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ABSTRACT: Two metallocene ethylene-1-octene copoly-
mers differing in comonomer content were cross-linked
either by dicumyl peroxide (DCP) or b-radiation with
doses ranging from 0.5 to 4% DCP and 25 to 200 kGy,
respectively. The effect of cross-linking on the crystalline
morphology was analyzed by differential scanning calo-
rimetry (DSC). Slight alterations in the crystalline struc-
ture were found, which were more severe in the case of
peroxi modification. Through infrared spectroscopy (FTIR
analysis), oxidation during the cross-linking process was
detected on the DCP cross-linked samples, while b-irradi-
ated samples do not exhibited significant degrees of oxi-
dation. The state of cure was studied following the
changes in the rheological properties in small-amplitude
oscillatory shear mode, and the evolution of the molecu-
lar weight and molecular weight distribution through

size exclusion chromatography. Irradiation doses below
200 kGy increased the molecular weight and branching of
both copolymers but were not sufficient to reach gelation.
All the peroxide modified samples resulted in a post-gel
condition. Optimal mechanical properties were obtained
with concentration of about 1% DCP. At higher doses,
scission reactions diminish the tensile strength and the
elongation at break. When polymers with equivalent
amounts of gel fraction obtained by the two modification
procedures studied in this work are compared, higher
tensile strength and elongation at break are obtained with
irradiation. VVC 2009 Wiley Periodicals, Inc. J Appl Polym Sci
112: 2691–2700, 2009
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INTRODUCTION

The development of metallocene catalysts in the
field of polyolefins permits the production of new
ethylene copolymers with very low density that con-
stitutes a unique class of thermoplastic elastomers.1,2

These polymers have a potentially wide range of
applications and are of special interest for the auto-
motive industry. Most of the uses in this field
require a good balance of mechanical properties
at high temperatures. Cross-linking is then required
to expand the range of thermal service for these
materials.3–6

Ethylene-1-octene copolymers belong to the group
of ethylene-a-olefin copolymers synthesized for
elastomeric applications. They can be obtained with
homogeneous comonomer distribution, different

comonomer concentration, and narrow polydisper-
sities, allowing a good control of the chain micro-
structure. This provides a unique opportunity to
model structure-property relationships. The influ-
ence of comonomer type and content on a wide vari-
ety of aspects including structure, morphology,
crystallinity, crystallization, and melting behavior
has been covered by a large number of investiga-
tions.6–19 But there is a lack of studies on the proper-
ties of these copolymers after being cross-linked.
Saturated polymers such as ethylene-1-octene

copolymers can be cross-linked by b-irradiation20–22

or high temperature peroxide decomposition.23,24

Irradiation is usually applied to finished parts at
room temperature. Cross-linking with peroxides
requires high temperatures and it is performed on
the molten state, usually in the last processing step.
This work is focused on the characterization of

metallocene ethylene-1-octene copolymers with high
comonomer content cross-linked by dicumyl perox-
ide (DCP) and b-radiation.

Journal ofAppliedPolymerScience,Vol. 112, 2691–2700 (2009)
VVC 2009 Wiley Periodicals, Inc.

Correspondence to: J. M. Pastor (jmpastor@fmc.uva.es).



EXPERIMENTAL

The materials used were two metallocene ethylene-
1-octene grades supplied by DuPont-Dow Elasto-
mers, whose characteristics are shown in Table I.
The organic peroxide used was DCP (99% purity)
supplied by Atofina. Previous to use, it was recrys-
tallized from methanol.

Peroxide cross-linking was induced by previously
mixing different amounts of DCP (0.5–10 phr) with
the ethylene-octene copolymers in a Leistritz corro-
tating twin-screw extruder at 85�C, 55 rpm, and 2
kg/h of mass flow rate. After mixing, compression
molded samples were cross-linked at 190�C under a
pressure of 30 MPa.

b-irradiated copolymers were obtained by the fol-
lowing procedure. Compression molded samples of
the virgin copolymers were irradiated in air by an
electron beam accelerator (model Rhodotron TT200,
10 MeV) with irradiation doses ranging from 25 to
200 kGy. The irradiation procedure was carried out
in steps up to 50 kGy to avoid an excessive heat
generation within the polymer. Therefore, the irradi-
ation of samples with 25 and 50 kGy was carried out
in one single step whereas samples irradiated up to
100 and 200 kGy required second and fourth steps,
respectively. No thermal treatment was performed
on the samples after irradiation.

The changes in molecular weight and molecular
weight distribution due to cross-linking were fol-
lowed by size exclusion chromatography (SEC)
using a Waters 150-C ALP/GPC equipped with a
standard refractive index (RI) detector in series with
a Multi-Angle Laser Light Scattering (MALLS) spec-
trophotometer Dawn DSP (Wyatt Tech), laser He-Ne
(632.8 nm). A set of three (20 lm PL-GEL MIXED-A)
columns from Polymer Labs was used with 1,2,4-tri-
chlorobenzene (TCB) at 135�C as solvent with 1 mL/
min flow. The apparent molecular weights of the
polymers were estimated following the standard cal-
ibration procedure using monodisperse polystyrene
samples and the corresponding Mark–Howink coef-
ficients for polystyrene and linear polyethylene.25,26

Fourier Transform Infrared (FTIR) analysis of the
original polymers and the cross-linked materials was
carried out on a Bomem (Hartmann and Braun,
ABB, Quebec, Canada) Model NB-150 mounted on a

Golden Gate ATR accessory, with a 4/cm resolution
and 64 scans. Samples were 2 mm of thickness.
Differential scanning calorimetry (DSC) scans

were recorded on a Mettler Toledo (Greifensee, Swit-
zerland) DSC 821/400 at a heating rate of 10�C/min.
The rheological characterization was carried out in
small-amplitude oscillatory shear mode using a rota-
tional rheometer from Rheometrics (Rheometric
Dynamic Analyzer RDA-II). The tests were per-
formed using parallel plates 25 mm in diameter, at
frequencies between 5 � 10�2 and 5 � 102 rad/s.
Experiments in the rheometer were carried out at
temperatures ranging from 30 to 90�C. All tests were
done at small strains to assure the linearity of the
dynamic responses. Several of the series of fre-
quency sweeps were repeated twice with the same
sample. Excellent agreement between the results was
found in all cases, indicating that no measurable
degradation occurred during the rheological tests.
Finally, the gel content of the cross-linked samples

was determined in boiling xylene according to the
ASTM D2765-95. Tensile tests were performed
according to the UNE-EN ISO 37 standard methods.

RESULTS AND DISCUSSION

Characterization of the original polymers

The molecular characterization of the original
copolymers by SEC with RI detector and MALLS is
reported in Table I. Values of Mn and Mw/Mn

obtained with MALLS are distorted with respect to
those of the RI detector because of the lack of ability
of MALLS to evaluate the lower molecular weight
side of the chromatograms. Irrespective of these dif-
ferences, the results show that both copolymers have
a narrow molecular weight distribution and similar
weight average molecular weights.
Through the FTIR characterization, the presence of

unsaturations, such us the vinyl-ending groups, can
be detected and quantified. The unsaturations con-
tent of both polymers was explored using the peak
at 908/cm associated to the double bonds from the
vinyl-ending groups. This kind of unsaturations is of
importance because they are known to enhance the
efficiency of the cross-linking process.27 The results
from these measurements indicated that the bands

TABLE I
Characteristics from Supplier and Molecular Weights of Commercial Metallocene Ethylene-1-Octene Copolymers

Copolymer

Comonomer
content
(Mol %)

Comonomer
1-octene
(wt %)

Density
(g/cm3)

ASTM D-792

Melt flow
index (dg/min)
ASTM D-1238

Molecular weights

Mn Mw Mw/Mn Detector

EG8400 14 40 0.870 30 22300 51900 2.33 RI
49200 69100 1.40 MALLS

EG8411 10 33 0.880 18 26300 54100 2.17 RI
40700 64600 1.59 MALLS
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corresponding to terminal insaturations were almost
undetectable indicating that very low content of
vinyl terminal groups were present in the original
polymers.

The melting behavior of both materials was stud-
ied by DSC. They exhibited the typical behavior of
ethylene-octene copolymers with high content of
hexyl branches (48 and 71 branches per 1000 back-
bone carbon atoms for EG8411 and EG8400, respec-
tively).19,28 On cooling from the melt, a broad
melting range was observed up to temperatures in
the range of �20 to �40�C. The low values of the
melting enthalpy (DHm), which are displayed in Ta-
ble II, indicate that both copolymers have also very
low degree of crystallinity due to the high level of
short chain branching (SCB). Because of its higher
content in 1-octene, EG8400 exhibits lower values of
DHm and location of the maximum peaks for melting
(Tm) and crystallization (Tc) at lower temperatures
on the thermograms.

The reversibility of the crystallization and melting
processes in the copolymers was investigated by
looking at the evolution of the degree of crystallinity
as a function of temperature [vc(T)] by cooling the
molten polymers from the melt at constant rate and
then reheating each sample at the same rate that it
was cooled up to well beyond Tm. For this purpose,
after erasing the previous thermal history by keep-
ing the copolymers at 150�C for 5 min, they were
cooled at a constant rate (10�C/min) up to �30�C
and then re-heated at the same rate up to complete
melting. The evolution of the degree of crystallinity
as a function of temperature was obtained through
the progress of the partial areas of the DSC thermo-
grams converted into degrees of crystallinity
through the appropriate scaling factors. For this pur-
pose, the value of the heat of fusion of orthorhombic
polyethylene (288.4 J/g) was used, irrespectively of
the region of the thermogram analyzed. The compar-
ison of the curves in Figure 1 clearly indicates that
the crystallinities obtained from the heating and the
cooling traces are identical at low temperatures, and

depart significantly from each other at higher tem-
peratures. Consequently, two regions of temperature
dependence of the crystallinity are distinctive in
these polymers: a high temperature region that
exhibits a significant degree of hysteresis, and a
lower temperature region with a remarkably reversi-
ble behavior. Alizadeh et al.28 have made similar
observations on ethylene-octene copolymers showing
that the hysteresis region decreases progressively
with increasing comonomer content. The transition
temperature between these two regions marks the
crossover from two different crystalline morpholo-
gies. The high temperature region is characteristic of
a nucleation controlled chain-folded lamellar growth
process that is cooling-rate dependent. Here lamellar
crystals melt at temperatures higher than the tem-
peratures at which they were generated.28,29

Whereas, the low temperature region is not associ-
ated with a lamellar morphology, and thus, it is
cooling rate independent. This reversible region

TABLE II
Thermal Properties DCP Cross-Linked and b-Irradiated Copolymers

Copolymer
DCP

amount (phr)
Tm

(�C)
DHm

(J/g)
Tc

(�C)
DHc

(J/g)
Irradiation
dose (kGy)

Tm

(�C)
DHm

(J/g)
Tc

(�C)
DHc

(J/g)

EG8400 0.0 64 49 49 49 0 64 49 49 49
0.5 63 48 45 47 25 65 49 49 46
1.0 62 47 44 46 50 64 48 48 46
2.0 61 48 44 45 100 65 47 46 44
4.0 58 47 37 42 200 63 48 45 44

EG8411 0.0 77 64 55 64 0 77 64 55 64
0.5 74 61 57 63 25 76 65 55 63
1.0 72 61 54 61 50 76 63 55 60
2.0 70 57 52 57 100 77 61 54 60
4.0 69 58 45 55 200 74 62 54 60

Figure 1 Degree of crystallinity as a function of tempera-
ture for the original ethylene-1-octene copolymers in cool-
ing and heating processes. (n) EG8400, heating; (h)
EG8400, cooling; (l) EG8411, heating; (*) EG8411,
cooling.
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corresponds to low size crystallites, whose thick-
nesses and lateral dimensions are much smaller than
those of chain-folded lamellar crystals. The typical
morphology of this region exhibits bundle-like mi-
cellar crystals.2,30

Small amplitude oscillatory shear experiments per-
formed on the virgin resins at 90�C allow to con-
struct Van Gurp-Palmen plots of phase angle d
versus complex modulus G* (not shown) that corre-
late very well with the extensive rheological charac-
terization performed by Garcı́a-Franco et al.31 on
different ethylene-octene copolymers of equivalent
octene content. The evolution of G0 versus frequency
at 90�C [shown in Fig. 4(c,d)] for EG8411 gives con-
sistently higher values than those of EG8400 irre-
spective of their similar weight average molecular
weight values. This is a direct consequence of the
lower content of short hexene chains in EG8411.

Cross-linked samples characterization

Molecular characterization

The changes in the molecular weight and molecular
weight distribution of both copolymers due to the
cross-linking processes by b-radiation and DCP were
analyzed by SEC combined with MALLS. When
radiation was used to modify the original copoly-
mers, only those irradiated with 200 kGy exhibited
an insoluble phase. Therefore, the samples irradiated
between 25 and 100 kGy belong to the pre-gel
region. As expected, chain-linking reactions pre-
vailed over the chain scission reactions. This resulted
in a net rise of Mw and Mn for both copolymers with
increasing doses of radiation.

Figure 2 illustrates these changes for the b-irradi-
ated copolymers. A sharp increase in the values of
Mw and Mn for both irradiated copolymers is
observed irrespective of the detector employed in

the estimation of the molecular weights. Obviously,
the values of Mw and Mn determined by MALLS are
higher than the values obtained with the RI detector,
because the former detector is more sensitive to mol-
ecules of higher size. Moreover, the divergence
between Mw values measured by MALLS and RI
detectors tends to increase as the degree of chain
branching induced by the cross-linking process
becomes more important at doses close to those of
the gel point. This is a consequence of the lower
hydrodynamic volume, characteristic of highly
branched molecules formed in the vicinity of this
point that are computed with the RI detector as lin-
ear molecules of lower molecular weight.
The results of these measurements show that the

efficiency of the cross-linking reaction was higher
for EG8411 because at equivalent doses of irradia-
tion, higher molecular weights were obtained. This
is evident in the figure for the results at 100 kGy.
The molecular structure of the EG8411, that contains
a lower content of 1-octene comonomers in the main
chain, is the most probable reason for this behavior.
The presence of tertiary carbons favors scission reac-
tions, which, in turn, reduce the efficiency of the
cross-linking reactions on the EG8400 copolymer.
Samples irradiated above the gel point with 200

kGy required an extraction process in hot xylene to
obtain the gel fraction, which has been later injected
in the chromatograph. The higher efficiency of the
cross-linking process on the EG8411 was also con-
firmed through the analysis of the amount of gel
fraction obtained from the samples irradiated with
200 kG, because a gel fraction of 58% was measured
for the irradiated EG8400 whereas 68% gel was
obtained from EG8411. The soluble fraction extracted
from the gel has been later injected in the chromato-
graph to evaluate the changes on the molecular
weight. At this dose, the measured values of Mw

and Mn from the extracted soluble fractions were

Figure 2 Mw and Mn for b-irradiated copolymers. (a) MALLS; (b) RI detector. (*) Mn and (l) Mw for EG8400 (solid
lines); (h) Mn and (n) Mw for EG8411 (dashed lines).
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slightly lower than those corresponding for the origi-
nal copolymers. Two factors are responsible for this
fact: (1) in the post-gel region high molecular weight
chains are preferentially incorporated to the gel frac-
tion because of their higher mass, they have more
probability to be cross-linked and attached to the
gel; (2) chain scission due to the high tertiary carbon
content of these copolymers. The existence of scis-
sion reactions is clearly established through the ob-
servation of the SEC traces of the irradiated samples.
Figure 3(a) shows as an example, the elution curves
of the original EG8411 copolymer and those of the
same polymer irradiated with increasing doses of b-
irradiation. With doses up to 100 kGy, a gradual
widening of the high molecular side of the elution
curve is clearly observed because of the formation of
high size molecules produced in the chain-linking
process. A slight displacement, that is not clearly
observed at the scale of the plot, attributed to scis-
sion reactions, is also noticeable in the low molecular
weight side. This displacement towards low molecu-
lar weights is unmistakably measurable when the
analysis is performed in the extractable fraction of
the sample irradiated with 200 kGy. Here, the SEC
curve is totally displaced towards much higher elu-
tion volumes indicating that, during the irradiation
process, a considerable amount of low molecular
weight molecules have been generated through scis-
sion reactions.

All the copolymers treated with different concen-
trations of DCP resulted in highly cross-linked post-
gelled materials. Figure 3(b) shows the evolution of
the SEC chromatograms for the different samples
obtained from EG8411 with increasing amounts of
peroxide. The curve corresponding to this polymer
cross-linked with 4% of DCP is not shown because
the soluble fraction obtained in this case was so
slight that it was not enough to be injected in the

chromatograph. The chromatogram obtained from
the copolymer treated with the lower peroxide dose
of 0.5% DCP correspond to its sol fraction in the vi-
cinity of the gel point. It exhibits, as in the case of
those already discussed for the irradiated samples, a
significant shift of the elution curve towards lower
elution volumes. This reflects the notable increase on
the molecular weight and molecular weight distribu-
tion because of cross-linking. The rest of the elution
curves show a continuous displacement towards
higher elution volumes with increasing doses of per-
oxide. This is again a consequence of the gradual
incorporation of the larger molecules to the gel frac-
tion and the continuous generation of low molecular
weight species as a result of scission reactions. Simi-
lar results were observed in the chromatograms
obtained from the irradiated and peroxi treated sam-
ples of the EG8400 copolymer.

DSC characterization

The low crystallinity character of the original sam-
ples has been already discussed. The crystallization
and melting properties of cross-linked samples ei-
ther by b-irradiation or DCP were examined. Table
II shows the thermal properties (Tm, DHm, Tc, and
DHc) of peroxide cross-linked and b-irradiated
copolymers. In the case of peroxide cross-linked
samples, despite its low degree of crystallinity and
the low size of their crystals, there is a continuous
decrease in the melting and crystallization tempera-
tures and enthalpies with increasing DCP concentra-
tions. In this case, the cross-linking reactions take
place in the melt, and therefore, the new cross-links
generated in this process induce additional restric-
tions to crystallization, reducing the length of the
crystallizable chains. Within the range of DCP con-
centrations employed in this study, an almost linear

Figure 3 Molecular weight distributions by SEC (RI detector) of (a) b-irradiated EG8411 copolymers. Solid line: neat
polymer, (l) 25 kGy, (!) 50 kGy, (þ) 100 kGy, and dashed line: 200 kGy. (b) DCP cross-linked EG8411 copolymers. Solid
line: neat polymer, (l) 0.5% DCP, (!) 1% DCP, and (þ) 2% DCP.

METALLOCENE ETHYLENE-1-OCTENE COPOLYMERS 2695

Journal of Applied Polymer Science DOI 10.1002/app



decay of the crystallization enthalpies with the
amount of peroxide was observed for both
polymers.

The data from Table II reveal also a very slight
decrease in the melting and crystallization tempera-
tures of the irradiated copolymers. At low irradia-
tion doses, the changes are not significant. Only at
the higher radiation dose a tenuous drop in those
properties is perceived. The observed differences in
behavior with respect to the peroxide cross-linked
copolymers may be explained by the fact that the
irradiation of the original polymers took place at
room temperature. Consequently, it is expected that
the new cross-links will be formed preferentially in
the amorphous regions without affecting the crystal-
lizable portions of the chains. Even though, a slight
temperature rise may be expected to occur on the
samples as a consequence of the irradiation process
depending on the specific heat of the material and
the irradiation dose. In this work, to avoid signifi-
cant temperature rises in the samples, the desired
doses were applied in several steps (as explained in
the Experimental Section), so that the heat can be
dissipated to the surroundings of the sample. Irre-
spective of this precaution, due to the wide range of
the melting temperatures displayed by these copoly-
mers, some of the more imperfect crystals may have
been affected by the irradiation procedure, especially
when the higher doses were applied.

Rheological characterization

The rheological properties in shear of b-irradiated
ethylene-1-octene copolymers have been obtained
under small-amplitude oscillatory experiments at
several temperatures between 30�C and 90�C, at 10�C
intervals, but only the results at the lowest and the
highest temperature are displayed here. Figure 4(c,d)
shows the evolution of the elastic modulus, G0, for
both copolymers at 90�C when increasing doses of
radiation are applied. At this temperature, where the
crystalline structures of the original polymers are
completely molten, the rheological behavior is domi-
nated by the chemical links generated by radiation.
The values of G0 measured for the modified EG8411
copolymers on the terminal zone at equivalent doses
are consistently higher than those corresponding to
EG8400 and evolve towards a higher plateau modu-
lus. This reflects again the influence of the higher
concentration of short chains present in the EG8400
and the higher efficiency achieved by the radiation
cross-linking on EG8411. At low radiation doses, an
immediate shift of the terminal zone toward lower
frequencies is observed but no significant changes
appear in the transition to the rubbery plateau. The
polymers irradiated with 100 kGy are very close to
the critical dose for incipient gelation. At this point,

the G0 and G" curves straighten over the entire fre-
quency range and the loss tangent, Tan d, becomes
frequency independent [see Fig. 4(e,f)]. Beyond 100
kGy, the G0 curves at low frequencies move towards
a low frequency plateau, which eventually should
converge to the equilibrium modulus.
The rheological behavior at 30�C is dominated by

the weak crystalline structure of the polymers. Fig-
ure 4(a,b) shows the evolution of G0 versus fre-
quency of the two copolymers after been treated
with increasing doses of b radiation. The elastic
modulus of the original EG8411 copolymer is consid-
erably higher than that of EG8400 over the entire
range of the frequency window explored. This
reflects the greater crystalline content of the copoly-
mer with lower octene concentration. At this temper-
ature, a slight irradiation with 25–50 kGy does not
introduce any significant change in the viscoelastic
behavior of any of the two modified copolymers. At
100 kGy and beyond, a progressive decay in the
magnitude of the elastic modulus is clearly observed
over the entire frequency range covered by the
experiments. This is attributable to the decrease of
the crystalline content induced by radiation at the
higher doses that was reported and discussed in the
section referred to the thermal behavior of these
polymers and also to scission reactions.
The results from the cross-linking induced by DCP

at 90�C are reported in Figure 5(c–f). When EG8411
was processed with 0.5% DCP, an incipient post-gel
condition was achieved. Concentrations of DCP
above 0.5% resulted in well cross-linked gels with sol
fractions ranging from 0.50 to 0.98. These cross-linked
copolymers exhibit very low and invariant Tan d val-
ues over the entire frequency window diminishing
progressively with increasing concentrations of the
peroxi modifier. The viscoelastic behavior of the DCP
modified EG8400 was similar to that of EG4811.
For the higher DCP concentration (4%), G0 was

also almost constant on the whole range of frequen-
cies for both copolymers. In this case, G0 % 0.12
MPa at 90�C. This value was lower than those
obtained at high frequencies with concentrations of
peroxide of 1 and 2%. The reason for this decay of
the elastic modulus with increasing amounts of per-
oxi modifier may be attributed to chain scission reac-
tions that are common in these copolymers with
considerably concentration of tertiary carbons and
were confirmed by the SEC chromatograms per-
formed on the soluble fractions of the post-gel per-
oxi modified polymers.
At 30�C, the viscoelastic behavior is again domi-

nated by the crystalline morphology. Both copoly-
mers exhibit slightly increasing G0 values with
frequency in the original and on the peroxi modified
materials. The magnitudes of the elastic modulus
versus frequency curves tend to diminish with
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increasing peroxide concentration due to the inter-
ference caused by the cross-links on the length of
the chains able to enter in the crystalline phase.

FTIR characterization

The degradation process related to carbonyl
oxidation was monitored by FTIR analysis for the

b-irradiated and DCP cross-linked samples. The con-
tribution of carbonyl groups (aldehydes, ketones,
and acids) was evaluated integrating the area of the
peaks in the range between 1705 and 1750/cm. The
reference band corresponding to (CH2)

�
n (n � 4)

rocking at 721/cm, which is not affected during the
corresponding cross-linking process was used as an
internal standard.32

Figure 4 Rheological properties versus frequency for b-irradiated copolymers: Storage modulus (G0) at 30�C for (a)
EG8400, (b) EG8411; Storage modulus (G0) at 90�C for (c) EG8400, (d) EG8411; Loss Factor (Tan d) at 90�C for (e) EG8400,
(f) EG8411. (n) neat polymer, (D) 25 kGy, (l) 50 kGy, (*) 100 kGy, and (!) 200 kGy.
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Practically no differences were detected in the
region of the spectra corresponding to the carbonyl
region between the original polymers and the irradi-
ated materials. There is in accordance with previous
results obtained with electron beam irradiation on a
ethylene-octene copolymer (Affinity EG8200) were
no obvious signs of oxidation were found with radi-
ation doses up to 500 kGy.30 In contrast, peroxide

modified samples showed a growth of the magni-
tude of this region at the higher concentrations of
DCP.

Gel content

Irradiation of both copolymers gave a post-gel con-
dition only in the case of the higher irradiation dose

Figure 5 Rheological properties versus frequency for DCP modified copolymers. Storage modulus (G0) at 30�C for (a)
EG8400, (b) EG8411; Storage modulus (G0) at 90�C for (c) EG8400, (d) EG8411; Loss Factor (Tan d) at 90�C for (e) EG8400,
(f) EG8411. (n) neat polymer, (D) 0.5% DCP, (l) 1% DCP, (*) 2% DCP, and (!) 4% DCP.
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of 200 kGy. With this condition a gel content of 68%
was obtained for EG8411 and 58% for EG8400. This
difference is attributed to the higher comonomer
content in EG8400, which makes it more prone to
chain scission as was previously explained.

To explore the maximum amount of soluble
fraction obtainable on these copolymers with DCP,
additional experiments were performed on both
copolymers with doses of DCP up to 10% peroxide.
The values of the gel content obtained with increas-
ing doses of DCP are displayed in Figure 6. In this
case, the gel content obtained with similar concen-
trations of DCP on both copolymers results in a
higher gel content for EG8411 on the whole range
of peroxide concentrations explored. While peroxi
modification of the EG8411 with concentrations of
4% or higher resulted in a fully cross-linked poly-
mer with negligible soluble content (less 2%). On
the other hand, EG8400 with higher octene concen-
tration gave soluble fractions not lower than 9%.
Apparently, according to these results, the tertiary
carbon content has a high incidence on the final gel
content that can be obtained by the DCP cross-link-
ing process.

Mechanical properties

Table III shows the tensile properties of peroxide
and b-radiation cross-linked ethylene-1-octene co-
polymers. The stress–strain curves in all cases pres-
ent no localized yield and a continuous rise of the
elongational force was observed. This is attributable
to the low size of the crystalline structure of the pol-
ymers and the complex branched structure of the
modified polymers. The tensile strength of the b-
irradiated cross-linked samples increases progres-
sively, reaching its maximum value at 200 kGy.
Moreover, the biggest increase in the tensile strength
takes place between 100 kGy and 200 kGy.
On the other hand, the elongation at break also

increases progressively up to 100 kGy, where the
failure occurred at a deformation higher than 1100%,
and then dropped slightly at 200 kGy. The increase
in the elongation at break is related to the growth in
the molecular weight and the complexity of the mo-
lecular chains. These results are in good accordance
with the changes in molecular weight observed up
to 100 kGy through the SEC characterization. At
high irradiation doses (200 kGy), the post-gel condi-
tion is obtained. This result is in agreement with the
enhancement of the tensile strength and a reduction
of the elongation at break.
The values of tensile strength obtained in the per-

oxide cross-linked copolymers are lower than those
of the irradiated samples. The maximum value for
the tensile strength corresponds to a DCP amount of
1% for EG8400 and between 1 and 2 phr for EG8411.
Beyond these doses, a progressive decay of the ten-
sile strength and elongation and break is observed
for both copolymers. This is in accordance with the
decay observed on the elastic modulus versus fre-
quency measurements showed in the rheological
measurements. A comparison can be made between
the copolymers EG8400 modified with 200 kGy and
that treated with 2 phr DCP since both have very
similar gel fractions (60%). In this condition, higher
tensile strength and elongation at break was

Figure 6 Gel content of DCP cross-linked ethylene-1-
octene copolymers. (l) EG8400 and (n) EG8411.

TABLE III
Tensile Properties of Cross-Linked Copolymers

Tensile strength (MPa) Elongation at break (%)

EG8400 EG8411 EG8400 EG8411

Irradiation
dose (kGy)

0 2.88 � 0.11 5.75 � 0.07 956 � 63 916 � 24
25 3.39 � 0.01 7.86 � 0.89 1076 � 52 1022 � 51
50 3.20 � 0.07 7.97 � 0.28 1135 � 54 1040 � 8

100 5.09 � 0.86 9.33 � 0.57 1389 � 167 1106 � 51
200 11.39 � 0.83 14.80 � 2.08 1372 � 69 1054 � 97

DCP amount
(phr)

0.5 7.80 � 0.81 9.74 � 2.18 1383 � 83 878 � 172
1 7.94 � 1.17 12.40 � 0.29 1387 � 163 927 � 27
2 4.78 � 0.98 13.12 � 0.05 931 � 147 434 � 3
4 2.56 � 0.44 6.23 � 0.65 166 � 82 390 � 30
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obtained on the irradiated copolymer. This may be a
consequence of the different distribution of cross-
linked points obtained with the irradiation proce-
dure at room temperature with respect to that per-
formed in the molten state when DCP is utilized
and to the quality of the crystalline structure of both
materials.

CONCLUSIONS

Metallocene ethylene-1-octene copolymers with nar-
row molecular weight distribution and a high como-
nomer content exhibit very low crystallinity and a
very wide melting range that almost overlaps with
the glass transition. In the DSC characterization of
cross-linked samples, peroxide cross-linking in the
molten state allows the introduction of scission and
cross-linking reactions at any site of the copolymer
chains reducing the length of repeated units avail-
able for crystallization. Therefore, enthalpies and
melting and crystallization temperatures decrease.
Crystal size in both copolymers is low, so the
changes induced in crystalline morphology are not
considerable. On the other hand, as irradiation takes
place at room temperature, samples modified by this
procedure exhibit only slight changes in crystallinity.
FTIR spectroscopy has been used to determine that a
higher degree of oxidation after cross-linking results
when peroxide modification is employed.

It has been verified that the comonomer content,
which is related to the amount tertiary carbons and
to the degree of cristallinity of the ethylene-octene
copolymers reduces the efficiency of the cross-link-
ing process. In particular, the higher amount of terti-
ary carbons and lower crystallinity in EG8400
diminishes the cross-linking efficiency with respect
to EG8411 when irradiation is applied. With DCP
modification in the molten state, where crystallinity
does not play any role, the lower content of terciary
carbons in EG8411 makes the modification proce-
dure more efficient than with EG8400, especially at
high DCP doses.

The SEC technique combined with the rheological
characterization provided very useful tools to study
the evolution of molecular structure with the pro-
gress of cross-linking and chain scission.

The cross-linking process improves significantly
the tensile properties of both copolymers. Within the
range of doses explored in this work, b-radiation
provided better tensile properties than DCP cross-
linked copolymers. On the peroxide modified sam-
ples, optimal mechanical properties were obtained
with concentrations of about 1% DCP.
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