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ABSTRACT: Crosslinked polyethylene (XLPE) is progres-
sively replacing other types of polyethylene in electric cable
insulation because of its combination of better mechanical
and thermal performance and good dielectric properties.
Besides its influence on the mechanical and thermal proper-
ties, the morphology plays a very important role in the
electrical behavior of XLPE. The morphology has been stud-
ied in terms of the crystallinity and crosslinking density.
These two apparently independent parameters govern the
morphology of XLPE and have been investigated in connec-
tion with the systematic variation of the processing param-

eters (crosslinker concentration, cure time, and tempera-
ture). The materials have been characterized in terms of the
extent of crosslinking (the gel content), the crosslinking den-
sity (the average molecular weight between crosslinks), and
the crystallinity. A morphological model is proposed for
these materials in terms of the mechanisms and rates of the
processes involved. © 2004 Wiley Periodicals, Inc. ] Appl Polym
Sci 94: 222-230, 2004
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INTRODUCTION

Crosslinked polyethylene (XLPE) combines the good
dielectric properties of other types of polyethylene
with improved mechanical and thermal behavior.
Most importantly, it retains adequate mechanical
properties at temperatures at which low-density poly-
ethylene (LDPE) becomes too soft. This set of charac-
teristics has been responsible for the progressive re-
placement of low- and high-density polyethylenes in
electric cables by XLPE.' The most employed
crosslinking processes are based on chemical reac-
tions, such as the thermally activated decomposition
of peroxy compounds, the grafting of silane com-
pounds onto chains, and the irradiation of LDPE with
a high-energy electron beam.** In the first method,
dicumyl peroxide (DCP) is the most extensively used
radical source; in the second method, vinyltriethoxysi-
lane or vinyltrimethoxysilane is grafted onto chains,
with small quantities of peroxides used as radical
initiators, and this is followed by silane hydrolysis and
silanol condensation.”™*? The silanol groups condense,
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with the loss of water, thus interconnecting polymer
chains. It is a common practice to accelerate this reac-
tion with the addition of catalytic amounts of organo-
tin compounds such as dibutyl tin dilaurate.>*'* In
the irradiation process, the crosslinking degree is lim-
ited by the depth reached by the electron beam, and in
the silane grafting process, the permeation of water
into the bulk of the polymer to promote the hydrolysis
of the alkoxy silanes is the rate-determining step of the
process. In both cases, the final material has a
crosslinking density gradient along its thickness. The
use of peroxides promotes a more uniform distribu-

TABLE 1
Parameters Used in M_ Calculations
from the Swelling Data

Parameter Data
Msolv 138.25 g
psolv 088 g/Cm3
Vi, 157.1023 cm?®
R 1.987 cal/K mol
Temperature 298 K
463 K
8 8.80 (cal/cm®)!/24
8, 8.79 (cal/cm®)!/22
X 0.34 (298 K)
0.01 (463 K)?
p 0.927 g/cm?® (298 K)
0.7536 g/cm® (463 K)®
2 Ref. 30.
b Ref. 31.
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Figure 1 Dependence of (A) the gel content and (B) M, on the crosslinking temperature (cure time = 5 min).

tion of chain interconnections all over the bulk mate-
rial. On the other hand, the byproducts generated
during peroxide decomposition, such as acetophe-
none, a-methylstyrene, and cumyl alcohol, can exert a
deleterious effect on the electrical performance of
XLPE, even in very small quantities, notably under AC
conditions.'*"”

Besides the influence exerted on the mechanical and
thermal properties, the morphology plays a very im-
portant role in the electrical behavior of XLPE, includ-
ing the water treeing resistance: polymer-insulated

cables are laid in an underground environment, and
water from the soil can slowly diffuse through the
protective layers of the cable, forming treelike struc-
tures, which actually are water-filled microcavities (ca.
1 wm or less)."® Water treeing is the main cause of
insulation breakdown in medium-voltage cables, and
the first approach for assessing the influence of the
morphology on this phenomenon should obviously be
a detailed morphological description of the poly-
mer.>'®"° Small modifications in the processing con-
ditions can induce strong effects on the polymer prop-



224
N 77‘ ~<
704
= ]
; 60 —_—
£ 50 4 /
T 404
o J '
= 30 4 —=—-0.50 % (w/w)DCP
o j -e~1.00 % (wiw)DCP
o —A—1.25 % {(wiw)DCP
— 204 —w—1.50 % (w/w)DCP
o
O 10 4
o T M T T T T T T T T T Y L
150 155 160 165 170 175 180
Crosslinking temperature (°C)
2.5x10° 4
20x10°4 4 —m— 0.50 % (wiw) DCP
—e—1.00 % (wiw) DCP
—A— 1,25 % (wiw) DCP
. —w—1.50 % (ww) DCP
= 15x10° 5
o
E =
C)
(=" 1.0x10°
*
| A S Y
004 v $ +
L) 1 L] T T A T A T
150 155 160 165 170 175 180

Crosslinking temperature (°C)

(B)

Figure 2 Dependence of (A) the gel content and (B) M. on
the crosslinking temperature (cure time = 10 min).

erties, but a systematic study of the correlations of
processing parameters with the morphology cannot be
found in the literature to our knowledge.

We have studied the peroxide crosslinking process
in XLPE production, and this article describes the
correlations between the processing variables for
XLPE manufacturing (the crosslinker concentration,
thermal pressing time, and temperature) and the re-
sulting structural parameters (the crosslinking den-
sity, gel content, average chain length between inter-
connecting points, and crystallinity).

EXPERIMENTAL

Materials

The starting LDPE was kindly supplied by OPP (Po-
lietilenos S.A. Brazil) and had the following initial
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characteristics: weight-average molecular weight
= 135,000, number-average molecular weight
= 15,000, density = 0.921 g/ cm?®, and melt index = 3.8
g/10 min.

LDPE in a powder form, containing the required
amount of DCP (0.50, 1.00, 1.25, or 1.50% w/w), pre-
viously milled and sieved, was thermopressed in a
Shulz model PHS 15 press. Samples in disk form (di-
ameter = 11 cm and thickness of 0.1 cm) were sepa-
rated from aluminum molds by cellulose acetate
sheets. The thermal pressing was performed under a
load of 4 tons for 5, 10, 15, or 20 min at 150, 160, 170,
or 180°C.
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Figure 3 Dependence of (A) the gel content and (B) M. on
the crosslinking temperature (cure time = 15 min).



MORPHOLOGY OF CROSSLINKED POLYETHYLENE

85 4
] e W —e—o—
BO-: /X ‘\V
75 4 v/.,,,._h___._/‘
’\70-‘ ‘/
2 654 o
3 ]
z00] -
a
L 50 :
~ 45
T 40 3
® 35 3
*—-30 —2—0.50 % (wiw)DCP
‘; 7 —-8—1.00 % (wiw)DCP
o 291 ~A-1.25 % (wiw)DCP
201 -9v—-1.50 % (w/w)DCP
© 15 J
O 10 4
5 ]
0 T M L) v T v ¥ T M T i
150 155 160 165 170 175 180
Crosslinking temperature (°C)
2.5x10°
2.0x10° 4
—m—0.50 % (wiw) DCP
s —8—1.00 % (wiw) DCP
5 1510 —A—1.25% (ww) DCP
£ —w—1.50 % (wiw) DCP
)
© 1.0x10°
= .
e
5.0010" \._//’/ [
C\
ood ¢ = $
T M T M L] L} 1 T M T
150 155 160 165 170 178 180

Crosslinking temperature (°C)

(B)

Figure 4 Dependence of (A) the gel content and (B) M. on
the crosslinking temperature (cure time = 20 min).

X-ray diffractometry: wide-angle X-ray scattering
(WAXS)

The WAXS spectra were made with Co Ko radiation
(A =1.79026 A) in a Phillips X'Pert conventional hor-
izontal-axis instrument at a scanning rate of 1°/min
between 20 = 3° and 26 = 60°. The crystallinity was
calculated by fitting into three Gaussian curves with
software with the following relationship:

e Area2 + Area 3
Crystallinity (%) = Areal + Area?2 + Area 3

X 100
M

where area 1 corresponds to the amorphous halo and
areas 2 and 3 correspond the crystalline peaks at 26
= 21.22° and 260 = 23.63°, respectively.
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XLPE characterization
Gel content

Gel content determinations were performed with
decaline (Vetec P.A.) as a solvent under reflux (190°C)
for 6 h. Samples of about 0.1 g were placed in a
100-mL, round-bottom flask containing 20 mL of the
solvent and connected to a reflux condenser. After
drying to a constant weight (ca. 16 h) at 70°C, the
extracted samples were reweighed, and the fraction of
the crosslinked material was calculated from the initial
and final masses.

Average molecular weight between crosslinks (M)

Swelling at room temperature. After extraction, as pre-
viously described, the weighed samples were im-

Figure 5 Correlation of the time, temperature, and (A) gel
content or (B) M, with 0.50% DCP.
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Figure 6 Correlation of (A) the gel content and (B) M, with
the time and temperature of thermal pressing, with 1.00%
DCP.

mersed in 30 mL of decaline. The flasks were stirred
for 24 h and kept in the dark for 2 months at room
temperature. Afterwards, the samples were re-
weighed to calculate the amount of the absorbed sol-
vent.

Hot swelling. Immediately after extraction, the hot
samples were rapidly filtered to remove the soluble
fraction, weighed, and dried to a constant weight (ca.
16 h). The dried samples were reweighed, and M, was
calculated from the mass difference between the swol-
len and dried samples.

Density

The density determinations were performed accord-
ing to ASTM D 792/91*' with a Sartorius BP210S
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analytical balance with a YDKO1 specific accessory. As
a liquid medium, isopropyl alcohol (99.5%; P.A. Nu-
clear) was used with a density of 0.78336 g/cm? at
22°C.

RESULTS AND DISCUSSION

In peroxide processes, the crosslinker concentration,
cure time, and temperature are the main variables
determining the extent and density of crosslinking
and, consequently, the resulting morphology. The ex-
tent of crosslinking (the gel content) expresses the
mass of chains that are effectively interconnected and
is determined by the measurement of the fraction of
material not extractable by the solvent. In industrially

(B)

Figure 7 Correlation of (A) the gel content and (B) M, with
the time and temperature of thermal pressing, with 1.25%
DCP.
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(8)

Figure 8 Correlation of (A) the gel content and (B) M, with
the time and temperature of thermal pressing, with 1.50%
DCP.

manufactured XLPE, the gel content is 60—-85%. Pre-
vious work® has shown that the gel content levels off
for DCP concentrations greater than 2%. Having in
mind that byproducts of DCP are deleterious for elec-
trical performance, we have restricted the peroxide
concentration to 0.50-1.50% (w/w). The classical
method of determining the network crosslinking den-
sity is based on the Flory-Rehner theory**>* of swell-
ing at equilibrium, in which M, is determined with eq.
(2). This method has been extensively applied to vul-
canized rubbers,?> 2’ but for XLPE, few references can
be found:>*%-°

v=p/M,=-lIn(1 — V,) +V, + xV3
/pVi(V}P = V,/2) (2)
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where v is the crosslinking density or number of ef-
fective chains per volume, p is the polymer density, V,
is the reduced volume (the volume of the swollen
sample/the volume of the dry sample), x is the poly-
mer-solvent interaction parameter, and V; is the mo-
lar volume of the solvent. The values used in the
evaluation of the crosslinking density are listed in
Table L.

Gel content

Figures 1(A)-4(A) depict the variations of the gel con-
tent as a function of the temperature for crosslinker
concentrations of 0.50, 1.00, 1.25, and 1.50% with ther-
mal pressing times of 5, 10, 15, and 20 min, respec-
tively. The main conclusions drawn from these results
are as follows. The maximum gel contents attainable
for all times and temperatures are 59, 75, 79, and 84%
for DCP concentrations of 0.50, 1.00, 1.25, and 1.50%,
respectively. Beyond 15 min and 160°C, all the sam-
ples reached gel contents near their maximum limit,
and so above this time and temperature, it is of no use
to increase any of these variables, including the per-
oxide concentration. During the first 5 min at 180°C, a
plateau is reached for the extent of crosslinking, for
each DCP concentration, so no further time in the
press is needed. In conclusion, any variation in the
processing variables only makes a difference if varia-
tions in the peroxide concentration are tested below
160°C and 10 min. These results are well illustrated in
the three-dimensional plots of Figures 5(A)-8(A), in
which the surface tends to planarity from 10 min and
160°C for all peroxide concentrations. Considering the
half-life of DCP (14 min at 150°C),** we find that the
lower crosslinking densities are due to the lowering of
the radical concentration. Thus, for commercially ac-
ceptable XLPE, the DCP concentration has to be set
above 1.0% for any cure conditions.

M,

c

Figures 1(B)-4(B) describe the variations of the aver-
age molecular weight between interconnection points
for crosslinker concentrations of 0.50, 1.00, 1.25, and
1.50% and for residence times of 5, 10, 15, and 20 min,
respectively. The high initial values of M, are due to
the vinyl coupling of chain ends, which are more
reactive sites than tertiary carbon atoms.*As with the
gel content discussed previously, we can summarize
the main results as follows. The minimum values at-
tainable for M, are 57,000, 14,000, 8000, and 6400
g/mol for DCP concentrations of 0.50, 1.00, 1.25, and
1.50%, respectively. The major part of the crosslinking
process occurs during the first 5 min of the reaction.
The reduction of M, in this interval depends on the
temperature. For example, at 150°C, it drops 240,000 to
76,000 g/mol for samples containing 1.00% DCP. For
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Figure 9 (A) X-ray diffraction patterns for completely crosslinked XLPE (extracted samples) with cure times of (a) 10, (b) 15,
and (c) 20 min (0.5% DCP and 150°C) and (B) Gaussian fitting of the crystalline peaks and the amorphous halo.

higher temperatures, the drop is not as drastic (e.g.,
from 53,000 to 22,600 g/mol at 160°C with the same
peroxide concentration). This is due to the larger num-
ber of free radicals formed at higher temperatures,
which lead to lower M_’s. Just as for the gel content, a
plateau is reached for M, after 10 min at temperatures
of 160°C and higher, even with the use of greater
concentrations of the crosslinker. This effect is clearly
evident in the 3D plots of Figures 5(B)-8(B).

The results indicate that the gel content and M, are
directly correlated. For example, gel contents of 8284,
77,70, and 55% correspond to M, values of 6400, 9000,

17,000-14,000 g/mol, and 55,000-60,000 g/mol. This
means that the possibility of the same gel content
being associated with different M_’s is ruled out. It has
been verified that no drop in M, occurs at higher
temperatures and longer times under the conditions
employed.

The results obtained from swelling tests run at room
temperature represent the behavior of the amorphous
phase only because the solvent cannot easily penetrate
the crystalline regions. The samples used were ex-
tracted ones, and the mass values were corrected with
WAXS data to consider only the amorphous mass in
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the M, calculations. The entirely crosslinked phase has
a crystallinity of about 32%, and this shows that the
crosslinking process brings about a reduction of
around 12%, in comparison with that of the original
LDPE (44%). The corresponding diffraction patterns
are shown in Figure 9.

The values of M, in swelling tests run at room
temperature are much lower than those in tests run
under hot conditions. Typically, M/s of approxi-
mately 190 g/mol for samples crosslinked with 1.0%
DCP for 5 min have been found. This result leads us to
the following question: because the crystallites cannot
accommodate the crosslinks, how do the two simulta-
neous and apparently independent processes
(crosslinking and crystallization) interfere with each
other? One hypothesis considers that before the
crosslinking, the sample is completely molten, amor-
phous, and homogeneous. The crystallization begins
only after the network formation, and the crosslinks
stay outside the crystallites. Under these conditions,
M, should be the same, whether measured at room
temperature or in the molten state. Another hypothe-
sis is that even in the molten state, because of the high
viscosity of the mass, some ordered regions remain in
the melt and act as nucleating agents for heteroge-
neous crystallization. These regions are not accessible
to the free radicals. Moreover, the viscosity begins to
increase dramatically with incipient crosslinking, even
before the maximum concentration of radicals is
reached at 150°C, and this makes it difficult to attain a
homogeneous molten state.

The resulting situation is a bimodal distribution of
crosslinks: long, linear chain lengths that participate in
the crystallites and shorter ones confined to the amor-
phous phase. This model justifies the differences
found for M_'s determined at room temperature and
in the molten state and a crystallinity of 32% even with
high gel contents. Moreover, it justifies crystallization
with very short M_’s. In this context, the crystallization
lamellar model proposed by Flory seems closer to
reality than the chain-folded lamellar structure, as
proposed by Hendra et al.*

Altogether, the results obtained so far lead us to
propose a morphological scheme for XLPE: crystalline
regions interconnected via linear or crosslinked tie
molecules embedded in an amorphous crosslinked
matrix. Figure 10 illustrates these ideas.

CONCLUSIONS

The knowledge of the correlations between the pro-
cessing conditions and resulting structure of XLPE is
of primary importance for manipulating the variables
involved. Depending on the time and temperature, the
gel content and M, can reach a plateau at which fur-
ther increments in the peroxide concentration are det-
rimental because they only lead to more degradation
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"Flory's Model™

“Chain Folded
Model"

Figure 10 Sketch representing the proposed morphological
model for XLPE.

products, without any effect on the structural param-
eters. The major part of the crosslinking process occurs
during the first minutes of the cure, and so it is also of
no use to extend the reaction for longer times. The
crystallization mode is more like the Flory crystalliza-
tion lamellar model than the chain-folded structure
according to the differences found in the crosslinking
densities for molten and crystalline samples.

The authors acknowledge OPP for supplying low-density
polyethylene.
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