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ABSTRACT: Foaming of decrosslinked crosslinked poly-
ethylene (DCXLPE) was investigated to assess the feasibil-
ity of recycled crosslinked polyethylene for polyolefin
foam applications. DCXLPE was recycled from irradiation-
induced crosslinked polyethylene using the supercritical
methanol process. As the concentration of crosslinking
agents increased, the gel fraction and hardness of the
DCXLPE foam sheets increased, while the expansion ratio
and cell size decreased. The resulting foam products not

only revealed a viable foam structure and properties com-
parable with those of conventional polyethylene foam
from virgin low-density polyethylene resin but also are
expected to open new applications for recycled crosslinked
polyolefin via supercritical decrosslinking reaction. © 2012
Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Recycling of thermosetting polymers, such as cross-
linked polyethylenes, has attracted great attention
owing to the deep consideration given to environ-
mental pollution and to resource conservation efforts
around the world."® A newly developed recycling
technique using supercritical fluid was introduced to
transform the crosslinked polyethylenes into thermo-
plasticized polyethylenes.” In a previous article, we
developed a kinetics model for the decrosslinking
reaction of crosslinked polyethylenes on the basis of
experimental results in which the decrosslinking reac-
tion rate was linearly proportional to the gel concen-
tration and related exponentially to the temperature.*

The crosslinked polyethylenes are widely used as
polyolefin foams in automotive, construction, and
sports and leisure markets owing to their inherent
properties, such as novel toughness, flexibility, and
resistance to chemicals and abrasion.” The crosslinked
polyethylene foams are made by complex processes
designed by properly controlling the chemical cross-
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linking and expansion sequence. The processes are
characterized by three distinct steps: sheet formation,
crosslinking, and foaming. Crosslinking is achieved
either by a crosslinking agent such as dicumyl perox-
ide,* ' or by high-energy radiation such as gamma,
X-, and neutron rays.'""'* Foaming is controlled by the
type of blowing agent and the process condition. Azo-
dicarbonamide (ADCA) enjoys the most widespread
use as a blowing agent in commercial crosslinked pol-
yolefin foam production owing to its narrow decom-
position temperature of ~ 200-210°C, slow gas release
rate, gaseous composition, ease of dispersion, storage
stability, low toxicity, and affordable cost.>”""

In this work, we demonstrate that a foam sheet
using the recycled decrosslinked crosslinked poly-
ethylene (DCXLPE) has a viable foam structure and
physical properties comparable with those of con-
ventional neat low-density polyethylene (LDPE)
foam sheet. To the best of our knowledge, this work
is the first trial with recycled crosslinked polyethyl-
ene via supercritical decrosslinking reaction for foam
applications. The DCXLPE was recycled from irradi-
ation-induced crosslinked LDPE using supercritical
methanol processing.

EXPERIMENTAL
Materials

LDPE with the trade name Lutene FB0300 was pur-
chased from LG Chemicals. The density and melt



flow index of the LDPE were 0.921 g/cm’ and 0.3 g/
10 min according to ASTM D1238. The molecular
weight and molecular weight distribution (M,,/M,)
of the LDPE were 349,000 g/mol and 7.0. Irradiation-
crosslinked LDPE (XLPE) was supplied from
Youngbo Chemicals in South Korea. For the fabrica-
tion of XLPE, the irradiation was exposed to the
LDPE using an electron beam generated by a Dynami-
tron accelerator [Nisshin high voltage (NHV)] with an
acceleration voltage of 1 MeV at room temperature.
The XLPE had a gel fraction of 65%. ADCA was pur-
chased from Dong Jin Semichem, and Zinc oxide
(ZnO) and dicumyl peroxide (DCP) from PJ Chem
Tech. and Nippon Fat Chemicals, respectively. Each
reagent had the purity higher than 99%. Methanol
and xylene with a HPLC grade were purchased from
Samchun Chemicals and Sigma-Aldrich, respectively.
All chemicals were used as received.

Preparation of the DCXLPE

The DCXLPE were recycled from the XLPE using
supercritical methanol as reported in our previous
article.*® The supercritical decrosslinking of XLPE
with 65% gel fraction was performed using a batch
reactor made of stainless steel (SUS316) as described
in a previous article.*® The reaction was carried out
as follows: a 50 g piece of XLPE and 100 mL of
methanol were charged in a 500-mL stainless steel
reactor. Nitrogen was purged into the reactor to
degas oxygen at room temperature. The reactor was
heated up to the target reaction temperature to start
the decrosslinking reaction, kept for 5 min at the tar-
get reaction temperature, and then cooled to room
temperature by cold water to terminate the reaction.
The pressure at the reaction temperature was far
above the methanol supercritical point of 240°C and
7.93 MPa. After the supercritical reaction, the prod-
ucts were filtered and dried in a vacuum oven.

Preparation of the DCXLPE foam sheet

The foam sheet was prepared according to the
sequence of Figure 1. The DCXLPE recycled from
the XLPE using supercritical methanol at 365°C was
used as a base resin. A mixture of DCXLPE, DCP,
ADCA, and ZnO were sufficiently mixed via a
Kneader with 1000-mL volume at 130°C. The compo-
sition ratio of DCXLPE, ADCA, and ZnO was fixed
with 100, 2, and 1.6 phr, respectively. phr represents
parts per hundred parts of resin on the basis of
weight. The DCP ranged from 0.1 to 1.0 phr. The
high-pressure foaming was performed in a hot press
at 170°C and 140 bar for 10 min. For the comparison,
the neat LDPE foam was prepared via the same pro-
cess of DCXLPE foam except replacing DCXLPE
with LDPE.
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Figure 1 Schematic illustration of the fabrication process
of foam sheets and the representative sample images in
each step. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

Characterizations

The gel fractions (Fge) of the samples were eval-
uated as

Fgel = w/wo x 100 1)

where wy and w are the weight of the specimen
before and after solvent extraction, respectively.
Extraction was performed using a xylene medium at
110°C for 12 h. The molecular weight of the
extracted were measured by a high-temperature
GPC (Waters, Model 150C: Column Mixed B) with a
polystyrene standard and trichlorobenzene solvent
at 120°C. A Shore C hardness test of the prepared
foams was performed using an ASKER type C,
Kobushi Keiki under a load of 2 pounds. The
density and expansion ratio were measured using a
SD-200L, Alfa Miracle according to KSMISO 845.
The morphology of the foams was observed using
scanning electron microscopy (SEM) with a Hitachi
S-2200C. The average cell sizes of the foams were
analyzed using LEICA Application Suite software of
LEICA Microsystems.

RESULTS AND DISCUSSION
Preparation of the DCXLPE

Figure 2 shows gel content and molecular weight of
the DCXLPE using supercritical methanol at various
reaction temperatures. The temperature was varied
from 300 to 400°C. The reaction condition was much
higher than the critical point of methanol, 240°C and
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Figure 2 Gel content and molecular weight of DCXLPEs
at various reaction temperatures.

7.93 MPa. The initial gel content of the XLPE was
65%. The residual gel content was maintained in
excess of 60% up to 320°C and dropped steeply at
around 360°C, and above 380°C, residual gel was no
longer observed. A molecular weight analysis was
carried out using the trichlorobenzene-extracted
DCXLPE from the treated XLPEs. The molecular
weights of the DCXLPEs were close to that of LDPE
up to 370°C and then diminished with a further
increase in the reaction temperature. This indicates
that the XLPE was fairly selectively decomposed at
the crosslink points up to 370°C and not at random
sites due to the supercritical methanol treatment.
The crosslink points in the XLPE must be more vul-
nerable sites in the thermal decomposition than
other carbons, as the tertiary radicals produced from
the quaternary carbons at the crosslink point are
more stable than the secondary or primary radicals
from other carbons.*®
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Figure 3 Gel fraction of DCXLPE and LDPE foam sheets
as a function of DCP concentration.
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Figure 4 Shore C hardness of DCXLPE and LDPE foam
sheets as a function of DCP concentration.

Preparation of the DCXLPE foam sheet

Figure 3 shows the gel fraction of the DCXLPE foam
and LDPE foam sheets. The foam sheet was pre-
pared via high-pressure foaming with a chemical
crosslinking agent DCP and a blowing agent ADCA.
For the DCXLPE foam sheet, the composition ratio
of DCXLPE, ADCA, and ZnO was fixed at 100, 2,
and 1.6 phr, respectively. The DCXLPE prepared
using supercritical methanol at 365°C was used as a
matrix resin. The DCXLPE had a 15% residual gel
fraction. The DCP crosslinking agent ranged from
0.1 to 1.0 phr. The decomposition temperature of
DCP with a 1-min half life was 171°C. The foaming
was performed at 170°C and 140 bar for 10 min. A
typical image of the DCXLPE foam sheet is pre-
sented in Figure 1. The gel fraction of the DCXLPE
foam sheets were sharply increased with an increase
in the DCP concentration at low DCP concentration
and then saturated to the maximum gel fraction of
around 80% at high DCP concentration. In contrast,
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Figure 5 Expansion ratio of DCXLPE and LDPE foam
sheets as a function of DCP concentration.
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Figure 6 SEM images of DCXLPE foam sheets at various DCP concentrations: (a) 0.1 phr, (b) 0.2 phr, (c) 0.4 phr, (d) 0.6

phr, and (e) 1.0 phr.

as the DCP concentration increased, the gel fraction
of the LDPE foam sheets slowly increased at a low
DCP content, and sharply increased at 0.4-phr DCP
and then reached the saturation gel level of about
80%.

Figure 4 shows the shore C hardness of the
DCXLPE foam and LDPE foam sheets. The DCXLPE
foam sheet with 0.2-phr DCP had a shore C hard-
ness of 66 and the hardness of the DCXLPE foam
sheets slowly increased with the DCP content. The
LDPE foam sheet with 0.2-phr DCP had a shore C
hardness of 56. The hardness of the LDPE foam
sheets sharply increased with the DCP content up to
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0.4-phr DCP and reached a plateau above that con-
centration. The hardness results were in good agree-
ment with the gel fraction results. The gel fraction of
the DCXLPE foam sheets more rapidly increased
with the DCP content than those of the LDPE foam
sheets because the crosslinking density enhanced the
hardness of the material.

Figure 5 shows the density and expansion ratio of
the DCXLPE foam and LDPE foam sheets. The expan-
sion ratio was calculated by the density of the sheet
before foaming divided by the density of the sheet af-
ter foaming. The density of the foam sheets increased
with an increase in the DCP concentration, while the
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Figure 7 SEM images of LDPE foam sheets at various DCP

phr, and (e) 1.0 phr.

expansion ratio decreased. The DCXLPE foam sheet
with 0.2-phr DCP had an expansion ratio of 7.6 and
the expansion ratio of the DCXLPE foam sheets
monotonously decreased with an increase in the DCP
concentration. The LDPE foam sheet with 0.2-phr
DCP had an expansion ratio of 6.8. The expansion ra-
tio of the LDPE foam sheets increased slightly with
an increase in the DCP content up to 0.4-phr DCP
and decreased with a further increase in the DCP
concentration.

Figures 6 and 7 show the SEM images of the
DCXLPE foam and LDPE foam sheets, respectively.
The average foam cell size of each sample is pre-

concentrations: (a) 0.1 phr, (b) 0.2 phr, (c) 0.4 phr, (d) 0.6

sented in Figure 8. Both DCXLPE and LDPE foam
sheets had well developed closed sphere cells. The
cell size distribution was quite broad. The average
cell diameter was calculated from the observation of
more than a thousand of cells to minimize the uncer-
tainty. The cell size was significantly influenced by
the DCP content. The average cell size of the
DCXLPE foam sheet with 0.2-phr DCP was 250 pm.
The cell sizes of DCXLPE foam sheets rapidly
decreased with an increase in the DCP content up to
0.4-phr DCP and slowly decreased with a further
increase in the DCP concentration. In contrast, the
average cell size of LDPE foam sheet with 0.2-phr
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Figure 8 (a) Average cell sizes of DCXLPE and LDPE
foam sheets as a function of DCP concentration and (b) av-
erage cell sizes versus density of DCXLPE and LDPE foam
sheets.

DCP was 280 pum. The cell sizes of the DCXLPE
foam sheets increased with an increase in the DCP
content up to 0.4-phr DCP. The average cell size of
the LDPE foam sheet with 0.4-phr DCP was 400 pm.
At 0.6-phr DCP, the cell size abruptly decreased to
76 um. The cell size slowly decreased with a further
increase in the DCP concentration.

In this work, for the first time, the foaming of the
DCXLPE was investigated. DCXLPE was recycled
from XLPE using the supercritical decrosslinking
reaction. Foaming of the DCXLPE was compared
with that of the neat LDPE. For both DCXLPE and
LDPE form sheets, as the concentration of DCP
crosslinking agent increased, the gel fraction and
shore C hardness increased, and the expansion ratio
and cell size decreased. This is the expansion ratio
and cell size reduced with an increase in the cross-
linking density of polyethylene. It was caused by the
fact that excessive crosslinking restricted the foam
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expansion.” For the cell growth of the foams, the
foam gas cell nucleated from each ADCA dispersion
in a matrix should be expanded by itself or be com-
bined with adjacent gas cells. However, as the cross-
linking density increased, viscoelasticity of the poly-
mer (DCXLPE or LDPE) increased. The strong
viscoelasticity restricted the foam cells not only from
expanding to higher size but also from combining
the neighbor gas cells.

Interestingly, the expansion ratio and cell size of
the DCXLPE foam sheets more rapidly decreased
with an increase in DCP content than those of the
LDPE foam sheets. These resulted from the fact
that the gel fraction and the shore C hardness of
the DCXLPE foam sheets more rapidly increased
with an increase in the DCP concentration than
those of the LDPE foam sheets. Generally, the chain
decomposition reaction of saturated aliphatic chain
at high temperature causes to produce the byprod-
ucts like double bonds or other many functional
groups.”® In this study, such byproducts must be a
minor portion because FTIR did not measure the
presence of these groups as shown in the previous
literature.” However, the minor population of dou-
ble bond and the functional groups in the DCXLPE
seems to help the DCXLPE foam sheet to be cross-
linked more easily than the neat LDPE, resulting
that the DCXLPE form sheet had higher gel frac-
tion and higher shore C hardness than the LDPE
form sheet. As a result, the DCXLPE produced
smaller cell diameter and smaller expansion ratio
than the LDPE.

CONCLUSIONS

In this work, foaming of the DCXLPE recycled using
supercritical methanol was compared with that of
neat LDPE. The DCXLPE had higher gel fraction
and smaller foaming cell diameter than the LDPE at
the same crosslinking agent level, resulting that the
DCXLPE produced smaller expansion ratio and
smaller foaming cell diameter than the LDPE, due to
the delicate difference in the molecular structures
like the presence of double bonds in the DCXLPE.
Nevertheless, the DCXLPE foam sheet showed a via-
ble foam structure and physical properties compara-
ble with those of the LDPE foam sheet.
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