinuous structure is observed
in the 30:70 blend of PE and EVA. The
morphology does not change after irradia-
tion. However, the addition of 3 wt %
DTMPTA causes the blend to form a cocon-
tinuous morphology.

The authors are grateful to Dr. A. B. Majali and Dr. S.
Sabharwal, Radiation Processing Section, Bhabha
Atomic Research Centre, Mumbai, for funding this

Figure 13 SEM photomicrographs of nitric acid (con-
centrated) etched samples of (a) PEVA55050, (b)
PEVA55100, and (c) PEVA55023.
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