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Abstract

The reaction of melt poly(ethylene-a-octene) (POE) initiated by dicumyl peroxide (DCP) was studied at elevated temperature in both oscil-
latory and transient shear flow fields. In oscillatory shear flow, the storage modulus evolution was monitored by parallel plate rheometer with
certain oscillatory frequencies and different strains, which were chosen to represent different flow fields. Our results indicated that at low frequen-
cies (0.1 and 0.4 Hz) the dominant reaction was coupling with small strain amplitudes within the linear viscoelastic regime. However, the deg-
radation, which was caused by b-scission of tertiary carbon macromolecular radicals, also occurred when large strains were applied, which were
out of the linear viscoelastic regime. The threshold strain of degradation was only 8% at 1.5 Hz, still within the linear viscoelastic regime. The
mechanisms of how the frequency and strain affected the degradation were different. On the other hand, in transient shear flow the degradation
could hardly take place when the shear rate was lower than the critical value of 0.0025 s�1. Moreover, the larger the shear rate, the more distinct
was the degradation.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Ethylene-a-octene copolymers (POE) produced by con-
strained geometry catalyst technology from Dupont & Dow
are a new family of polyolefins, which have recently received
much attention because of their random comonomer distribu-
tion, a narrow molecular weight distribution and a controlled
level of long chain branching (LCB) [1,2]. Due to the unique
physical, rheological and mechanical properties, these new
materials have been used to replace the conventional polyethyl-
ene. For some applications, such as foams, pipe, rotomolded
articles, and wire and cable jacketing, the crosslinking reaction
can be the perfect way to enhance the dimensional stability of
POE at higher processing temperature.
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There have been a number of publications about the modifi-
cations of polyolefins in the melt state by free radical methods,
including irradiation and peroxide [2e15]. Polyethylene (PE),
if treated with radical initiators, crosslinks easily but isotactic
polypropylene (iPP), especially if treated with peroxyalcohols,
degrades through a b-scission mechanism; crosslinking can be
partially observed by using high amounts of peroxide or em-
ploying peroxides derived from aromatic acyl-peroxide. Until
now, it has already been well established that the degradation
was dominant in the reaction of the higher polyolefins such as
polypropylene and polybutene with peroxide, and polyethyl-
ene- and ethylene-rich alpha-olefin copolymers were readily
crosslinked, though scission may accompany crosslinking as the
ethylene content decreased. The key factor seems to be the
concentration of the tertiary carbons. As for POE with a few
branched chains, the reaction might behave like that between
PE and PP. When both scission and crosslinking were present,
Claudia and Enrique [16] have found a mathematical kinetic
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model to predict the average molecular weight and the weight
fraction of soluble parts for polymer chains subjected to irradi-
ation, without shear flows. Johnston [17] concluded that the
scission/crosslinking ratio of POE with DCP was 0.24 by
a Monte Carlo simulation in a 160 �C RPA 2000 curemeter,
but the details about the effect of shear field on the mechanism
of reactions were not mentioned further. Also, other studies on
the reactions of POE by free radical methods have been mainly
limited to the investigation of the molecular and mechanical
properties of chemically crosslinked POE as well as the effect
of the experimental conditions such as the type and concentra-
tion of peroxide, the dose of the irradiation and temperature
[5,6]. Anyway, little has been reported on the details of the
reaction behavior in melt POE/peroxide system under the shear
flow field.

So in the present research, a comparison of the reaction be-
haviors between different shear flows was conducted. Rheolog-
ical tests, FTIR, NMR and GPC have been used to characterize
a set of products. The main objective of this work is to check
whether the dominant reaction in POE/peroxide is coupling
or degradation, and then formulate the possible mechanisms
as a function of the different shear flows applied in the reacting
process.

2. Experimental

2.1. Materials

Ethylene-a-octene copolymer grade Engage8150, with
octene content of 25 wt%, melt flow index of 0.5 g/10 min
(190 �C, 2.16 kg) and density of 0.868 g/cm3 (20 �C), was ob-
tained from Dupont & Dow, USA. The data of molecular weight
and the distribution of POE are listed in Table 1. Dicumyl perox-
ide (DCP, chemically pure), acetone (chemically pure) and
xylene (a mixture of o-, m- and p-xylene whose boiling point
is about 140 �C and density 0.87 g/cm3 at 20 �C) were all pur-
chased from Shanghai Chemicals Factory, PR China, and were
used without any further treatment. The decomposition rate con-
stant of DCP, kd, is 3.67� 10�6 s�1 at 100 �C and 3.40�
10�3 s�1 at 160 �C, as provided by the supplier. The half-life
time is 52.5 h and 204 s at 100 �C and 160 �C, correspondingly.

2.2. Sample preparation and rheological measurement

Pellets of POE (40 g) were impregnated with an acetone
solution of DCP (0.15 g) over 12 h at room temperature. The

Table 1

Molecular weight and its distribution of the products

Samples Mn (g/mol) Mw (g/mol) PDIa

POE 77 107 191 940 2.49

CS10 88 804 301 245 3.39

CS30 75 660 251 415 3.32

CS40 68 367 223 494 3.27

SS0025 84 459 269 702 3.19

SS004 84 155 273 200 3.24

SS01 79 624 261 417 3.28

a Polydispersity index.
solvent (acetone) was evaporated at a low pressure. And then
the POE sample with DCP of 0.014 mol/kg was premixed in
a torque rheometer (Haake Rheocord90, Germany) at 100 �C
with a rotor speed of 60 rpm. The sample was taken out after
6 min and compressed into sheets (thickness z 1 mm) at
100 �C under 12 MPa. We can consider that there was no reac-
tion during the preparation, due to the long half-time of DCP at
100 �C (52.5 h). Then rheological tests were carried out on a ro-
tating rheometer (Gemini 200HR, Bohlin Instruments, UK)
with parallel plate geometry of 25 mm diameter. Both oscilla-
tory and transient shear flows were applied at 160 �C with a gap
of 1 mm between two parallel plates.

The dynamic time sweeps for monitoring the reaction pro-
cess were performed with a fixed frequency. However, it was
not possible to follow the kinetics of the reactions at too low
frequencies, because the measurement time must be signifi-
cantly shorter than the time of change of the viscoelastic prop-
erties. Measurement frequencies of 0.1, 0.4 and 1.5 Hz were
chosen here as the compromise between the low frequency
needed to measure the equilibrium modulus and the high fre-
quency needed to track the kinetics with good precision, as dis-
cussed by Mours and Winter [18]. For the cases at 0.4 Hz, the
samples of tests with applied strain amplitudes from 5% to 40%
were marked with CS5, CS40 and so on, where CS signified the
samples modified in oscillatory shear flow with 0.4 Hz and
the number following it denoted the strain amplitude given in
the test. The period of preparation, which included the time
of heating, compressing the sample and stabilizing the temper-
ature, was controlled as short as possible to minimize the reac-
tion before rheological measurement. In order to make sure that
the tests of CS5eCS25 were always in linear viscoelastic re-
gime, strain amplitude sweeps (Fig. 1) were applied for each
fully modified POE at the same frequency. The objective of
the tests with large strains (CS30 and CS40), which were out
of the linear regime, is to check the effect of the nonlinear shear
flow (Fig. 1) on the reaction, and we observed that there was
something different between the reactions in linear and nonlin-
ear flows (Fig. 2). To check the effect of frequency on the

Fig. 1. Dynamic strain sweeps of original and modified POE (160 �C,

f¼ 0.4 Hz).
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degradation process, we carried out the tests at two other
frequencies, 0.1 and 1.5 Hz, marked with ‘‘BSx’’ and ‘‘DSx’’,
respectively, in which the letter x denoted the strain amplitude
given in the test. All the experimental processes were the same
as the tests at 0.4 Hz. On the other hand, we have also moni-
tored the evolution of the reactions in transient shear mode,
where the conformation of macromolecules would vary a great
deal under such stronger shear flows. The shear rates were
0.001 s�1, 0.0025 s�1, 0.004 s�1, 0.01 s�1 and 0.05 s�1. In the
same way, we labeled these tests with SSx, in which SS signi-
fied the samples modified in transient shear flow and the letter
x still denoted the shear rates.

2.3. Purification and characterization

For all the tests on rheometer, the fully reacted samples
were taken off for further FTIR, 13C NMR, GPC and rheolog-
ical measurements. Firstly, half of each reaction product was
used to measure the gel contents employing Soxhlet extraction
cycle for 24 h with xylene as the solvent at 120 �C, and there
was no insoluble fraction left for each sample. So the complete
dissolution of all reaction products in xylene indicated that no
gels were created. The leftover part of each sample was also
dissolved in xylene for purification. Afterwards, the resulting
solution was added slowly into acetone, which was followed
by filtration. Then the peroxide-modified POE was washed
with acetone three times before drying in a vacuum oven at
50 �C for 48 h.

The resulting polymers were compressed into films (thick-
ness z 50 mm) at 100 �C under 12 MPa for FTIR measure-
ments. The FTIR spectra were recorded by a Paragon 1000
FTIR spectrometer (PerkineElmer Inc., USA).

Solution 13C NMR spectra were obtained on a MERCURY-
plus 400 spectrometer (Varian Inc., USA) at 30 �C. A sample
(25 mg) was dissolved in 0.5 mL of benzene-d6 (C6D6) in
a 5 mm diameter NMR tube. The 13C NMR measurements of
POE samples were performed at 100.63 MHz with the spectral
width of 25 000 Hz (250 ppm), acquisition time of 1.2 s and data
points of 60K. The chemical shifts were referred internally to

Fig. 2. Dynamic time sweeps at different applied strains (160 �C, f¼ 0.4 Hz).
that of the solvent carbon, which was 128.5 ppm. Distortionless
enhancement of polarization transfer NMR (13C NMR-DEPT)
spectra was recorded with JHeC of 140 Hz, a relaxation-relay
time of 2 s, proton magnetic vector rotation angles q¼ 135�

giving CH’s and CH3’s up, and CH2’s down.
The molecular weight and its distribution of original POE

and completely reacted samples under different shear flow
fields were determined at 30 �C by gel permeation chromato-
graph (GPC) instrument (Series 200, PerkineElmer Inc.,
USA), equipped with a set of three 10 mm columns, which
were calibrated by narrow molecular weight distribution stan-
dards of polystyrene. The solvent used here was toluene with
1 mL/min flow.

The preparation of the product discs for rheological mea-
surements followed the same way as mentioned above. The
dynamic frequency sweeps of the products obtained in differ-
ent shear flows were carried out on the same rheometer with
parallel plate geometry of 15 mm diameter. The radian fre-
quency range was from 0.01 to 100 rad/s with the given strain
of 5%, which lay in the linear regime of all samples.

3. Results and discussion

3.1. Rheological evaluation

Because the storage modulus is sensitive to the mutation of
the polymer network, it has been suggested that an increase in
storage modulus was a measure of the chemical degree of
transformation during curing [19] or crosslinking reactions
[9]. The storage modulus (G 0) monitored here as a function
of reaction time in the oscillatory shear flows with different
strain amplitudes at 0.4 Hz is shown in Fig. 2. For small strain
amplitude ðg � 25%Þ, the evolutions of G 0 are similar. Such
strain amplitudes lie well in the linear regime in the period of
oscillatory shear (Fig. 1). In the tests of CS5eCS25 in the linear
oscillatory shear flow, G 0 increased monotonously all the time
and reached a similar plateau in the end, which is a result of the
coupling reactions of two macroradicals leading to an increase
in the degree of branching and an overall increase in the molec-
ular weight of the system. Meanwhile, it can be further con-
cluded that different strain amplitudes of oscillatory shear in
linear regime have a little effect on the reaction rate of coupling
in our system. The viscosities of the products of CS5eCS25 fall
into a single curve (Fig. 3), from which we conclude that there
is no difference in the molecular weight as well as in the mo-
lecular weight distribution of the products. We have compared
them with the product of OS00, which was obtained from the
reaction without any shear flow (Fig. 4). The same level of mo-
lecular weight between them indicated that the case under
weak shear flow was very similar to it in quiescent state. More-
over, the viscosities of the products of OS00 and CS5eCS25
were much higher than that of pure POE at low frequency,
and coincide at high frequency. Since there were no gels
formed in the samples, the increased viscosity at low shear
rate and enhanced shear thinning could be likely attributed to
the formation of long chain branch in the samples [20].
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The strain amplitude starts to affect when it is out of the
linear regime. The curves of CS30 and CS40 displayed that
G 0 increased first and then decreased with time. This non-
monotonic behavior is attributed to two possible reasons.
Firstly, the linear regime changes during the experiment. A
30% strain amplitude lies in the linear regime and near the
transition for pure POE, and moved into the nonlinear regime
of the products as the reaction proceeded. This could possibly
decrease the value of G 0 with time. Secondly, it is possible that
the molecular weight of the system started to decrease after the
apex, which was probably caused by the degradation reaction.
In order to eliminate these effects of the nonlinearity, the dy-
namic frequency sweeps were applied on the fully reacted
samples. From the frequency dependence of oscillatory com-
plex viscosity h* for the products of CS30 and CS40 in
Fig. 3, two points could be observed. Firstly, the shear thinning
was enhanced due to the creation of new topological structure
(such as long chain branch) through the coupling reaction.
Secondly, the overall h* of both samples was much lower

Fig. 3. Dynamic frequency sweeps of the products of CS5eCS40 (160 �C,

strain¼ 5%).

Fig. 4. Dynamic frequency sweeps of the products of BS1, CS10 and OS00
(160 �C, strain¼ 5%).
than the ones of the products gained in the tests with small
strain amplitudes. This confirmed that the decrease in the
molecular weight really happened under the oscillation with
larger strain amplitude. Table 1 listed the molecular weight
and its distribution of all the products. The conclusions from
GPC with respect to the degradation of CS30 and CS40 are
in accordance with the phenomena of decrease in complex vis-
cosity. The experimental result at 0.1 Hz was very similar to
the cases at 0.4 Hz (Figs. 5e7), and the critical strain ampli-
tude to cause degradation was the critical strain of nonlinear
regime (about 30%). We can also infer from CS30, CS40
and BS30, BS50, BS120 that the polymer chains degraded
more and more as the strain amplitude deviated out of the lin-
ear regime. However, the critical strain to cause degradation
changed when the frequency increased to 1.5 Hz. Figs. 8e10
showed the corresponding time sweep of reactants, the strain
amplitude sweep and the frequency sweep of products, respec-
tively. According to Figs. 8 and 10, the critical strain of deg-
radation was only 8%. Such strain amplitude lies well in the

Fig. 5. Dynamic time sweeps at different applied strains (160 �C, f¼ 0.1 Hz).

Fig. 6. Dynamic strain sweeps of original and modified POE (160 �C,

f¼ 0.1 Hz).
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Fig. 7. Dynamic frequency sweeps of the products of BS1eBS120 (160 �C,

strain¼ 5%).

Fig. 8. Dynamic time sweeps at different applied strains (160 �C, f¼ 1.5 Hz).

Fig. 9. Dynamic strain sweeps of original and modified POE (160 �C,

f¼ 1.5 Hz).
linear regime of all samples. This fact revealed that compared
with the strain, the frequency owned a different acting mech-
anism to cause the degradation reaction.

On the other hand, we used the transient viscosity h to
follow the course of the reaction. The transient time sweeps
of SS001, SS0025, SS004, SS01 and SS05 and the dynamic
frequency sweeps of the corresponding products are shown in
Figs. 11 and 12, respectively. Under the smallest shear rate
(0.001 s�1), there is no evident decrease of viscosity during
the reaction. The shear viscosity and molecular weight show
that the product of SS001 is very close to those under small
amplitude oscillatory shear flow (CS10), which means only
coupling reaction is possible. When the shear rate was
0.0025 s�1, the behavior of decrease in viscosity similar to
the situations in CS30, DS30 and BS8 appeared. This could
be accounted for the degradation accompanying the coupling
reaction. Moreover, the higher the shear rate, the lower were
the viscosity and the molecular weight (Table 1). So high shear
rate is beneficial to the degradation. The difference between the

Fig. 10. Dynamic frequency sweeps of the products of DS1eDS10 (160 �C,

strain¼ 5%).

Fig. 11. Transient time sweeps with different shear rates (160 �C).
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oscillatory shear and transient shear is that possible degrada-
tion could happen in transient shear even under rather weak
shear. The smallest shear rate (SS0025, _g¼ 0:0025 s�1) in tran-
sient shear tests that showed possible degradation was much
smaller than the maximum shear rate in the oscillatory shear
tests of BS30 ð _gmax ¼ ug0 ¼ 0:188 s�1Þ, CS30 ð _gmax ¼ ug0

¼ 0:754 s�1Þ and DS8 ð _gmax ¼ ug0 ¼ 0:754 s�1Þ. From this
point of view, transient shear seemed to have more evident ef-
fects on the degradation reaction than the oscillatory shear flow.

3.2. FTIR and GPC measurements

The reaction products haven’t turned yellow and IR mea-
surements have been also made to confirm whether oxidation
in air occurred during the modification of POE with DCP. By
comparing the FTIR spectra of sample of SS05 and the origi-
nal POE, which are shown in Fig. 13, no new absorption peak
is observed. The number of the carbonyl groups was probably
too low to be observed, even if there has been oxidation in the

Fig. 12. Dynamic frequency sweeps of the products of SS001eSS05 (160 �C,

strain¼ 5%).

Fig. 13. FTIR spectra of: (a) the original POE and (b) the products of SS05.
reaction. So we considered that the degradation was not
mainly caused by the oxidation in air.

The molecular weight data of the products are listed in
Table 1, and the corresponding GPC data describing the molec-
ular weight distributions (MWD) of the original POE and the
products of CS10, CS40 and SS01 are displayed in Fig. 14. It
can be seen that the curves of CS40 and SS01 shift to higher
elution times (lower molecular weights). These indicate that
the degradation truly occurred during the modification com-
pared with the case of CS10, which is consistent with the
results of rheological measurements demonstrated above.
Moreover, the respective MWD of CS40 and SS01 gets broader
than the original one due to the reaction.

3.3. 13C NMR and DEPT

The 100.63 MHz 13C NMR spectrum of the original POE is
illustrated in Fig. 15, with assignments according to the previ-
ous result proposed by Pooter et al. [21], but the resonance line
at 35.26 ppm, whose intensity reduced in the 13C NMR

Fig. 14. Molecular weight distributions by GPC of the original POE and the

products of CS10, CS40 and SS01 (30 �C, in toluene).

Fig. 15. The 13C NMR spectrum of original POE.
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spectrum of the POE that suffered from degradation (Fig. 16),
has not been assigned to any structure. By the DEPT spectrum
(Fig. 17), this signal should come from the tertiary carbon
atoms, which are different from the ones with the chemical
shift at 37.90 ppm. So we labeled these two kinds of branching
points with br1 and br2, respectively. The chemical shift, d, for
the tertiary carbon atoms can be estimated on the basis of the
method for the saturated alkanes [22].

d¼�2:6þ 9:1naþ 9:4nb� 2:5ngþ S2þ S3 ð1Þ

where a, b and g refer to the positions of carbons on both sides
of the branch, and na, nb and ng are the numbers of the corre-
sponding carbons. The value of �2.6 is the d value for meth-
ane, and the correction terms have usual meanings for tertiary
carbons: S2¼�3.7 and S3¼�9.5. Considering the chemical
shift difference between these two kinds of branching points,
which is nearly 2.5, we infer that the reason why the chemical

Fig. 16. The 13C NMR spectrum of degraded POE (SS05).

Fig. 17. The 13C NMR-DEPT 135� spectrum of original POE.
shift of tertiary carbons in the structure br2 moved towards the
high field is that there is one more substitution at b position of
isolated tertiary carbons. This is consistent with the known
fact that there was polymerization process of POE as follows:
ReC8eCatþ C8 / ReC8eC8eCat [1].

On the other hand, the resonance intensity of the tertiary
carbons in the structure br1 changed little. Therefore, the
key factor favoring tertiary carbons as sites for scission is
the distance between branches. The chain scission is possible
only when there are two tertiary carbons in a chain separated
by only one CH2 group, while the isolated tertiary carbon
radical (br1) cannot undergo scission due to the product of a
primary radical, which seems unfavorable (Scheme 1). This
conclusion is consistent with Sajkiewicz’s [12]. And we can
understand well that polypropylene and polystyrene are easy
to degrade with peroxide, while polyethylene doesn’t behave
like this even with some branches in the structure br1.

3.4. Proposed mechanism for degradation of POE chains
in shear flow fields

Since b-scission, a kind of monomolecular reaction, is at-
tributed to the chemical and structural properties of the tertiary
carbon radicals, it is independent of the shear flow field. We
consider that it could also occur even in quiescent state. But
the counter reaction, referred to as a recombination reaction
of the secondary macromolecular radical (CR) and the polymer
chain with a double bond (C]) produced by b-scission
(Scheme 1), can be affected by the shear flow field greatly
in such entanglement system. de Gennes [23] demonstrated
that when two reactive sites approach within a ‘‘capture
radius’’ a, an instantaneous and irreversible reaction occurs.
So it is the relative distance between two neighboring chains
produced by b-scission that determines whether the degrada-
tion could be induced or not.

In quiescent state or the weak shear flow field, two reactive
sites (CR and C]) can be separated only by diffusion. Since no

Not possible

Possible

(a)

(b)

+

tertiary carbon radical
in structure br1 

primary radical

+
Scission

Recombination

tertiary carbon radical
in structure br2

secondary radical

CRC=

Scheme 1. Sketch of scission reactions of tertiary carbon radicals in structure

br1 (a) and br2 (b).
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degradation could be observed in the almost quiescent state, it
is believed that the recombination rate is much larger than the
reciprocal of the Rouse time, which is the time scale for the
reaction sites to diffuse away from each other over a distance
of about the tube diameter. On account of the shear flow, the
distance between the macromolecular radicals and the poly-
mer chains with a double bond could exceed the range of
radius a, which results in degradation.

Because the relative distance between two neighboring
chains produced by b-scission determines whether the degra-
dation could be induced, this degradation process is controlled
by micro-diffusion and macro-convection, on which the dis-
tance between CR and C] depends. And this displacement
at time t under the simple shear flow G can be estimated by

x!ðtÞ ¼ expðG,tÞ, x!0þ ½ x!DðtÞ � x!0� ð2Þ

where x!0 is the original displacement between CR and C],
expðG,tÞ, x!0 is the displacement at time t if they moved
only by advection and x!DðtÞ is the displacement at time t if
they moved only by diffusion and holds for x!Dð0Þ ¼ x!0.
The advection of flow can separate the reactant, while the dif-
fusion can bring them together. According to de Gennes [23],
the relationship between the diffusive distance and time is

D x2ðtÞ ¼ 2Drept
�
t > trep

�
ð3Þ

or

D x4ðtÞw t
�
tR < t < trep

�
ð4Þ

where Drep is the macroscopic diffusion coefficient, and tR and
trep are the Rouse time and reptation time, respectively. Here
we consider that one of the fragment chain, either CR or
C], is linear and much smaller than the original one.

In oscillatory shear flow the relative distance changes in
a limited range. Based on the above, both the frequency and
the strain can affect the distance created by convection. Be-
sides this, the former also has the effect on the diffusive dis-
tance because the strain increases with time t only in the
half period of oscillation. The reptation time of linear chain
of POE is of the order 10�1 s, which corresponds to a critical
frequency of more than 0.5 Hz. When the applied oscillating
frequency is smaller than the critical one (such as 0.1 and
0.4 Hz in our experiments), the two combinable chains have
sufficient time to relax during this time t. Here the diffusion
played an important role ðDxðtÞw t1=2Þ when the small strains
were carried out. Only sufficiently large strain can separate the
CR and C] chains. Degradation could occur just when the
strain is out of the linear viscoelastic regime. But for larger
frequency (1.5 Hz), degradation also occurred even though
the strain was still within the linear viscoelastic regime. The
time for unidirectional shear was smaller than the reptation
time of linear chains and not enough for the CR and C] chains
to relax. The effect of diffusion is quite limited ðDxðtÞw t1=4Þ.
Shear flow becomes the dominant part that led to degradation
with the small strain of 8% in linear regime, and it could also
be inferred that the critical strains for degradation would
decrease in the cases at higher frequencies.

In transient shear flow, the effect of shear and diffusion can
be understood by the local Peclet number, which is defined as
Pe ¼ _ga2=Drep [24]. The convection becomes dominant when
Pe > 1. It is acceptable that the ‘‘capture radius’’ a is smaller
than or at most comparable to the tube diameter, and for an
entangled polymer, tube diameter is of the order of some nano-
meters, the diffusion coefficient is about 10�18 m2/s, which is
estimated by Drep ¼ kBT=3N2z. So the shear rate should be
close to 10�2 s�1. Although the quantitative value is not cor-
rect, it is still reasonable to conclude that diffusion can only
be important at very small shear rate.

So there should be a threshold in shear flow near which
degradation begins to dominate. In transient shear flow, shear
rate is the only dominant factor, which is required to be at least
0.0025 s�1 to cause degradation. In oscillatory shear flow, both
frequency and strain amplitude affect degradation. A critical
frequency exists below which the degradation could happen
only when the strain is out of linear regime. Small strain
amplitude in linear regime can cause degradation when the
applied frequency is sufficiently high.

4. Conclusions

The starting points of this study were to determine whether
the dominant reaction in the system of POE initiated by perox-
ide is coupling or degradation and to investigate the effect of
the shear flow field on such reactions. Firstly, our 13C NMR
results revealed that not all kinds of the tertiary carbon radical
are able to undergo b-scission. The chain scission is possible
when there are two tertiary carbons in a chain separated by
only one CH2 group (structure br2).

Notably, the reaction of degradation didn’t occur in quies-
cent state or weak shear flow. However, different shear flows
have distinct effect on the degradation reactions. Transient
shear flow can increase the distance between CR and C]

when the shear rate is large enough to ignore the diffusion of
polymer chains ðPe > 1Þ. The magnitude of shear rate is the
only decisive factor in transient shear flow. However, both
frequency and strain amplitude in oscillatory shear flow could
affect the degradation. The applied frequency determines the
dynamics of polymer chains. Low oscillating frequency allows
chain to relax and diffusion is much faster. Therefore, the strain
amplitude is required to be out of linear regime to cause degra-
dation. Under higher oscillating frequency, the chain is hard to
relax and difficult to diffuse, which results in the degradation
reaction even when the strain amplitude is in linear regime.
Therefore, the degradation of POE is regarded to be easier in
transient shear than in oscillatory shear flow.

Acknowledgements

The authors thank financial support for this work from the
National Science Foundation of China (No. 50390090 and No.
20574045).



7059J. Liu et al. / Polymer 47 (2006) 7051e7059
References

[1] Chum PS, Kao CI, Knight GW. Plast Eng 1995;51(6):21e3.

[2] Bubeck RA. Mater Sci Eng 2002;R39(1):1e28.

[3] Andersson LHU, Gustafsson B, Hjertberg T. Polymer 2004;45(8):2577e
85.

[4] Romani F, Corrieri R, Braga V, Ciardelli F. Polymer 2002;43(4):

1115e31.

[5] Liao HT, Wu CS. Polym Plast Technol Eng 2003;42(1):1e16.

[6] Perraud S, Vallat MF. Macromol Mater Eng 2003;288(2):117e

23.

[7] Kubo J, Otsuhata K, Ikeda S, Seguchi T. J Appl Polym Sci 1997;64(2):

311e9.

[8] Gloor PE, Tang J, Kostanska AE, Hamielec AE. Polymer 1994;35(5):

1012e30.

[9] Liu MG, Zhou CX, Yu W. Polym Eng Sci 2005;45(4):560e7.

[10] Liu MG, Yu W, Zhou CX, Yin Jinghua. Polymer 2005;46(18):7605e

11.

[11] Liu MG, Yu W, Zhou CX. J Appl Polym Sci 2006;100(1):839e

42.
[12] Sajkiewicz P, Phillips PJ. J Polym Sci Part A Polym Chem 1995;33(5):

853e62.

[13] Braun D, Richter S, Hellmann GP, Rätzsch M. J Appl Polym Sci 1998;

68(12):2019e28.

[14] Li JQ, Peng J, Qiao JL, Jin DB, Wei GS. Radiat Phys Chem 2002;

63(3e6):501e4.

[15] Claudio JP, Guillermo AC, Enrique MV, Marcelo DF, Lidia MQ.

Polymer 2002;43(9):2711e20.

[16] Claudia S, Enrique V. Polymer 2004;45(16):5661e9.

[17] Johnston RT. Rubber Chem Technol 2003;76(1):174e200.

[18] Mours M, Winter HH. Rheol Acta 1994;33(5):385e97.

[19] Malkin AY, Kulichikhin SG, Kerber ML, Gorbunova IY, Murashova EA.

Polym Eng Sci 1997;37(8):1322e30.

[20] Phillip JD, Donald GB. J Rheol 2003;47(3):717e36.

[21] Pooter MD, Smith PB, Dohrer KK, Bennett KF, Meadows MD,

Smith CG, et al. J Appl Polym Sci 1991;42(2):399e408.

[22] Wehrli FW, Marchand AP, Wehrli S. Interpretation of carbon-13 NMR

spectra. 2nd ed. New York: John Wiley & Sons; 1998.

[23] de Gennes PG. J Chem Phys 1982;76(6):3322e6.

[24] Fredrickson GH, Leibler L. Macromolecules 1996;29(7):2674e85.


	The effect of shear flow on reaction of melt poly(ethylene-alpha-octene) elastomer with dicumyl peroxide
	Introduction
	Experimental
	Materials
	Sample preparation and rheological measurement
	Purification and characterization

	Results and discussion
	Rheological evaluation
	FTIR and GPC measurements
	13C NMR and DEPT
	Proposed mechanism for degradation of POE chains in shear flow fields

	Conclusions
	Acknowledgements
	References


