Polymer 50 (2009) 1095-1102

journal homepage: www.elsevier.com/locate/polymer

Contents lists available at ScienceDirect

Polymer

Crosslinking in metallocene ethylene-co-5,7-dimethylocta-1,6-
diene copolymers initiated by electron-beam irradiation

Maria L. Cerrada®*, Rosario Benavente ?, Marta Fernandez-Garcia?, Ernesto Pérez?,

Jodo M. Campos®, M. Rosario Ribeiro®

2 Instituto de Ciencia y Tecnologia de Polimeros (CSIC), Juan de la Cierva 3, 28006 Madrid, Spain
b Instituto de Ciéncia e Engenharia de Materiais e Superficies — ICEMS, Instituto Superior Técnico - IST, Departamento de Engenharia Quimica e Biolégica,

Universidade Técnica de Lisboa - UTL, Av. Rovisco Pais, 1049-001 Lisboa, Portugal

ARTICLE INFO ABSTRACT

Article history:

Received 6 August 2008
Received in revised form

22 December 2008

Accepted 7 January 2009
Available online 14 January 2009

The synthesis of ethylene-co-5,7-dimethylocta-1,6-diene copolymers (CEDMO) with different molar
DMO contents has been performed to incorporate double bonds in the lateral and make easier the
development of crosslinkings in the resulting polymer material after application of electron-beam
irradiation. The gel content as well as a comprehensive evaluation of the changes in the crystalline
characteristics have been carried out. Both features are strongly dependent on DMO composition and

irradiation doses. Variation in the mechanical response of the different specimens has been checked by
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1. Introduction

Crosslinking is a broadly used method for the modification of
polymer properties. This process involves the formation of tridi-
mensional structures causing substantial changes. Crosslinked
polyolefins, especially PE, are of significant practical interest as well
as crosslinked rubbers and thermosetting resins. All commercially
utilised processes for the initiation of polyolefin crosslinking are
based on the formation of polyalkene macroradicals at some stage
of the process. Common ways of initiating crosslinking involve
macroradical formation via thermal decomposition of organic
peroxides [1], high energy irradiation (gamma or electron beam)
[2-4] and grafting of silane groups, which form crosslinks via
hydrolysis of silanole moieties [5]. Other procedures for initiation of
polyolefin crosslinking are less frequently used or have only been
investigated in the laboratory. These include high-frequency heat-
ing, initiation by thermal decomposition of azo-esters or ethers, UV
irradiation, redox initiation and free radical initiated grafting of
various moieties onto polyalkene chains which can react under
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various conditions leading to the formation of crosslinks often
physical or physico-chemical in nature [6]. Several interesting
modifications of peroxide initiated crosslinking were suggested. A
detailed description of the various initiation procedures together
with mechanisms for these processes and specific features of each
procedure was given in a comprehensive review by Lazar et al. [7]

Polyethylene, PE, is reported to be widely used in medical
devices and pharmaceutical packaging [8]. Each type (high density,
HDPE, low density, LDPE and linear low density, LLDPE) offers
different benefits and functionalities: HDPE provides stiffness,
chemical resistance and barrier properties while LDPE offers
resistance to stress cracking and excellent impact properties. In
addition, its capability of being sterilized is a favourable and an
important aspect. The objective of sterilization is to prevent the
introduction of pathogenic organisms into the body. Sterilization
can be achieved through a variety of methodologies, the electron-
beam irradiation being commonly utilized. As aforementioned,
upon irradiation PE predominantly undergoes crosslinking in the
amorphous regions or at the boundaries of crystallites [6]. The
crosslinking takes place in the solid state and changes its
morphological characteristics and, accordingly, its mechanical
properties at ambient temperature. This variation on the mechan-
ical behaviour depends very much on the type of PE, molecular
weight, processing and crosslinking conditions, and other factors,
irradiation dose being one of the most important parameters.
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Moreover, functional monomers, such as multifunctional acrylate,
methacrylate and allylic reactive molecules, can be additionally
blended with the base PE to promote crosslinking at a reduced
radiation level [1]. A decrease of the degree of crystallinity can be
observed when crystallisation proceeds from a crosslinked melt.

The current investigation is focused on another strategy, not
explored up to now to the best of our knowledge, and aims to
facilitate the development of crosslinking in PE based samples. This
approach consists of the preparation of unsaturated polyolefins
through the copolymerisation of ethylene with non-conjugated
dienes. This synthetic route takes advantage of the use of metal-
locene catalysts [9-13] leading to the synthesis of copolymers with
narrow molecular weight distributions and with the side branches
randomly distributed along the polymer backbone. 5,7-Dimethyl-
1,6-octadiene was chosen as comonomer since it has a vinylic
double bond that can be polymerised with a metallocene catalyst,
while the presence of substituents on the second double bond
inhibits its polymerisation leading this way to pendant double
bonds on the ethylene-co-5,7-dimethylocta-1,6-diene copolymers.

Therefore, the goals of this research are, on one hand, the
synthesis of ethylene-co-5,7-dimethyl-1,6-octadiene copolymers
(CEDMO) with pendant unsaturations in low molar composition to
avoid a significant loss of crystallinity [14] and, on the other hand,
the further evaluation of the effect of different irradiation doses on
their structure and the mechanical behaviour, comparing the
results with those found in an also metallocene HDPE. The struc-
tural changes have been checked by wide and small angle X-ray
scattering, WAXS and SAXS respectively, Fourier transform infrared
spectroscopy, FTIR, and differential scanning calorimetry, DSC,
whereas microhardness measurements have been performed as
starting point in evaluating the mechanical response.

2. Experimental part
2.1. Polymerisations

Methylaluminoxane, MAO (Witco), was purchased as a 10%
(m/v) toluene solution. Me;Si(Cp)(Flu)ZrCl, (Boulder), methanol
and HCl (Merck) were used as received. Toluene (Petrogal), 5,7-
dimethylocta-1,6-diene (DRT), nitrogen and ethylene (Air Liquide)
were purified according to standard procedures.

The ethylene-co-5,7-dimethyl-1,6-octadiene copolymers were
synthesised using a metallocene catalyst Me,Si(Cp)(Flu)ZrCl, in
association with MAO at several comonomer compositions. Poly-
merisations were performed in a 1.0dm® magnetically stirred
Biichi autoclave at room temperature and 1.1 bar ethylene pressure.
Toluene, ethylene and the comonomer were charged into the
reactor. Catalyst ([Zr] =2 x 1074 M) was separately pre-contacted
with MAO for 15 min. The polymerisation started with the intro-
duction of the pre-activated catalyst; an aluminium to zirconium
molar ratio of 1000 was used. After 30 min, the polymerisation
mixtures were precipitated over methanol acidified with HCI,
and the polymeric powder attained was further filtered and
washed two times with fresh methanol before drying.

Several ethylene-co-5,7-dimethylocta-1,6-diene copolymers,
with different comonomer content, were obtained. They were
labelled as CEDMO followed by two numbers that indicate their
molar composition in DMO (see Table 1). The HDPE homopolymer
analysed was similarly named as CEDMOO.0.

2.2. Polymer characterisation
The formation of ethylene-co-5,7-DMO copolymers was inves-

tigated by FTIR and >C NMR techniques. An initial infrared analysis
allowed the observation of an absorption at 840cm ),

Table 1
Crystallinity values at room temperature determined from the WAXS profiles rep-
resented in Fig. 5.

Specimen DMO content (mol %) Irradiation dose

NR A B C D
CEDMO00.0 0.0 0.62 0.60 0.62 0.61 0.61
CEDMO00.7 0.7 0.42 042 0.40 041 041
CEDMO1.0 1.0 0.39 0.40 0.40 0.40 0.41
CEDMO1.9 19 0.39 0.40 0.39 0.39 0.39

characteristic of the C-H vibration in the 5,7-DMO substituted
double bond, indicating that the dimethyl substituted vinyl unsa-
turation remains untouched after copolymerisation. The >C NMR
identification of the peaks corresponding to the branching methine
carbon (38.4 ppm) and to the methylenic carbons « and § (34.6 and
27.3 ppm, respectively), as well as some other peaks characteristic
of 5,7-DMO, confirms the formation of ethylene/5,7-DMO copoly-
mers. We could not identify structures due to diene cyclisation
reactions and the carbon and proton NMR spectra show the pres-
ence of the 5,7-DMO substituted double bond in the formed
copolymers. Copolymer compositions were calculated from their
TH NMR spectra and according to peak assignment already reported
in literature [12,15].

2.3. Preparation of specimens

The different CEDMO copolymers and the corresponding
homopolymer analysed in the current paper were obtained as films
by compression moulding in a Collin press between hot plates
(150°C) at a pressure of 1.5 MPa for 5 min for their structural
characterization and analysis of their mechanical response by
microhardness. Thickness ranged from 500 to 550 um. Each one
of the CEDMO samples was crystallized by a fast quench between
plates cooled with water after its melting in the press.

2.4. Irradiation of specimens

Electron-beam (EB) irradiation was carried out at IONMED (an
industrial installation) in atmospheric air at ambient temperature
using a 10 MeV Rhodotron accelerator. All polymeric films were
irradiated on one side using a current of 5 mA such that the poly-
meric samples were exposed to an irradiation dose of about
33.3 kGy per pass. Several passes under these conditions were
required for high irradiation doses. The EB irradiation doses are
ranged throughout this work from 33 to 233 kGy. A label related to
identification of the dose applied is added to the name of each
copolymer. Therefore, NR represents non-irradiated samples and
A, B, C and D upper cases indicate the dose: 33, 67, 133 and
233 kGy, respectively.

2.5. Gel content determination

The gel content (insoluble fraction) of the different specimens
was determined gravimetrically, according to ASTM D 2765, using
a 16-h Soxhlet extraction cycle, with p-xylene as the solvent at
140 °C. The polymeric samples were cut into small pieces and
placed in a pre-weighed stainless steel, fine wire mesh. After the
extraction cycle, the samples were washed with acetone and
vacuum-dried to a constant weight. The gel content was calcu-
lated as the percentage ratio of the final weight of the insoluble
polymeric fraction to its initial weight previous extraction [1].
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2.6. X-ray scattering measurements

The synchrotron studies were performed in the soft-condensed
matter beamline A2 at Hasylab (Hamburg, Germany), working at
a wavelength of 0.150 nm. The experimental setup includes
a heating chamber specimen holder, a MARCCD detector for
acquiring SAXS patterns (sample-to-detector distance being
260 cm) and a linear detector for WAXS measurements (distance
21 cm). All experiments comprise the heating of samples from 26
up to 158 °C at 12 °C/min. The data acquisition was done in frames
of 10s. A sample of crystalline PET sample was used for WAXS
calibration and the different orders of the long spacing of rat-tail
cornea (L =65 nm) were utilized for the SAXS detector. The two-
dimensional X-ray patterns from the MARCCD detector were pro-
cessed with the FIT2D program of Dr. Hammersley (ESRF) and
converted into one-dimensional arrays after normalization for the
intensity of the primary beam and subtraction of the scattering of
an empty sample (aluminium foil envelope).

2.7. Fourier transform infrared spectroscopy

The IR spectra were obtained on films using a Perkin-Elmer FTIR
spectrometer equipped with an ATR device scanning between 600
and 4000 cm™!; 4 scans were accumulated for each specimen at
a resolution of 4 cm™,

2.8. Differential scanning calorimetry

Calorimetric analyses were carried out in a Perkin-Elmer DSC7
calorimeter, connected to a cooling system and calibrated with
different standards. The sample weights ranged from 6 to 7.5 mg. A
temperature interval from —50 °C to 150 °C has been studied and
the used heating rate was 10 °C/min. For crystallinity determina-
tions, a value of 290 ]/g has been taken as the enthalpy of fusion of
a perfectly crystalline material [16,17].

2.9. Microhardness determination

A Vickers indentor attached to a Leitz microhardness tester was
used to perform microindentation measurements undertaken at
23 °C. A contact load of 0.98 N and a contact time of 25s were
employed. Microhardness, MH, values (in MPa) were calculated
according to the relationship [18]:
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Fig. 1. Effect of irradiation dose on the gel content of crosslinked polyethylene,
CEDMOQ0.0, and its copolymers with different DMO contents.
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Fig. 2. FTIR absorption spectra at room temperature for the different non-irradiated
specimens.

MH = 2sin 68°P/d> (1)

where P (in N) is the contact load and d (in mm) is the diagonal
length of the projected indentation area. Diagonals were measured
in the reflected light mode within 30s of load removal, using
a digital eyepiece equipped with a Leitz computer-counter-printer
(RZA-DO).

3. Results and discussion

Fig. 1 shows the gel content of the specimens, CEDMO0O0.0
homopolymer and the respective copolymers, versus irradiation
dose. The extent of gel formation in the exposed samples is strongly
dependent on DMO composition and irradiation dose. Higher gel
content corresponds to a higher portion of the network structure in
the amorphous region of the polymer, which is insoluble in the
solvent. The sol content is related to the non-crosslinked portion
of the polymer in both amorphous and crystalline regions. It should
be noted that the crystalline portion of the polymer is soluble in
p-xylene at 140 °C, which is inferred from the zero gel content of
non-crosslinked specimens. It is seen, however, that CEDMO1.9
copolymer exhibits important gel content even in the non-
irradiated specimen, CEDMO1.9-NR. This fact is ascribed to the
easiness exhibited by double bonds to promote crosslinkings in this
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Fig. 3. FTIR absorption spectra at room temperature for CEDMOO.7 specimens non-
irradiated and irradiated at the distinct doses.
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Fig. 4. Ratio of absorbance at 1720 cm~' band to that found at 720 cm~' for the
samples under study irradiated at different doses.

copolymer with the highest DMO content. This initial crosslinking,
accompanied by beginning of double bonds oxidation, as will be
discussed in FTIR results, has been generated from the powdered
specimen after its synthesis by simple stay at room temperature
for several months without any processing. In addition, its extent
can be enlarged during its processing at 150 °C (see its FTIR
spectrum in Fig. 2).

The other two non-irradiated copolymers, CEDMOO0.7-NR and
CEDMO1.0-NR, present zero gel content as well as the homopoly-
mer CEDMOO0.0-NR in spite of all of them were prepared at the
same time and, consequently, stayed identical period of time
before being processed and irradiated.. Therefore, the effect of
composition is rather significant when electron irradiation is

specimens NR

relative intensity (a. u.)

specimens A

applied. Thus, the crosslinking level in the CEDMO0O0.0 homopoly-
mer gradually increases at the smaller doses up to reach
a maximum value of around 80% (see Fig. 1). Incorporation of the
DMO comonomer, even in a molar fraction as low as 0.7, leads to
a significant increase of gel content at the smallest doses: around
five times in CEDMO00.7-A compared with CEDMO00.0-A and about
the double in CEDMOO.7-B respect to CEDMOO0.0-B. The maximum
value attained is also higher: 90% versus 80% in the CEDMO0.0-D
homopolymer. A slightly higher DMO addition leads to the almost
complete crosslinking content at 67 kGy, the crosslinking level at
33 kGy being around 90%. Consequently, the incorporation of DMO
significantly changes the gel content mainly for the smaller irra-
diation dose, generally used in the standard applications: the
typical sterilization dose is around 25-30 kGy.

The changes in the network structure of the different polymeric
materials analysed are observed in Figs. 2 and 3. The former
represents the FTIR spectra found in films of the non-irradiated
specimens. The CEDMOO0.0-NR homopolymer spectrum does not
exhibit any bands at wavenumber higher than 3000 cm~! and
within the 1500-2700 cm™! interval, as characteristic of a saturated
hydrocarbon [19]. In addition, CEDMOO.0-NR specimen shows four
strong IR absorption peaks corresponding to stretching (at 2847
and 2917 cm™!), deformation (around 1463 cm~') and rocking
vibrations (at 720 cm™!) of methylene groups and to symmetric
deformation vibration of methyl units at 1378 cm™.

Some changes are observed in the spectra as DMO comonomer
is incorporated in the different copolymers. The band at 1378 cm ™,
which provides information about the existence of branching,
increases its intensity as DMO content does. In addition,
CEDMOO0.7-NR and CEDMO1.0-NR exhibit weak vibrations in the
C=C stretching band region, at around 1600 cm~' due to the
incorporation of DMO counits and to some terminal unsaturated
groups. However, in CEDMO1.9-NR the intensity of these bands
appears partially overlapped to other one in the range 1735-
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Fig. 5. WAXS patterns, at room temperature, for the samples non-irradiated and irradiated at different doses. Specimens are in each plot from top to bottom: CEDM00.0, CEDMO00.7,

CEDMO1.0 and CEDMO1.9, respectively.



M.L. Cerrada et al. / Polymer 50 (2009) 1095-1102 1099

1.00

&~ 099 L]
£ /
o — K/A
=)

2 A

T 098 ll<v \V/v

0.97 s | s | s | s

750

a(A)

745 -

7.40 T T T T T T : . :
4.975
<
Ke)
4.950
L —{O— CEDMOQ0.0 —@— CEDMO00.7
—4A— CEDMO1.0 —w%— CEDMO1.9
4.925 L | L | L | L | L
0 50 100 150 200 250
dose (kGy)

Fig. 6. Variation with irradiation dose of the orthorhombic lattice characteristics
(crystal density (d) and a and b axes).

1700 cm~! ascribed to C=O0 vibrations. Additional bands also
develop in the characteristic region of C-O vibrations (1050-
1170 cm™!). The simple maintenance at oxidative atmosphere
existing at ambient conditions and further processing of this

CEDMO1.9 copolymer leads to the oxidation of some double bonds
and, consequently, the appearance of these characteristic C=0 and
C-O vibration bands. On the other hand, all of the CEDMO
copolymers exhibit a wide band ranged from 3200 to 3500 cm ™!
associated with the O-H stretching vibration and probably con-
nected to the formation of some hydroperoxides (3400 cm™!
region). In agreement with the gel content determination (Fig. 1)
a marked decrease of the intensity of the C-H vibration in the 5,7-
DMO substituted double bond, at 840 cm™!, is observed for
CEDMO1.9-NR. New bands are seen at 890 cm™! (vinylidene region)
and at 800 cm~! (see inset in Fig. 2).

Fig. 3 depicts the effect of irradiation dose found in the
CEDMO0.7 copolymer. As expected the 840 cm~! band almost
disappears for the sample exhibiting the highest gel content
CEDMOO0.7-D. There is no evidence of the C=0 band in the
CEDMOO0.7-NR and CEDMOO0.7-A specimens whereas a small
vibration is observed in this interval in the samples irradiated with
higher dose, indicating that oxidation starts although in a small
extent. The bands in the characteristic region of C-O and O-H
vibrations are also increased for the higher radiation doses. More-
over, an increase of intensity is seen in the bands at about
1580 cm~! and 1470 cm™! as irradiation dose is enlarged.

The increase of irradiation doses modifies the gel content for
the different specimens, as depicted in Fig. 1, and leads, together
with oxidative atmosphere existing at ambient, to the beginning
of decomposition processes, as previously shown. To learn about
the extent of this degradation, Fig. 4 represents the ratio
between the bands at 1720 and 720 cm™}, related to stretching
vibration of carbonyl groups (ketones, lactones and peroxides
among others) and the one at 720 associated with rocking CH;
band taken as reference. It can be deduced that degradation
significantly increases as irradiation dose does and it is more
important as DMO molar fraction is enlarged in the copolymer.
The behaviour of CEDM1.9 is rather different, as previously
observed also from gel content determination. The oxygen
existing in the environment is enough to initiate the oxidation
of double bonds because of its relatively high content.
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Fig. 7. Real-time SAXS profiles, obtained with synchrotron radiation for the copolymer CEDMO1.9 non-irradiated and irradiated at different doses in melting experiments at 12 °C/

min.
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Fig. 8. Effect of temperature on the Lorentz-corrected long spacing during the melting
experiments for the CEDMO1.0 non-irradiated and irradiated specimens.

Consequently, degradation in CEDMO1.9-NR starts even before
irradiation, as well as crosslinking.

Fig. 5 points out that all of the non-irradiated samples are
semicrystalline in spite of the microstructural changes just
mentioned. Accordingly, the WAXS profiles exhibit the common
(110) and (200) diffraction peaks characteristic for the polyethylene
orthorhombic lattice [20,21]. The DMO units copolymerised with
ethylene in the present work are rather bulky and, therefore, the
capability of being incorporated to the PE crystalline lattice does not
practically exist. Consequently, they impose a high hindrance for the
PE crystallisation and a considerable decrease in the (110) and (200)
diffraction intensities is observed as DMO content increases in the
copolymer since the average number of consecutive ethylene units
decreases and, accordingly, the crystallisable part becomes smaller.
In addition to this diminishment in crystallinity (see values in Table
1), a shift of the positions of the maxima to lower angles is observed,
indicating that the basal a-b plane of the orthorhombic unit cell
expands and the corresponding spacings, di1o and dagg, increase
with DMO content. Consequently, a higher distortion of the ortho-
rhombic crystalline lattice is exhibited. Moreover, the crystalline
diffractions are broadened, pointing also out a decrease in the
crystallites size with the increase of DMO content. SAXS results
corroborate this assumption, as will be discussed later on.

The orthorhombic lattice constants can be determined from the
d110 and dagp spacings. They show a clear dependence upon the
copolymer composition in the non-irradiated specimens, as
depicted in Fig. 6. The a axis is more dependent on composition
than the b one, though both of them increase as DMO content is
raised. Once these two axes are known, the density of the corre-
sponding crystal can be determined, assuming a value of 2.54 A for

Table 2
Most probable long spacing (L5, nm) and crystallite size (I3**5, nm
temperature determined from SAXS profiles.

) at room

Specimen  L5**S (nm) 2~ (nm)

Irradiation dose Irradiation dose

NR A B C D NR A B C D

CEDMO0.0 286 282 285 282 275 1727 169 171 172 168
CEDMO0.7 164 167 161 159 159 69 70 65 65 65
CEDMO1.0 163 156 155 154 152 64 63 62 62 6.2
CEDMO19 133 133 134 131 131 5.2 52 52 51 51

the c axis. As expected, the density decreases as DMO content is
increased in the polymer. In relation to the influence of irradiation
dose, an opposite dependence is found between the homopolymer
and the copolymers. In the CEDMO0O0.0, density is the smallest at the
highest dose compared to those found at lower doses, while in the
copolymers the observed trend points out to an increase in crystal
density as dose is raised.

To get a deeper insight about structural changes, real-time
variable-temperature experiments employing synchrotron radia-
tion were performed in the small angle region, as represented in
Fig. 7 for the CEDMO1.9 copolymer at the different doses. The
existence of long spacing is exhibited in the different plots and is
attributed to the presence of lamellar crystals. The analysis of the
different profiles as a function of temperature allows obtaining
information about the structure variation during melting in these
samples. At a given specimen and dose (Fig. 7), the location of SAXS
maxima slightly moves to lower values of 1/d, meaning that the
most probable long spacing, L = dpay, deduced from the Lor-
entz-corrected SAXS profiles, increases with temperature until its
disappearance in the molten state. This fact can be more clearly
seen in Fig. 8, where L% is explicitly depicted for the different
CEDMO1.0 specimens. Three regions can be observed: an initial
one, up to around 60°C, where the [ is almost constant;
a second region, between 60 °C and around 90 °C, with a moderate
increase of L**5; and a final one, with a very important thickening
process. This last region is ascribed to the usual melting-recrys-
tallisation phenomena. Therefore, the increase of temperature
leads to an improvement of crystallites and they become somewhat
larger and thicker. These results are rather similar for all of the
copolymers, with some minor differences: the initial long spacings
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Fig. 9. Temperature dependence of either relative SAXS invariant (top plot) or SAXS

invariant derivative (bottom plot) for the different CEDMO1.0 specimens during
melting experiments.
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Table 3

1101

Melting temperatures determined by DSC (T2 and T2, determined from the first and second heating run respectively) and real-time temperature-variable SAXS (T34XS)

experiments.

Specimen Irradiation dose
NR A B C D
BETS ¥ W mh My me W my me me omy wme mes oy
CEDMO00.0 133 136 134 132 134 132 132 137 131 131 137 129 131 133 127
CEDMO00.7 114 115 113 114 116 111 113 114 110 113 115 110 113 116 110
CEDMO1.0 m 115 11 110 114 108 110 116 107 111 115 107 111 113 107
CEDMO1.9 105 107 104 104 109 103 104 109 102 105 111 102 104 111 101

are somewhat lower than those found in the CEDMO0O0.0 homo-
polymer and slightly dependent on composition (see Table 2) and
the final thickening region occurs at lower temperatures, as
correspond to lower melting temperatures. The irradiation leads to
a reduction of L3 values, this diminution exhibiting a less extent
in the CEDMO1.9 copolymer. This feature might be associated with
the smaller variation that amorphous regions surrounding crys-
tallites undergo since the initial CEDMO1.9-NR present a gel
content similar to that found in the CEDMO1.9-D specimen.

Additional information can be obtained from the analysis of the
relative SAXS invariant [22,23]. The temperature evolution of this
invariant for the different CEDMO1.0 specimens is shown in the
upper part of Fig. 9. It can be observed that, after an initial region of
very small increase of the invariant, it follows a more considerable
increase, before the final sharp decrease during melting, similar to
the different stages discussed for temperature-variable L** values.
The lower part of Fig. 9 shows the corresponding derivatives of the
relative invariant. These derivatives provide values of melting
temperatures that correlate well with those obtained from DSC
experiments, as reported in Table 3.

Crosslinking has taken place in solid state for the polymers
under study. Therefore, radiation mainly has affected the amor-
phous phase while the crystalline phase has remained rather intact
(see values of crystallinity and most probable crystal size in Tables 1
and 2) and Ty, values do not practically change during the first
heating process at a given specimen. However, a dependence on
DMO content has been observed, as expected. The DSC runs of the
subsequent cooling and heating processes were performed to learn
more on the effect of irradiation in these materials. At a given
sample, T, values found in the second heating processes are low-
ered compared with those observed during the first one as much as
irradiation dose increases. That means that once the isotropic
amorphous phase is reached and the subsequent cooling to an
ambient temperature is performed the crosslink junctions play
a role and crystallite development is hindered.

The knowledge of L**S and the total WAXS crystallinity at room
temperature for the different specimens at the distinct irradiation
doses allows estimating the most probable crystallite size in the
direction normal to the lamellae, I, by assuming a simple two-
phase model. The results for . are listed in Table 2. Again, the I
crystal size is more dependent on composition than on irradiation.
Therefore, I values decrease as DMO content and irradiation doses
increase, this latest effect being more significant for the high doses.

The effect of both copolymerisation and irradiation dose on the
mechanical response has been evaluated by performing micro-
hardness measurements. Fig. 10 displays the microhardness results
found for the different specimens at the distinct irradiation doses as
preliminary investigation of the effect in the mechanical behaviour
of these polymeric materials. MH measures primarily the resistance
of the material to plastic deformation and, accordingly, provides an
idea about local strain. Several effects can be distinguished along
microhardness measurements in semicrystalline polymers [18]: an
elastic deformation that yields an instant elastic recovery on

unloading; a permanent plastic deformation determined by
arrangement and structure of crystallites and their connection by tie
molecules and entanglements; and a time-dependent MH during
loading and a long delayed recovery after load removal (viscoelastic
contribution). Therefore, though MH measurements are related to
the superficial mechanical response they also involve a complex
combination of other bulk mechanical properties (elastic modulus,
yield strength, strain hardening, toughness). Hence, a direct corre-
lation with rigidity modulus is commonly found [14,24,25].

It is observed in Fig. 10 that microhardness decreases in the non-
irradiated specimens as DMO content increases, as seen by
comparison between values found in CEDMOO0.0-NR, CEDMO00.7-
NR and CEDMO1.0-NR. However, this effect with composition is not
evident if MH results between CEDMO1.0-NR and CEDMO1.9-NR
are evaluated since values are 13.7 and 14.0 MPa respectively.
Crystallinity is similar in both specimens (see Table 1) and the most
probable crystallite size in the direction normal to the lamellae, [, is
higher in CEDMO1.0-NR than in CEDMO1.9-NR (see Table 2).
Therefore, rigidity measured by MH could be expected to be higher
in CEDMO1.0-NR. Nevertheless, an important difference exists
between these two samples. The gel content, i.e., the amount of
chains crosslinked is rather different: 0 for CEDMO1.0-NR and close
to 80% in CEDMO1.9-NR. This crosslinking percentage has not
significantly influenced the characteristics of crystalline regions,
composition being the most important parameter. However, the
bulk of specimens is essential for their mechanical response.
Therefore, the existence of a highly crosslinked amorphous phase in
CEDMO1.9-NR allows it to overcome its crystalline handicap
derived from its sensibly higher composition in DMO comonomer.

The importance of the presence of crosslinkings is evident from
the MH results exhibited by CEDMOO.0 at the different irradiation
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Fig. 10. Variation of the microhardness (MH) as function of irradiation doses for the
different polymeric materials analysed: CEDMO00.0, CEDMO00.7, CEDMO1.0 and
CEDMO1.9 from left to right.
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doses. Crystallinity is rather constant with doses while L** and,
consequently, [ values slightly diminish. The progressive enlarge-
ment of the gel content, up to a maximum value close to 80%, leads
to an increase of its rigidity and, accordingly, of its MH. The effect of
irradiation in CEDMOO0.7 and CEDMO1.0 is not as positive as in
CEDMOO0.0. The incorporation of DMO as comonomer is relatively
low in both polymeric materials but its presence significantly
reduces the crystallites content, the more rigid component, there-
fore, MH decreases compared to that found in CEDMOO0.0 at the
different doses. The high crosslinking level associated with irradi-
ation leads to slightly higher MH values in both copolymers. On the
other hand, the irradiation doses seem not to alter the rigidity of
CEDMO1.9 due probably to its initial high crosslinking level (close
to 80%) and, consequently, the small changes derived from irradi-
ation in its crystalline and amorphous regions.

4. Conclusions

The existence of double bonds in the lateral chains incorporated
by copolymerisation of ethylene with DMO makes easier the
development of crosslinkings after application of irradiation doses.
Therefore, at a given dose, the gel content is in the CEDMO
copolymer higher than that found in the CEDM00.0 homopolymer.
The different polymeric materials synthesised are semicrystalline
and the crystalline characteristics are strongly dependent on
composition, mainly from CEDMO0O0.0 to CEDMOO0.7. The impor-
tance of comonomer content is in a complete agreement to other
results described in the literature for other less bulky comonomeric
units: 1-hexene [26], 1-octene [27] and 10-undecenoic acid [28]
among others. The effect of irradiation is rather mild in the crys-
talline features leading to a slight worsening at the highest dose.
However, the presence of crosslinkings within amorphous regions
allows overcoming those negative aspects and an increase of
microhardness, and, consequently, rigidity, is observed in
CEDMO00.0, CEDMO00.7 and CEDMO1.0.
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