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Abstract

Four high density polyethylenes were modified using different concentrations of an organic peroxide in order to change their molecular
structure. The effects of the presence of vinyl groups in the original polymer molecules and of the peroxide concentration used in the
modification process were analyzed. All the concentrations of peroxide used in this study were below the critical concentration that produces
a macroscopic molecular network. The weight-average molecular weight of all the polyethylenes augments and the molecular weight
distribution gets wider as the concentration of peroxide increases. These results support the general belief that the chain-linking reactions
dominate the modification process. Evidence of the important role played by the vinyl groups is found not only in the change of the width of
the chromatograms but also in the position of their maximums. The vinyl-containing polymers display the largest molecular changes for a
given peroxide content. The magnitude of the viscous and elastic moduli of the polyethylenes goes up as the concentration of peroxide used
increases showing the effect of the generated large molecules. The linear viscoelastic response of the modified polymers is thermo-
rheologically complex. This complexity can be associated with the generation of branched molecules. For similar molecular weights and
peroxide concentration, the flow activation energy displayed by the polyethylenes with larger concentration of vinyl groups is larger. This
result suggest that a much more complex molecular structure is formed in the presence of vinyl groups. The dynamic moduli of the polymers
were analyzed using the generalized viscoelastic model. The spectrum of relaxation times was determined for each polymer and analyzed as a

function of the peroxide concentration. © 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The use of organic peroxides for the modification of
molten polyethylene (PE) is a method frequently used in
the industry to obtain polymers which have physical and
mechanical properties different from the original materials
[1-3]. The method is based on the formation of oxy-radicals
due to the thermal decomposition of the peroxide. The
oxy-radicals abstract hydrogen atoms from the macromol-
ecules generating macro-radicals which mostly participate
in combination reactions producing chain-linking, that is,
cross-linking, long-chain branching, and chain extension
[4-8]. The peroxide decomposition has to take place in
the range of the processing temperatures of the polymer
for the process to be considered useful. The modification
of PE by reaction with organic peroxides is studied in many
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publications in the literature. Many of them analyzed the use
of large concentrations of peroxide in order to produce
intensive chain-linking and to transform part of the material
in an insoluble molecular network or gel ([5-7,9-19]
among others). There are only a few publications that
study the modification of PE using peroxide concentrations
below the critical concentration to produce a gel [4,20—29].
At these relatively low peroxide concentrations, the modi-
fied PE is still thermoplastic. The molecular structure of the
PE changes in such a way that the average molecular
weights increase and the molecular weight distribution
becomes wider, altering its properties in the molten and
solid states.

There are many factors to be taken into account in the
process of chain-linking when PE is exposed to peroxide
attack in the melt. The main one is the molecular structure,
which is given by the average molecular weights of the
polymer, the distribution of molecular weights and the exis-
tence of tertiary carbons (branch points), and vinyl groups
[4,7,10,16,19,23-26]. Other factors are the concentration
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Table 1
Characteristics of the HDPE used in the present study

Material Origin M, PD 1,2-Vinyl
(gmol™h concentration
(mol 17')*
PE1 Du Pont de Nemours (USA) 53 000 2.4 0.033
PE2 Petropol (Argentina) 55 000 4.6 0.0047
PE3 Du Pont de Nemours (USA) 83 000 23 0.035
PE4 Petropol (Argentina) 79 000 3.9 0.0033

* The concentration of vinyl groups is calculated using an extinction
coefficient of 153 1 mol ' em ™! [34].

and type of peroxide, temperature and additives
[6,14,17,18,30]. The vinyl-containing polymers cross-link
faster and produce higher final gel contents than saturated
polyethylenes. Equivalent gel content can be obtained in the
saturated materials when higher peroxide concentrations are
used [7,10,19,23-26]. Also, the amount of peroxide needed
to reach the gel point decreases as the molecular weight of
the PE increases [10]. According to Hulse et al. [10], the
molecular weight and molecular weight distribution of poly-
ethylenes with low vinyl concentration have no effect on the
cross-link efficiency calculated as the ratio between the
theoretical expectation and the amount of peroxide needed
to reach the gel point. The presence of chain branches in the
PE molecules has been shown to affect the scission prob-
ability which seems to depend on the initial branch
concentration [4,16].

Only a few papers may be found in the literature that deal
with the rheological characterization of polyethylenes
modified with organic peroxides below the gel point
[4,20,22-27,29]. These works were performed using linear
low-density polyethylenes (LLDPE) [23-26,29], high-
density polyethylenes (HDPE) [4,20,22], and low-density
polyethylenes (LDPE) [4,27]. As expected, the results
presented in them indicate that an enhancement of all the
viscous and elastic properties is produced when the amount
of peroxide added increases. This effect is more noticeable
at low shear and extensional deformation rates. In some
cases it has been observed that at high shear rates, the
viscous properties of the modified polymers tend to be
lower than those of the original polyethylenes [4] and that
there is an accentuation of the shear-thinning behavior with
the peroxide concentration used [4,23-26]. A reduction in
the die swell with increasing peroxide concentration
[23—-26] as well as a delay in the onset of melt fracture
upon extrusion [29] have been observed. When the
previously mentioned effects are analyzed as a function of
the type of polyethylene used in the modification process, it
is concluded that the enhancement of the rheological
properties is more important in the HDPE and less important
in the branched LLDPE and LDPE which are susceptible to
higher degradation by scission reactions.

The main objective of the present paper is to study the
effect of peroxide concentration on the molecular weights

and the rheological properties of a series of high-density
polyethylenes with different original molecular weights
and vinyl concentrations. The techniques of gel permeation
chromatography, infrared spectroscopy, and dynamic
rheometry are used to evaluate parameters that are used to
characterize the molecular structure of the polymers. The
morphological and mechanical properties of solid samples
of modified polyethylenes will be presented in a second
publication [31].

2. Experimental
2.1. Materials

Table 1 lists the polyethylenes used in this study and the
calculated weight-average molecular weights (M,) and
polydispersities (PD = M,,/M,)). Fig. 1 shows the normal-
ized chromatograms of the four original HDPE used in this
study and are listed in Table 1. The chromatograms were
obtained by gel permeation chromatography (GPC) using a
Waters 150-C ALP/GPC equipped with a set of 10 pum
PLGel columns from Polymer Labs having nominal porous
sizes of 10°, 10%, and 500 A. The solvent used was 1,2,4-
trichlorobenzene (TCB) at 140 °C. The molecular weights
of the polymers were estimated following the standard
calibration procedure using monodisperse polystyrene
samples and the corresponding Mark—Houwink coefficients
for polystyrene and linear polyethylene in TCB [32,33].
According to the chromatograms, PE2 and PE4 have a
slightly broader molecular weight distribution than PEI
and PE3 and have tails of high and low molecular weight.

The concentration of vinyl groups of each polymer is
presented in Table 1. This concentration was determined
from infrared spectroscopic measurements (FTIR, Nicolet
520) performed on films. The vinyl concentration is calcu-
lated from the intensity of the 908 cm ' band using a molar
extinction coefficient of 153 1 mol ' ecm ™! [34]. The results
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Fig. 1. GPC traces of the four original HDPE normalized to have the same
area.
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show that PEland PE3 have larger concentration of vinyl
groups than the other two polymers. Approximately one
vinyl group per molecule may be estimated for these two
polymers taking into account the method of polymerization
used in their synthesis.

2.2. Modification

The 2,5-dimethyl-2,5-di(fert-butylperoxy)-hexane was
used as an initiator for the modification process. The resins
were dissolved in xylene at boiling temperature and after-
wards precipitated in cool methanol to obtain a fine powder.
Fractions of these powders were then impregnated with
different amounts of peroxide—hexane solution to give the
desired final peroxide concentrations once the solvent was
removed.

The impregnated polyethylenes were placed between
3 mm thick steel plates held apart by a 0.5 mm thick brass
frame. The samples were then compression molded between
the hot plates of an hydraulic press for 5 min at 170 °C and
10 bar. Then the pressure was relieved and the samples were
kept at that temperature between the plates for an additional
15 min. The reaction time was chosen from the previously
done rheological experiments, as the time needed to obtain
constant values of the dynamic moduli. These moduli were
continuously measured at 170 °C at a fixed frequency of
1s~' using samples previously molded for 5min at
170 °C and 10 bar. Bremner and Rudin [14] followed a
similar procedure to study the kinetics of this type of
modification reaction.

The modified polymers are designed as PE#-X, where # is
the number that identifies the original PE and X corresponds
to the concentration of peroxide used in the modification
process in ppm. For example, the PE3-130 is the name of
the polymer obtained by the modification of PE3 with
130 ppm of peroxide. No traces of gel were observed in
any of the analyzed modified polymers after 6 h of Soxhlet
extraction using boiling xylene.

2.3. Molecular characterization

GPC and FTIR were used to observe the change in
molecular distribution and in the concentration of vinyl
groups of the modified polymers, respectively. The chroma-
tograms were obtained using the conditions previously cited
for the characterization of the original polyethylenes.
Consequently, the average molecular weights calculated
for the modified polymers are underestimated since it is
assumed that the polymer molecules are linear. Thus, the
GPC characterization allows the performance of a qualita-
tive comparison of the molecular weights as a function of
peroxide concentration. The PE3 family of polymers were
also characterized using the combined techniques of GPC
and light scattering (MALLS).

2.4. Rheological characterization

The elastic or storage modulus, G'(w), and the viscous or
loss modulus, G”(w), of all the materials were obtained in
small-amplitude oscillatory shear flow experiments using a
rotational rheometer from Rheometrics Inc. (model RDA-
II). The tests were performed using parallel plates of 25 mm
in diameter, a frequency range of 0.1-400s”', and a
temperature range of 140-200°C. All the tests were
performed using small strains to ensure the linearity of the
dynamic responses [35]. Nitrogen atmosphere was used to
prevent oxidation of the samples. The dynamic viscosity
(n(w) = G"(w)w) and the phase angle (6=
tan”' G"/G"), are parameters calculated from the dynamic
moduli which are frequently used in this paper. All the runs
were repeated using different polymeric samples. Several of
the series of frequency sweeps at different temperatures
were repeated twice with the same sample. Excellent agree-
ment between the results was found in all the cases, indicat-
ing that no measurable degradation occurred during the
rheological tests.

3. Results and discussion
3.1. Molecular characterization

Fig. 2 shows the normalized chromatograms of PEI and
PE2 and those of the corresponding modified polymers
using different peroxide concentrations. Fig. 2(a), which
corresponds to the PE1 family of polymers, shows a gradual
enlargement in the width of the curves and a gradual shift in
the maximum of the molecular weight distribution towards
higher molecular weights with increase in the peroxide
concentration. An increase in the width of the chromato-
grams of PE2 (Fig. 2(b)) is also observed although it is
less noticeable. A slight shift in the maximum of the
molecular weight distribution of these polymers is notice-
able only when peroxide concentrations greater than
2000 ppm are used. The effect of peroxide on the shape of
the chromatograms of the PE3 and PE4 family of polymers
is equivalent to that observed in PE1 and PE2, respectively.
The weight-average molecular weight and the polydisper-
sity estimated from the chromatograms are listed in Table 2.

Fig. 3 shows the evolution of the concentration of vinyl
groups in the four HDPE as a function of the peroxide
concentration used in the modification. The amount of
vinyl groups in PE1 and PE3 drops rapidly when the
concentration of peroxide increases. The rate of consump-
tion is similar in both the cases. PEI reaches a very low
value of vinyl content before traces of gel are observed in
the sample (at ~2000 ppm). On the other hand, a measur-
able amount of vinyl groups still presented by the time
evidences of gel formation are observed in PE3 (at
~500 ppm). The other two polyethylenes have a very low
initial concentration of vinyl groups and hence, it is slightly
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Fig. 2. GPC traces of PE1 (a) and PE2 (b), and the corresponding polymers
obtained by reactive modification with different peroxide concentrations.
Data curves have been normalized to have equal area.

affected by the modification process. In fact, they are about

the minimum value detectable with the used procedure.
According to the GPC results, the chain-linking reaction

is the one that prevails in the peroxide modification of all the
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Fig. 3. Concentration of vinyl groups of the polyethylenes as a function of
the peroxide concentration used in the modification process.

HDPE. For a given peroxide concentration, PE1 and PE3
show larger changes than PE2 and PE4 as shown by the data
in Table 2. The larger initial concentration of vinyl groups
present in PE1 and PE3 is the cause for the larger reactivity
of these polymers. Several authors have previously
suggested that the vinyl group participates actively in the
modification process of PE [5,7,10,19]. A rapid decrease in
the vinyl content is attributed to the fact that the allylic
hydrogens present in the terminal vinyl groups are prefer-
entially abstracted by the peroxide oxy-radicals. The gener-
ated macro-radicals then participate in chain-linking
reactions.

The shift observed in the maximum of the chromatograms
in Fig. 2(a) (which is also seen in the chromatograms of
PE3) may be explained by the fact that in PE1 most of the
initial molecules have terminal vinyl groups. Since these
groups participate in the modification process and are
consumed more rapidly, all the molecules, independent of
their size, have a similar probability to participate in the
chain-linking reactions and disappear to form larger
molecules. On the other hand, when the concentration of

Table 2
Weight-average molecular weight and polydispersity (within brackets) calculated from GPC chromatograms assuming that the polymers are linear poly-
ethylenes
Peroxide concentration (ppm) PE1 PE2 PE3 PE4
0 53 000 (2.4) 55 000 (4.6) 83 000 (2.3) 79 000 (3.9)
65 98 000 (2.8)
130 108 000 (3.3)
250 71 000 (2.9) 70 000 (4.2) 117 000 (3.1) 85 000 (4.7)
500 78 000 (2.7) 71 800 (4.6) 155 000 (3.5)* 94 000 (4.9)
750 98 700 (3.8) 76 000 (5.6) 95 000 (4.8)
1000 130 000 (4.1)
2000 159 000 (5.2)*
2500 87 000 (7.0)
3500 96 000 (7.7)

* The rheological characterization of these materials indicates the presence of micro-gels.
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Fig. 4. Frequency dependence of the elastic modulus (G’, in Pa) and the dynamic viscosity (', in Pa-s) of all the family of polymers at 160 °C. Full lines:
predictions of the multi-mode Maxwell model (Eq. (1)) with the corresponding coefficients shown later in Fig. 7. Symbols: (®): original polymers; (A):
65 ppm; (#): 130 ppm; (+): 250 ppm; (V): 500 ppm; ( X ): 750 ppm; (O): 1000 ppm; (%k): 2500 ppm; (H): 3500 ppm.

vinyl groups is small, the probability of a molecule to parti-
cipate in a chain-linking reaction is mainly given by its size.
Thus, the large molecules would have a higher chance to
participate in the reactions than the small ones. This fact
explains why the position of the maximum in the chromato-
grams of Fig. 2(b) is practically unaltered.

3.2. Rheological characterization

Fig. 4 shows the dynamic viscosity, 1'(w), and the elastic
modulus G'(w) of all the studied materials at 160 °C. The
results of PE1-2000 and PE3-500 are not included in the
figures because the rheological characterization of these
polymers suggests the presence of micro-gels even though
they were not detected during the solvent extraction with
boiling xylene. In all the cases the modified materials show
a progressive increase both in viscosity and in elasticity with
increase in the amount of peroxide used, in agreement with
the observations of other authors [4,20,22—-27,29]. These
effects are the result of the increasing amount of large
macromolecules formed by the chain-linking reactions.
Comparing PE1 and PE2, which have similar molecular
weights, the effect is more noticeable in PE1, in agreement
with the results of the molecular characterization. For
example, the rheological behavior of PE1-250 is similar to

that of PE2-500. This means that in the case of PE2, which
has a very low initial vinyl concentration, it is necessary to
use a concentration of peroxide at least twice that in the case
of PE1 to obtain similar modification results. Furthermore,
the large increment in the rheological properties observed
when PEl was modified with 500 ppm was not obtained
with PE2, not even when 3500 ppm was used. The same
comment is valid for PE3 and PE4 although these two
materials have slightly different original molecular weights.
An equivalent result was obtained by Hulse et al. [10] and
Smedberg et al. [7] who showed the important effect of the
vinyl unsaturations on the chain-linking process. Hulse and
coworkers found a 75% of cross-linking efficiency in a poly-
ethylene with 0.5 vinyl groups/1000 C compared with
approximately 30% obtained in the case of unsaturated
polymers. Equivalently, Mandelkern [36] found that the
irradiation dose to reach the gel point increases when the
concentration of vinyl groups of a polyethylene decreases.
This result was obtained by comparing irradiated samples of
a HDPE (with approximately one vinyl group per molecule)
with hydrogenated samples of the same polymer (with no
vinyl groups).

The behavior of all the materials was also analyzed as a
function of temperature in the range from 140 to 200 °C,
using steps of approximately 10 °C. The curves of the linear
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viscoelastic parameters of PE1, PE2, and PE4 show similar
behavior with frequency and they may be shifted according
to the time—temperature superposition principle [35] to
build master curves of the dynamic material parameters.
PE3 has no simple thermo-rheological behavior. Fig. 5
shows the master curves of the phase angle (6(w)) of the
four HDPE. In the case of PE3, two pseudo-master curves
are presented which are built by superposing the viscoelastic
data at low and high frequencies, respectively. The fact that
PEI, PE2, and PE4 are thermo-rheologically simple poly-
mers means that all the relaxation processes that affect the
rheological behavior in the covered range of frequencies
have the same dependency with temperature. The shape of
the 6(w) curves of PE3 and its thermo-rheologically
complex behavior suggest the presence of some long-
chain branches in this polymer. It has been proposed and
experimentally confirmed [37,38] that long branches in
polymers with a negative slope of the derivative of the
radius of gyration with temperature (9ln(R*)Y/0T), like in
the case of polymethylene chains, produce an increase in
the values of the flow activation energy, when calculated
from zero-shear-rate viscosity measurements.

With respect to the modified polymers, all of them present
a thermo-rheologically complex behavior. The time—
temperature superposition principle cannot be used with
these polyethylenes in the whole range of frequencies
covered. As an example, Fig. 6 shows the master curve of
the phase angle of PE1 and the pseudo-master curves of the
corresponding modified polymers that may be built by
superposing the viscoelastic data at low frequencies. This
procedure allows us to further analyze the temperature
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Fig. 6. Master curve of the phase angle of PE1 and pseudo-master curves of
the modified PEl-i polymers obtained applying the time—temperature
superposition principle in the range of small frequencies. Reference
temperature: 160 °C. Different symbols correspond to different tempera-
tures between 150 and 200 °C.

dependence of the low-frequency data, which are affected
by the large relaxation processes. The thermo-rheological
complexity of the modified polymers is a consequence of
the long chain branches generated in the polymer molecules
during the peroxide modification process.

The master curves and pseudo-master curves of the phase
angles are constructed by shifting the data in the time scale
by factors ar. All the sets of ay data calculated have an
Arrhenius type of dependence with temperature, i.e. In ar =
AH/RT, where AH is the flow-activation energy and R is the
universal gas constant. Table 3 lists the values of AH for all
the polymers.

The flow activation energies of PE1, PE2, and PE4 are in
accordance with previously reported values for linear poly-
ethylenes [39—41]. The flow activation energy reported in
the case of PE3 and the modified polymers is the one which
describes the temperature dependence of the slower relaxa-
tion processes, i.e. those that dominate the response of the
polymers at small frequencies and that may be associated
with the large-scale dynamics of the molecules. Only in the
case of PE3, PE2-250, and PE4-250 it was also possible to
shift the curves and superpose them in the range of large
frequencies, as shown in Fig. 5 for PE3. The flow activation
energies (AH ") calculated in this way are listed within
parenthesis in Table 3. These values are lower than those
corresponding to the flow activation energies determined in
the low frequency zone. These AH' describe the temperature
dependency of relaxation processes that are several orders
of magnitude faster than the larger ones previously
mentioned. Studies performed on irradiated samples of
PEI and PE3 and on samples of hydrogenated polybuta-
dienes modified with peroxide gave very similar values of
AH' (33.0 = 4.7 kI mol ™) [42].

The value of AH of the modified polymers, as well as that
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Table 3

Flow activation energy obtained from the calculated temperature shift factors used to build master curves (original polyethylenes) and pseudo-master curves
(modified polyethylenes) of the linear viscoelastic data. Bold numbers correspond to thermo-rheologically simple materials with unique AH. The rest are flow
activation energies determined from low-frequency data. Numbers within brackets correspond to flow activation energies measured from high-frequency

dynamic data

Peroxide concentration (ppm) AH (kJ mol ")
PE1 PE2 PE3 PE4
0 25.9 28.8 45.3 (33.3) 28.7
65 - - 53.3 -
130 - - 72.7 -
250 58.0 55.1 (39.5) 107 51.1 (36.7)
500 71.5 59.1 =4 47.8
750 85.6 56.0 - 59.4
1000 91.5 - -
2000 -2 - - -
2500 - 67.7 - -
3500 - 76.3 - -

* The rheological characterization of these materials indicates the presence of micro-gels.

of PE3, corresponds to molecular structures more complex
than that of the linear polymers. It is interesting to observe
that the modified polymers of the PE2 and PE4 family
obtained with 250, 500, and 750 ppm have similar flow
activation energies (average AH = 54.8 = 4.6kJ mol ")
which are also similar to the AH of PE1 and PE3 modified
with the smaller concentrations of peroxide (PE1-250 and
PE3-65). These results suggest that, from the point of view
of the thermal response, the branched molecular structure
obtained in all these cases are equivalent. Furthermore,
since these values of AH are also similar to the flow activa-
tion energy of LDPE (55.3kJ molfl) [41], it may be
concluded that the molecular structure of these polymers
may be similar to the conventional branched structure of
polyethylenes. In the case of PEl and PE3, the value of
AH keeps increasing as the peroxide concentration used
increases. The same trend is observed in the case of PE2
modified with concentrations greater than 2000 ppm. These
values of AH suggest a much more complex molecular
structure that may be of the type of branches-on-branches.
The analysis of the flow activation energies of all the
polymers agrees with the fact that the vinyl groups have
an important effect on the peroxide modification process
generating more complex molecular structures.

It may be interesting to compare the results obtained from
the peroxide modification process of HDPE with those of a
linear conventional polyethylene modified by irradiation
with different doses. When PEI1 is modified by irradiation
at room temperature it is observed that the GPC chromato-
grams change with the irradiation dose following a similar
pattern to those of the polyethylenes with no vinyl groups.
The concentration of vinyl groups is observed to decrease
with the increase in the irradiation doses used although a
large concentration of vinyl groups is still present by the
time the gel point is reached at approximately 30 kGy [42].
All the irradiation modified materials are also thermo-
rheologically complex polymers. The flow activation

energy of these materials increases with the irradiation
dose and the largest value calculated is 63 kJ mol~' at
20 kGy. This value is similar to the flow activation energy
of the modified polymers of the PE2 and PE4 family and to
the flow activation energy of PE1-250 and PE3-65. Again, it
may be concluded that when the modification process is
controlled by the molecular weight of the molecules rather
than by the number of molecules of each weight, the modi-
fication process proceeds in such a way that the generated
branched molecular structures are equivalent, at least from
the rheological point of view.

3.3. Modeling of the linear viscoelastic results

The viscoelastic response of the polymer exposed to
flows of small deformations is successfully described by
the general linear viscoelastic model which is well
described in several standard references [35,43]. For the
particular choice of a relaxation modulus described by the
sum of terms, which exponentially decay with time (multi-
mode Maxwell model), the dynamic material parameters are
described by the following relations
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where the set of constants A, and 7, constitute the spectrum
of relaxation times and viscosities. The spectrum is reduced
to a discrete number of elements by organizing the relaxa-
tion times in decreasing order and setting A and 7, to zero
for k greater than some finite number N. The relaxation
modulus is then dominated by the largest relaxation time,
AL

The rheological behavior of the polymers in the range of

(D
G'(w) = on'(w)
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frequencies covered in the present work is affected by the
intermediate and long time scale molecular dynamics, i.e.
entanglement and flow behavior. The long branches in the
polymer molecules strongly suppress the translational
motions of the whole molecules which, however, can still
change their configurations by retracting the long branches
along their primitive path, pushing out unentangled loops
into the surrounded matrix [37]. This additional relaxation
mechanism causes a large increase in the characteristic
zero-shear-rate relaxation time, A, of long branched
polymers with respect to the corresponding value for linear
molecules of similar (high) molecular weight. At low
frequency, the rheological response of the polymers is
dominated by the slower relaxation processes, allowing
the analysis of changes in the large-scale molecular
structure. The relaxation processes at higher frequencies
are dominated by shorter-range interactions which may be
associated with molecular movements of a smaller scale
than the previous ones but larger than the distance between
entanglements that mainly affect the plateau region. In the
case of the family of polyethylenes analyzed in this paper,
the relaxation processes at this range of frequencies should
be very similar in all the polymers because they should all
have a similar intermediate scale molecular structure.

The terminal relaxation spectra of each material is calcu-
lated by minimizing the sum of the set of functions:

F; = [log G} — log G'(w)I* + [log G} — log G"(w)I* (2)
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forj = 1,...,m where m is the number of experimental data.
Each term in Eq. (2) represents the difference between the
measured dynamic modulus (elastic or viscous) and the
corresponding one calculated with Eq. (1) at the same
frequency. The minimization is done using the nonlinear
regression method of Levenberg—Marquard [44].

Fig. 7 shows the set of constants A, and 7, of all the
polymers determined using the above mentioned minimiza-
tion procedure and the dynamic moduli of all the polymers
at 160 °C. The solid lines in Fig. 4 correspond to the predic-
tions of Eq. (1) using the calculated relaxation spectra at
160 °C. As can be observed, the fitting obtained using five
modes of relaxation is very good in all the cases. Fig. 7
clearly shows that the peroxide modification process
produces a modification of the molecular structure of all
the HDPE that is mainly reflected in the longer relaxation
processes, i.e. large-scale molecular structure. The range of
relaxation times determined for each sample is practically
the same for all the cases since we are limited by the range
of frequencies used to calculate the dynamic data. The value
of m, associated with each relaxation time gives the impor-
tance of that relaxation mode. As can be seen in Fig. 7, in all
the cases there is a large increment in the importance of the
longer relaxation processes while the lower ones remain
practically unaltered. These results reflect the different rheo-
logical behavior of materials, which although having similar
microstructure, differ in their average large-scale molecular
structure. As expected, the effect is more noticeable in PE1
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Fig. 7. Spectrum of relaxation times {Ay,my} obtained from the fitting of the dynamic data at 160 °C shown in Fig. 4 to the multi-mode Maxwell model.
Symbols: (®): original polymers; (A): 65 ppm; (#): 130 ppm; (+): 250 ppm; (V): 500 ppm; ( X ): 750 ppm; (O): 1000 ppm; (3): 2500 ppm; (M): 3500 ppm.
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Table 4

Zero-shear-rate viscosities and relaxation times predicted by the multi-mode Maxwell model using the coefficients shown in Fig. 7

Peroxide (pm) Mo =Dk mPas) — Ag = D M/ 3k mi(s)

PEl PE2 PE3 PE4
0 808— 0.71 1190— 1.02 9160- 2.27 4490-1.58
65 156 400-11.8
130 319 500-15.7
250 13 300 3.86 6770— 3.06 862 500-22.3 12 400-3.62
500 501 000—18.2 14 100- 4.89 25 100-5.4
750 2 340 000-34.5 18 800 5.58 34 400-6.8
1000 3 280 000-35.4
2500 184 000-17.4
3500 282 000-18.3

and PE3 than in the other two polymers. The largest relaxa-
tion time determined in the case of PE1 and PE3 family of
polymers increases by a factor of 10 and 4, respectively, and
strongly dominates the rheological response at low frequen-
cies of all the modified polymers. As expected, the spectrum of
relaxation times and viscosities determined for the PE2-500
and PE2-750 polymers are very similar to that of PE1-250.

In the limit of small frequencies, the dynamic viscosity
approaches the zero-shear-rate viscosity, 717o. Among the
polymers studied in this paper, 1o can be determined with
precision only in the case of the linear polymers (see Fig. 4).
Nevertheless, the spectrum of relaxation times permits the
calculation of a zero-shear-rate viscosity and a zero-
shear-rate relaxation time as:

N = Z M A= Z ”flk/\k/z Mk (3)
x x %

The zero-coefficients predicted in this way will be under-
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Fig. 8. Weight-average molecular weight dependency of the zero-shear-rate
viscosity of all the polymers at 160 °C. Symbols: (l): PE1; (O): PE1-i; (A):
PE2; (A): PE2-i; (@): PE3; (O): PE3-i; (): PE3-i with n, calculated using
Carreau—Yasuda model and M,, calculated with GPC-MALLS; (®): PE4;
(©): PE4-i. Full line: 5y ~ M35,

estimated. The underestimation will become more intense
as the peroxide concentration increases because the
measured dynamic data of the branched polymers get
more shear-thinning and farther away from the zero-shear
region as the molecular structure gets more complex.

Table 4 shows the predicted mo and A. The zero-shear-
rate viscosities are plotted in Fig. 8 as a function of the
weight-average molecular weight of the polymers. A line
of slope 3.6 has been added to compare the results with the
theoretical M3 dependency expected for 7, in the case of
materials with linear molecules [39,43]. The data plotted in
Fig. 8 show the effect of both the molecular weight and the
chain branching of the molecules. Even though both the
weight-average molecular weight and the zero-shear-rate
viscosity of the modified polymers are underpredicted, the
results of Fig. 8 agree with the behavior expected for
branched polymers. Results from GPC-light scattering for
PE3-65, PE3-130, and PE3-250 show that the weight-
average molecular weights are 0.6, 8.1, and 17% larger,
respectively, than the ones estimated from GPC alone. On
the other hand, the differences between the true zero-shear-
rate viscosities and those calculated with the Maxwell
model are expected to be much greater than 17%. For exam-
ple, the Carreau—Yasuda model [43], which is known to
give close fittings of viscosity data for several kinds of
polymer melts, predicts zero-shear-rate viscosities for
PE3-65, PE3-130, and PE3-250 that are 3.7, 12.4, and 150
times larger than those reported in Table 4. This means that
the results will fall very far from the lines of slope 3.6 even
if they are shifted to the correct molecular weight (see
Fig. 8).

4. Conclusions

The use of low concentrations of an organic peroxide in
the modification of linear polyethylenes produces changes
in their molecular structures. According to the GPC results,
the chain-linking reaction is the one that prevails. The
average molecular weights of all the polyethylenes increase
as the concentration of peroxide increases although the



2720 C.J. Pérez et al. / Polymer 43 (2002) 2711-2720

polyethylenes with vinyl groups display the largest increase
for a given peroxide concentration and original molecular
weight. The change in the width and the position of the
maximum in the chromatograms with the amount of
peroxide used in the modification shows that the presence
of vinyl groups plays an important role in the process.

The rheological behavior of all the modified polymers is
characteristic of materials with complex molecular struc-
ture. The polymers have thermo-rheologically complex
behavior with flow activation energies that increase with
increase in the peroxide content. Low concentrations of
peroxide generate materials with flow activation energies
similar to that of low-density polyethylenes. The peroxide
modification process produce changes in the molecular
structure of linear polyethylene that is mainly reflected in
the slow relaxation processes, i.e. the large-scale molecular
structure. For a given initial molecular weight and concen-
tration of peroxide, all the analyzed rheological parameters
of the modified polyethylenes with relatively large content
of initial vinyl groups are much larger than those of materi-
als with practically no vinyl groups in their original struc-
ture. This effect is manifested mainly at low frequencies.
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