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ABSTRACT: Influence of commercial phenol antioxi-
dants Irganox 300, 1010, 1035, and 1076 on peroxide-cure
reaction of low-density polyethylene (LDPE) was eval-
uated through isothermal dynamic rheological and noniso-
thermal differential scanning calorimetry (DSC) testing.
The results indicated that phenol antioxidants could
reduce storage modulus of LDPE completely crosslinked
at 175�C while they have a neglectable effect on gel frac-
ture and activity energy of crosslinking reaction. On the
other hand, time sweep dynamic rheological test revealed

the antioxidants 1035 and 1076 with low molecular weight
and low melting point could significantly depress scorch
of crosslinkable LDPE at 135�C. The isothermal time
sweep dynamic rheology test method was more sensitive
than nonisothermal DSC test for characterizing the influ-
ence of phenol antioxidants on crosslinking kinetics of per-
oxide-cure reaction of LDPE. VC 2012 Wiley Periodicals, Inc.
J Appl Polym Sci 000: 000–000, 2012
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INTRODUCTION

Low-density polyethylene (LDPE) with good chemi-
cal stabilization and processibility is widely used as
cable insulation. However, poor heat resistance due
to heat generation of ohmic loss restraints its appli-
cation greatly.1 Crosslinked LDPE (XLPE) addresses
this problem and gains more popularity.2,3 Peroxide-
cure reaction based on radical couple mechanism is
the most common method to prepare XLPE and
dicumyl peroxide (DCP) is the most common cross-
linking agent used.4–9 Antioxidants, indispensable
additives for XLPE insulation to prevent materials
from oxidation and prolong service life, are designed
to capture radicals during processing and crosslink-
ing.7,10,11 Antioxidants could capture radicals and
lessen oxidation of polymer effectively11–15 so that
they are usually used to depress scorch in crosslink-
ing systems during processing as well. Primary anti-
oxidants and secondary antioxidants are used in
combination to get the greatest effectiveness and
synergism. Primary antioxidants, mainly of hindered
phenols and hindered aromatic amines, scavenge
and destroy the chain propagating peroxy and
alkoxy radicals before they react with the polymer;
secondary antioxidants (or hydroperoxide decom-

posers) are designed to decompose chain-initiating
hydroperoxides to nonradical products to stop the
autocatalytic chain propagation step. Some second-
ary antioxidant could capture radicals as well.7

Enough care should be taken to select antioxi-
dants in radical crosslinkable system, for antioxi-
dant can reduce the crosslinking efficiency of DCP
greatly. For instance, zinc and nickel dialkyldithio-
carbamates even at low dosages strongly reduce
the cure extent to an unacceptable level.10 Interac-
tion between peroxide crosslinking agent and anti-
oxidants has been investigated.4–7,13,16–20 During
crosslinking reaction, primary radicals derived from
DCP decomposition deprive hydrogen atoms from
polyethylene chains to form macromolecular radi-
cals which undergo coupling reaction, leading to
the network formation. Electron spin resonance
(ESR) studies showed that phenol antioxidants cap-
ture initial radicals and phenol radicals reach maxi-
mum concentration before alkyl radicals.4–7 The
effects of antioxidants to crosslinking reaction
depend on the molecular structure of antioxidants
greatly. In general, amine antioxidants are more
powerful than hindered phenols but the oxidation
products of amine antioxidants are more discolor-
ing and staining than their hindered phenol coun-
terparts. While phenolic antioxidants are claimed to
interfere more with peroxide cures than amine anti-
oxidants, there are exceptions. Molecular structure
and molecular weight, which influence mobility of
antioxidants in polymer melts, are important factors
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influencing their effects on scorch, for example, the
lesser hindered phenols have better effect on
scorch.1 Antioxidants with low molecular weight
and small steric hindrance exhibit high mobility,
leading to a better effect on scorch, which is more
effective in unsaturated elastomers. High molecular
weight antioxidants such as Irganox 1010 have high
stability so that they are good choices for mineral-
filled applications.10 At high temperatures, antioxi-
dants act effectively to retard the destructive mech-
anism, slow the rate of chain scission and prevent
chain decomposition.10,16 On the other hand, DCP
consumes a lot of antioxidants during crosslinking
reaction, leading to a great reduction in oxidation
induction time.21–23 A rather high dosage of antioxi-
dants should be used in crosslinkable systems to
guarantee the stabilization in material processing
and in service life.

Rheological test, thermal analysis, and ESR are
most used in studying the crosslinking reaction
kinetics and the influence of antioxidants on perox-
ide-cure reaction. Both thermal analysis and ESR
could not be used to trace the evolution of mechani-
cal properties except for kinetics of free radical gener-
ation and crosslinking. Nevertheless, previous investi-
gations using torque rheometer could only provide
qualitative information to the crosslinking kinetics.
On the other hand, little works have focused on influ-
ence of antioxidants on kinetics of peroxide-cure
reaction. The combined characterization methods by
rheology and differential scanning calorimetry (DSC)
analysis are quite interesting to study the influence of
antioxidants on kinetics of crosslinking reaction.24–28

In this article, peroxide-cure kinetics is studied using
nonisothermal DSC and isothermal dynamic rheologi-
cal measurements. Influence of phenol antioxidants
on activity energy (Ea) and half time (K) of crosslink-
ing reaction are reported.

EXPERIMENTAL

Materials and preparation

Low-density polyethylene (LDPE, melt flow index
2.12 g/10 min at 2.16 kg and 190�C) is produced by
Yanshan, SINOPEC, China. Dicumyl peroxide (DCP)
was used as crosslinking agent. Four kinds of com-
mercial primary antioxidants, 4,40-thio- bis(6-tertbu-
tyl-3-methylphenol) (Irganox 300), tetra-[methylene-
b-(3,5-di-tert-butyl-4-hydroxyphenyl)-propionate]
methane (Irganox 1010), 3,5-bis(1,1-dimethylethyl)-4-
hydroxyl-hydroxylbenzenepropanoic acid thio-di-
2,1-ethanediyl ester (Irganox 1035), and n-otadecyl-b-
(4-hydroxy-3,5-di-tert-butyl-phenyl)-propionate (Irga-
nox 1076) provided by Virtulla Tianjin Tech, China
were used as received.

Masterbatch of LDPE containing 5 wt % antioxi-
dant was prepared using a twin-screw extruder
(PRISM TSE 16 TC, Thermo Scientific, UK) above
melting temperature (Tm) of antioxidants. The anti-
oxidant masterbatch, LDPE and DCP were mixed
using the twin-screw extruder at 115�C and 22 rpm
to prepare crosslinkable LDPE. DCP was 1.5 phr,
and antioxidant used was 0.1, 0.2, 0.3, 0.4, and 0.5
phr in crosslinkable LDPE, respectively.
The crosslinkable LDPE was molded into disks of

1.2 mm in thickness and 25 mm in diameter at 15
MPa and 115�C for 5 min and was cooled down
under pressure to room temperature for rheological
test. Completely crosslinked LDPE sheets were pre-
pared at 15 MPa and 175�C for 10 min.

Measurement

Rheological test

The crosslinkable LDPE disk was placed between
the plates of an Advance Rheometric Expansion
System (ARES, Rheometrics Sci., USA) in air atmos-
phere at 120�C. Time sweep was performed at fre-
quency 3.14 rad s�1 and strain amplitude 1% at
135�C.

Gel fracture

Degree of crosslinking was characterized by gel frac-
tion (fgel) determined using a Soxhlet extractor using
xylene as solvent for at least 12 h. The crosslinked
samples before and after extraction were dried in a
vacuum oven to constant weights m1 and m2, and
fgel was calculated according to fgelðwt%Þ ¼ m2

m1
� 100.

DSC test

DSC Q-100 (TA, USA) was used to measure en-
thalpy of crosslinking reaction. Crosslinkable LDPE
of 5–10 mg was heated from 120 to 240�C at a heat-
ing rate of 2, 5, 10, and 15�C min�1, respectively.
Activity energy (Ea) of crosslinking reaction was
calculated according to the method described
elsewhere.29

RESULTS AND DISCUSSION

Influence of phenol antioxidant on crosslinking

Peroxide-cure reaction proceeds through radical cou-
pling; primary radicals derived from DCP decompo-
sition deprive hydrogen atoms from polyethylene
chains to form macromolecular radicals which
undergo coupling reaction, leading to the network
formation accompanied with great increments in G0

and loss modulus (G00). G0 is more sensible to cross-
linking degree27,30 and has a linear relationship with
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DCP dosage for LDPE completely crosslinked at
175�C, as shown in Figure 1.

Antioxidants capture radicals during the crosslink-
ing reaction so that G0 of XLPE changes greatly. Fig-
ure 2 shows influence of antioxidants on G0 of LDPE
crosslinked at 175�C for at least 30 min. G0 of XLPE
without antioxidants is 0.23 MPa. Even a small dos-
age of 0.1 phr antioxidants could decrease G0 signifi-
cantly. G0 is further reduced with increasing Irganox
1010 and 1076 dosages. On the other hand, G0 of the
systems containing Irganox 300 and 1035 reach max-
imum of about 0.23 MPa at 0.4 and 0.3 phr, respec-
tively. Crosslinking and decomposing reactions of
LDPE coexist and compete with each other and
chain scission reaction becomes more predominant
at high temperatures such as 175�C.16 Irganox 300
and 1035 containing a bivalent sulfur atom combine

the function of primary and secondary antioxi-
dants.7,10 As a result, a small dosage of Irganox 300
and 1035 can eliminate the decomposition of LDPE
effectively during crosslinking, leading to an
increase of G0. However, a huge dosage of sulfur-
phenol antioxidant captures a lot of radicals, result-
ing in a quick decrease of G0. Nevertheless, antioxi-
dants do not influence fgel markedly, as is shown in
Figure 3. Investigating influence of DCP dosage on
fgel revealed that fgel increases slightly from 88.7% at
1.0 phr to 91.8% at 1.5 phr DCP dosage. The antioxi-
dants below 0.5 phr may react with free radicals at
the end of dangling chains suspending on the net-
work so that they interfere the dangling chains to
participate in the network formation (as reflected by
the general decreases of G0) without marked influ-
ence on fgel.

DSC study of crosslinking kinetics

Nonisothermal DSC test was widely used to mea-
sure crosslinking reaction and determine Ea.

29,31 Fig-
ure 4(a) shows DSC curves of crosslinkable LDPE
without antioxidant at different heating rates.
Degree of crosslinking reaction (b0) was determined
according to32

b0 ¼
R T
T0
ðdH=dTÞdT

R T1
T0

ðdH=dTÞdT

Here, dH/dT is reaction enthalpy at an infinitesi-
mal temperature dT, and T0 and T1 are the initial
and final reaction temperatures, respectively. Figure
4(b) shows b0 against temperature T for different
heating rates.

Figure 1 G0 against DCP dosage for XLPE crosslinked at
175�C for at least 30 min. [Color figure can be viewed
in the online issue, which is available at wiley
onlinelibrary.com.]

Figure 2 G0 against antioxidant dosage for XLPE cross-
linked with 1.5 phr DCP at 175�C at strain of 1% and fre-
quency of 3.14 rad s�1. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3 fgel against antioxidant dosage for XLPE cross-
linked with 1.5 phr DCP at 175�C. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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According to Friedman–Reich–Levi equation,33

ln
db0

dt
¼ lnAf ðb0Þ � Ea

RT

where A is preexponential factor and f(b0) a kinetic
model function. Slope of ln(db0/dT) against recipro-
cal temperature 1/T, as shown in Figure 5, gives Ea.
Figure 6 gives the dependence of Ea on b0 for cross-
linkable LDPE containing 0.2 and 0.5 phr antioxi-
dants. The control system without antioxidant exhib-
its a slight and linear increase of Ea with increasing
b0 due to the increased viscosity of crosslinked
LDPE.32 This is quite different from epoxy resin
whose Ea is almost constant in the range of 0.2–0.8
of reaction degree.29 Dependence of Ea on b0

becomes rather weaker for the systems containing
Irganox 1010 and 1076. The systems containing 0.2
phr Irganox 300 and 1035 exhibit enhanced depend-
ence of Ea on b0 while Ea becomes almost independ-
ence on b0 at 0.5 phr Irganox 300 and 1035. By ignor-
ing the b0-dependence of Ea, average value of E0 at b0

of 0.2, 0.4, 0.6, and 0.8 was determined and is plot-
ted against antioxidant dosage as shown in Figure 7.
Ea is in the range of 130–140 kJ mol�1, being slight
lower than that reported at 145–170 kJ mol�1.34,35 A
lower Ea value in the range of 91–107 kJ mol�1 for
crosslinking reaction of EVA could be attributed to
the low viscosity of EVA.32 Antioxidant reacts with
the alkyl radicals from thermal decomposition of
DCP above 120�C, which depresses the crosslinking
reaction and reduces G0 of XLPE greatly.4–7 How-
ever, antioxidant hardly influences Ea (Fig. 7) and
fgel (Fig. 3) within experiment error. Ea reflects the
dynamics of both the coupling reaction between
macromolecular free radicals for network formation

Figure 4 DSC curves (a) and reaction degree b0 as a
function of T (b) at different heating rates for crosslinkable
LDPE containing 1.5 phr DCP without antioxidants. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

Figure 5 db0/dt � 1/T curves for crosslinkable LDPE
containing 1.5 phr DCP at different reaction degrees
b0.[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 6 Ea as a function of b0 for crosslinkable LDPE
containing 1.5 phr DCP and 0.2 phr (hollow symbols) and
0.5 phr (solid symbols) antioxidants. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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and the reactions of antioxidants as well as decom-
posed products of DCP with free radicals at the end
of dangling chains. In other words, the parameter Ea

could not distinguish the two types of reactions
responsible for the network formation and the dan-
gling chain formation. Though antioxidants interfere
with the final crosslinking density by plundering
free radicals for dangling chain formation, Ea essen-
tially remains unvaried with antioxidant dosage.

Rheological testing of crosslinking kinetics

Crosslinking kinetics strongly depends on T. Figure
8 shows G0 as a function of time (t) for LDPE cross-
linked with 1.5 phr DCP at different temperatures.

Thermal decomposition of DCP follows the first
order kinetics,35,36

d½DCP�
dt

¼ �kd½DCP� (1)

or

½DCP�t
½DCP�0

¼ e�kdt (2)

Here, kd ¼ Aexp(�Ea/RT) is kinetic constant of
DCP decomposition. Assuming that all the decom-
posed DCP takes part in crosslinking reaction, the
degree of crosslinking reaction (b) has a positive
relationship with concentration of decomposed DCP.
As G0 of XLPE completely crosslinked at 175�C is
linear dependent on DCP dosage as shown in Figure
1, it is proper to write b as the relative change of G0.
Equation (2) is modified as,37

b ¼ Gt � G0

G1 � G0
¼ 1� e�kdt (3)

Here, Gt, G1, and G0 are elastic moduli at time t,
infinite, and zero, respectively. Via Talyer transfor-
mation, eq. (3) is approximately reduced to

b ¼ Gt � G0

G1 � G0
¼ tn

Kn þ tn
(4)

Here, K ¼ ln2/kd is half time and n is an exponent
depending on T. K was estimated through least-
square fitting of eq. (4) to the data in Figure 8 and
the K value is plotted against 1/T in Figure 9 in a
semilogarithmic plot. The slope gives DEa ¼ 132.8 6

Figure 7 Influence of antioxidant dosage on Ea for cross-
linkable LDPE containing 1.5 phr DCP. [Color figure can
be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 8 G0 as a function of t for crosslinkable LDPE
containing 1.5 phr DCP without antioxidants. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

Figure 9 K as a function of 1/T for crosslinkable LDPE
containing 1.5 phr DCP without antioxidants. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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2.4 kJ mol�1, being in the range determined from
nonisothermal DSC measurement.

Influence of antioxidant on crosslinking kinetics
was investigated at 135�C. Figure 10 shows G0 as a
function of t for crosslinkable LDPE with different
phenol antioxidants. Antioxidants depress crosslink-
ing reaction depending on their structures. Irganox
300 almost does not influence on crosslinking
kinetics. In contrast, Irganox 1010, 1035, and 1076
retard the crosslinking reaction apparently.

Table I shows the K values derived from fitting
the data of Figure 10 using eq. (4). K of crosslinkable
LDPE without antioxidants is 62 6 0.67 min. Irganox
300 does not influence the K value considering
experiment error. On the other hand, the other three
Irganox 1010, 1035, 1076 cause K to increase approxi-
mately linearly from 63 min at 0.1 phr antioxidants
to about 83 min at 0.4 phr antioxidants and there
seems no difference in K for the systems containing
these three antioxidants. However, increasing con-
tent of Irganox 1035 and 1076 from 0.4 phr to 0.5
phr causes a great increase in K. This result may at-
tribute to the critical concentration of antioxidants.38

Antioxidants are consumed during process, and the
decomposed antioxidants still remain some resist-

ance to oxidation.22 A part of initial antioxidants
remained could capture radicals more efficiently
than the decomposed antioxidants so that the critical
concentration appears.
Irganox 300 has a neglectable effect on peroxide-

cure reaction in comparison with the other antioxi-
dants. According to diffusion controlled mecha-
nism,35 antioxidants with a high mobility are the
easier to react with radicals. Irganox 300 with Tm

160�C is solid at 135�C so that it hardly affects the
DCP crosslinking reaction. The other three antioxi-
dants are in the melt state at 135�C and their effects
depend on molecular mobility. Irganox 1010 with
molecular weight 1177 g mol�1 and Tm 119–123�C
has four hindered-phenol groups, which limit its

Figure 10 G0 as a function of t for crosslinkable LDPE containing 1.5 phr DCP and various amounts of antioxidants Irga-
nox 300 (a), 1010 (b), 1035(c), and 1076 (d). [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

TABLE I
K (min) of Crosslinkable LDPE with Different

Antioxidants

Irganox 0.1 phr 0.2 phr 0.3 phr 0.4 phr 0.5 phr

300 63.7 63.5 61.0 60.2 61.7
1010 62.6 76.7 72.1 82.0 84.2
1035 62.9 71.3 78.0 84.5 143.5
1076 63.0 68.5 72.6 83.2 122.9
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mobility in LDPE melt greatly. In contrary, Irganox
1035 and 1076 with both low molecular weight (643
and 531 g mol�1) and low melt point (63–67�C and
55�C) can diffuse in the melt of crosslinkable LDPE
easily so that they decrease the DCP crosslinking ef-
ficiency greatly and improve processing stability.39

Low molecular weight phenol antioxidants might be
easy to volatilize at high temperatures during poly-
mer processing or migrate to surface of materials
during the long term service; high molecular weight
antioxidants could be more persistent at high tem-
perature due to their low diffusion rate and guaran-
tee the long term service.10,40 However, Tm of anti-
oxidants is another important factor influencing
kinetics of peroxide-cure systems.

Antioxidants interfere with crosslinking reaction
so that they may affect mechanical properties of
XLPE. Figure 11 shows tensile strength (rb) and
elongation at break (eb) of XLPE with 1.5 phr DCP
and different antioxidants of less than 0.5 phr.
Although antioxidants could retard the crosslinking

reaction, they in the investigation dosage ranges do
not influence the mechanical properties considering
experimental error.

CONCLUSIONS

Molecular structure of phenol antioxidants strongly
influences their negative effect to peroxide-cure reac-
tion of LDPE. Phenol antioxidants could reduce G0

of XLPE completely crosslinked at 175�C while they
have a neglectable effect on fgel and Ea. However,
time sweep dynamic rheological test reveals that
Irganox 1035 and 1076 with low molecular weight
and low Tm could significantly depress scorch of
crosslinkable LDPE at 135�C.
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