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Abstract
Project code: RMU4880010
Project Title: Property modification of ethylene-octene copolymer by formation of crosslink
structure via siloxane linkage
Investigator: Kalyanee Sirisinha, Facuity of Science, Mahidol University

E-mail Address: sckpr@mahidol.ac.th

Project Period: 2 Years

Crosslinking is one important method of improving thermal stability and high
temperature properties of polymer. In this study, various ethylene-octene copotymer (EOR)
blends and composites were crosslinked in the solid-state using a silane-water crosslinking
technique. The crosslinking process consists of two steps; i.e. silane-grafting of the
polymers and subsequent crosslinking of the grafted products in the presence of water. The
aims of the work are to understand the effects of siloxane network on mechanical and
thermal properties of the polymers; and to elucidate the progress of sitane-crossiink
reaction.

In the EOR and low-density polyethylene blends, it was found that silane content
and reaction temperature showed a profound effect on the extent of grafting; whereas the
amount of crystalline portions in the blends had strong inftuence on the rate and degree of
crosslinking. The crosslink was believed to occur mostly in the amorphous phases. The
silane crosslinked blends exhibited an increase in modulus and an improvement in thermail
stability.

In the crosslink systems containing filler, a reduction in grafting and crosslinking
degree was revealed. Compared the two types of filler studied, the composites containing
calcium carbonate showed higher crosslink density and better thermai stability than those of
silica filler. The results of this study pointed out that the analysis of crosslink process based
solely on the gel reféu!ts could seriously mislead the understandings on the crosslink
structures formed and the resultant product properties. The infrared study and rhelogicai
measurement were proved fo be very useful and could be utilized as the alternative

methods in foliowing the silane crosslink process.

Keywords: Crosslinking, Silane, Ethylene-octene copelymer, Composites, Property
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a1519% 1 Phinmmsayibisazieaiiialalu grafted EOR/LDPE (50/50) blend
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RT 3.34 + 0.00 0.11 + 0.09
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0s 2.87 + 0.01 0.13 + 0.05
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Grafting index

Gel content (%)

EOR/LDPE
blends 1% 3% 5% 7% 1% 3% 5% 7%
VIMS | VTMS | VIMS | VTMS | VTMS | VTMS | VTMS | VTMS
0010 0.65 179 | 287 | 330 | 0.01 0.01 001 | 004
0.02° | (0.06) | (0.05) | (0.0%) | (©O1) | (0.01) | (0.02) | (0.04)
c0/10 0.69 193 | 271 323 | 007 | ov4a | 003 | 001
(0.01) | (0.04) | (0.08) | (0.01) | (0.01) | {0.02) | (0.04) | (0.01)
0.74 202 | 294 | 345 | 004 | 001 003 | 0.05
70/30
(0.03) | (0.03) | (0.04) | (0.05) | (0.04) | (0.0%) | (0.04) | {0.05)
0.71 220 | 323 | 373 | 001 002 | 001 | 002
50/50
©.01) | (0.08) | (0.01) | (002) | ©on | ©o1) | (©o1) | (0.0
0/100 0.86 198 | 2.81 307 | 002 | 0.01 0.11 | 0.10
(0.02) | {0.04) | (0.05) | (0.02) | (0.01) | (0.01) | (0.08) | (0.03)
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Crosslinking rate in stage | ° Crosslinking rate in stage Il ®
EOR/LDPE blends
(%. hr') (%. hr')
100/0 2.403 0.015
90/10 2.057 0.017
70730 2.321 0.016
50/50 1.310 0.022
o100 - 0407 0.032

? stage | (determined from the immersing time range from 0- 24 hrs})

b stage Il (determined from the immersing time range from 120-800 hrs)
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4.1.4 wavasmdeslpsaaltdoauAuoonafise fusa
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Lo Wi ] A 1
Uifsondaslossiolaiiwas 120 v.a.

Strength at
LDPE Gel M100 Elongation at
System break
(%) {%) (MPa) break (%)

(MPa)
0 - 477 (0.08)3 795.19 (10.02) | 23.71 {1.00)
Uncrosslinked 10 - 523 (0.04) | 8056.56 (12.49) | 25.00 (0.41)
blends 30 - 6.12 {0.09} 808.64 (4.33) 26.90 (0.44)
50 - 7.13 (0.08) | 783.07 (16.47) | 26.66 {0.67)
100 - 9.83 (0.18) | 482.54 (38.81) | 17.66 (0.85)
o 77 6.54 (0.62) | 380.45 (22.34) | 13.69 (1.92)
Crosslinked 10 75 6.88 (0.71) | 274.07 (15.08) | 12.29 (2.39)
blends 30 74 7.13 (0.78) | 324.37 (24.52) | 14.02 (3.44)
50 69 B8.79 (0.32) | 29542 (19.34) | 13.12 (1.89)
100 52 10.85 (0.12) | 227.15 (25.87) | 11.60 {1.13)
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Abstract

Degree of crosslinking in silane-water crosslinked ethylene-—octene copolymer and its blends with low-density
polyethylene was investigated, using three different fechniques: the conventional gel content determination, solvent uptake
factor method and infrared analysis. The results from those techniques show a similar trend in which the degree of
crosslinking increases with increase of crosslinking time, and decreases with increase of crystalline portion in the maierials.
The measurement of gel content, although it is a direct way to vield resulis on degree of crosslinking, is time consuming
and uses a targe amount of soivent for extraction. Also, good care must be taken when anatysing the gel content of samples
with low degree of crosslinking. Analysis of FTIR data has shown potential for the delermination of crossiink variations in
the sitane crosslinked malerials and gives meaningful information on the progress of the silane-water crossiinking reaction.

© 2006 Elsevier Lid. All rights reserved.

Keywords: Crosslinking; Silane; Ethylene—octene copolymer; Blends; Characierisation

1. Introduction

There are a variety of ways to produce a
crosslinked material. In addition to the usual
peroxide crosslinking or irradiation crosslinking,
the utilisation of silane-water crosslinking has
gained much atiention in recent vears [1-15]. The
silane crosslinking process involves at least two
stages, which may be done together. In the first
stage, a silane-grafted polymer is prepared using
peroxides and vinyl alkoxysilanes, and in the second
stage the silane-grafted polymer is crossiinked by
exposure to a humid environment. The crossiinking

*Corresponding author. Tel: +66220t5155;
fax: +6623547151.
E-mail uddress: sckpri@mahidol.ac.th (K. Sirisinha}.

{£42-9418/% - see [ront matter © 2006 Elsevier Lid. All rights reserved.
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reaction involves hydrolysis of the alkoxy groups
with moisture, followed by condensation of the
formed hydroxyl groups to produce stable siloxane
linkages as shown in Fig. 1.

Many important properties of crosslinked mate-
rials vary with the degree of crosslinking. Hence,
determination of degree of crosslinking provides a
means of both controlling the process and rating the
guality of finished products. In the determination of
degree of crosslinking, the approach which has been
widely used is based on ASTM D2765 (standard test
methods for determination of gel content of cross-
linked ethylene plastics). The test methods invotve
measuring the content of gel (insoluble {raction)
produced in crosslinked ethylene pilastics after
extracting with solvents such as decahydronaphtha-
lene or xylene. In addition, a measure of solvent
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Fig. 1. Crosslinking reaction of silane-grafted polymer.

uptake factor may be obtained from such
experimenis by determining the ratio of the weight
of sample after xylene extraction before and
after oven-drying. Aithough both technigques are
very useful in this regard, the tests are rather
time-consuming and require a large amount of
solvent in the extraction process. Both techniques
were also found 1o produce ambiguous explanation
of the effect of crosslinking on the product proper-
ties [5} and on the progress of the silane-water
crosstinking reaction after a prolonged crosslinking
time [61.

The alternative approach for quantitatively char-
acterising the crosslinking degree in silane-cross-
finked products is by means of analysing the
infrared (IR) spectrum data. This method was
reported earlier to give useful information on the
progress of silane-water crosslinking reaction of
ethylene-vinyisilane copolymer [7,8] and polyprg-
pylene [9]. By this method, the changes in the
amount of different chemical structures (particu-
larly, structures I and III of Fig. 1) are examined.

This paper reports the characterisation methods
for determining crosslinking in silane-water cross-
linked ethylene-octene copolymer (EOR) and its
corresponding blends with low-density polyethyiene
(LDPE). Three methods were investigated, gel
content determination, solvent uptake factor meth-
od and FTIR analysis. The results obtained were
then compared and correlated.

-

2. Experimental
2.1. Materials

EOR grade Engage EB003, with an MFl of [.0g
{0 min~!, was purchased from DuPont Dow Elas-
tomer Co., Ltd. (Wilmingtor, USA). LDPE grade
LD2022 (MFI 025g 10min~") was supplied by
Thai Petrochemical Industry Public Co., Ltd.,
Bangkok, Thailand. The peroxide and silane used
were dicumyl peroxide (DCP) and vinyi trimethox-
ysilane (VTMS), respectively. All chemicals were
puechased from Aldrich Chemical Co., Milwaukee,
USA and used without purification.

2.2. Preparation of silane-water crosslinked
materials

Various EOR/LDPE blends were prepared by
melt-mixing in an intermeshing co-rotating t{win-
screw cxtruder (PRISM TSE 16, Staffordshire,
UK). The barrel temperatures were set in the range
of 160200 °C. The screw speed was kept constant at
170 revmin~', The concentrations of LDPE in the
biends were 0, 10, 30, 50, and 100% weight.

The silane-grafting reaction of EOR blends was
carried out in the molten state using a co-rotating
twin-screw extruder (PRISM TSEL6, Staiffordshire,
UK). The concentrations of peroxide and silane
used in the reaction were kept constant at 0.10 and
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5.0 wt%, respectively. A screw speed of 30 rev min™'
with a temperature profile of 160, 200, 170, 170 and
170°C from feed zone to die zone were used. The
total reaction was finished within Smin. This
condition proved to yield a high grafting efficiency
without the expense of peroxide-induced cross-
linking as a side reaction {11]. To conduct a
sitane-water crosslinking reaction, the grafted sam-
ples were immersed in hot water at 70°C for a
specified time. In this study, no catalyst was used for
accelerating the crosslinking reaction.

2.3. Characterisation

2.3.1. Determination of gel content and solvent
uptake factor

The gel content or inscoluble fraction of silane-
crosslinked material after solvent extraction was
determined according to ASTM D2765-01. The
sample of about 0.3g was wrapped in a 120-mesh
stainless steel cage and extracted in refluxing xylene
containing 1% of antioxidant (Irganox 1010, Ciba-
Geigy) for 6h. After extraction, the samples were
weighed before and after being dried in a vacuum
oven at 55 °C until constant weight. The gel content
and solvent uptake factor were then calculated using
the following equations:

final weight of sample

[ tent = —— .
% el conten initial weight of sample

x 100,
()

weight of swollen gel
weight of gel

Solvent uptake factor =

2

2.3.2. FTIR analysis

Fourier transform infrared (FTIR) Spectroscopy
was used to analyse the presence of silane in the
grafted products and also to follow the progress of
the crosslink reaction. Films (50pm thick) were
prepared by hot pressing at 190 °C. Prior to FTIR
measurement, the films were washed with an excess
volume of acetone to remove unreacted silane and
residual peroxide. The IR spectra were then
recorded using a Perkin Elmer system 2000 FTIR
spectrometer (Boston, MA) in the range of
6004000 cm~" with a resolution of 4cm ™.

2.3.3. Differential scanning calorimetry (DSC)
To study the thermal behaviour of EQR blends
before and after crosstinking, a Perkin-Elmer DSC-

K. Sirisinka, S..Chimdist [ Polymer Testing 25 (2006) 518-526

7 (Boston, MA) was used. The test specimens
(51 1mg) were cut from the compression-moulded
sheets. Samples were heated from 50 to 150°C at a
scan rate of 20°Cmin~'. The temperature was then
maintained at 150°C for 5min before cooling to
50°C at the same rate. The percentage of crystal-
linity was calculated using the following equation:

.. AH
Percentage of crystallinity, y. = AT L %100, (3
oG

where AH is the enthalpy of fusion of the samples
(Jg™"), AHnoo is the enthalpy of fusion of 100%
crystalline PE. The value of 2903 g~ was used in
the calculation [16].

3. Results and discussion
3.1, Evidence of crosslinking

Fig. 2 shows the FTIR spectra of the EOR
samples before and after conducting a crosslink
reaction. The characteristic peaks of EOR are
observed at 1377 and 1465cm™', corresponding to
the C-H bending vibrations of the methyl and
methylene groups of EOR, respectively. Three
peaks corresponding to the trimethoxysilane (Si-
OCH3) groups of the grafted samples can be seen at
798, 1092, and 1192cm™!. After conducting a
crosslink reaction, the evidence of crosslinking can
be seen from the characteristic peaks of siloxane
(Si-0-8i) at 1030cm™", appearing as a shoulder on
the larger band of Si-OCH; at 1092cm ™"

Grafted EGR

Crosslinked EOE

t
; t 1030 t
798
a5 37T '[” 1092 .
1800 1600 1400 1200 1000 200 600

Wavenumber {em™)

Fig. 2. FTIR specira of sitane-grafied and crosslinked EOR
samples.
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and {¢) LDPE.

3.2, Comparison of characterising methods

The results of gel content in various EOR/L.DPE
biends are shown in the graphs of Figs. 3a-¢. In this
experiment, the individual reported gel values were
the resuits averaged from three test results with the
standard deviation in the range of 0.0-4.0. As

-

expected, the gel content increases with increase of
the crosslinking time. All samples show a similar
trend but with different magnitudes of gel content
obtained. EQR vields a high gel content of 85%
while LDPE shows only 67% gel after 600h of
crosslinking time. In the blend systems, the max-
imum get content decreases with an increase in
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Table 1

Crosslinking rate of various EOR/LDPE biends

EOR/LDPE Crosslinking rate Crosslinking rate
in stage * (% h™'}  in stage I

{(%hl

100/0 240 0.02

%0{19 210 0.02

70/30 232 0.02

50/50 1.31 0.02

0/100 0.41 0.03

“Determmined from the first slope of the graph (immersing time
ranged from 0 to 24h).

PDetermined [rom th: second slope of the graph (immersing
time ranged [rom 120 to 600 h).

LDPE concentration, i.e. 83%, 81%, 80% gel in the
case of 90/10, 70/30, and 50/50 blends, respectively.
Not only the crossiinking degree, but also the rate of
crosslinking varies among the blend samples. For a
particular blend, the crosslinking rate seems to be
very high in the early stage of crosslinking and stows
down thereafter. By analysing the slope in the initial
stage of the graph, the crosslinking rate can be
determined.

Table | summarises the crossiinking rates of
various EOR/LDPE blends. As seen, differences in
crosslinking rate among samples are obvious in the
early stage (stage [) of the crosslinking reaction.
EOR shows a much higher rate of crosslinking
reaction in stage I, compared to LDPE. Substitution
of EOR by LDPE in the blend, therefore, causes
some changes in crosslinking rate. As the content of
LDPE in the blends increases, rate of crosslinking
decreases systematically. The reason for this ob-
servation is believed to be due to a lower rate of
water diffusion in LDPE during the crosslinking
reaction, brought about by its higher crystalline
pottion., To verify this statement, the crystalline
portion (% crystallinity) in the blends after cross-
linking in hot water for 24 h are plotted against the
crosslinking rate. The results of Fig. 4 clearly reveal
that the crossiinking rate is inversely proportional
to the crystalline phase content in the blends.

In addition to gel content, solvent uptake factor,
which is another means for determining crosslinking
in the gel phase was examined. From Fig. 5, it can
be seen that the values of solvent uptake factor of
various BOR/LDPE blends decrease drastically
with time, especially in the early stage of cross-
linking. Beyond this time, the resulting data

30
254
-‘;. o
:é‘ 2.0 @
v
€ 154
g 1.0 4
% o
o 054
0.0 T T T .
0] 15 pil 25 30 15

Content of crystalline component (%)

Fig. 4. Crosslinking rate as a [unction of content of crystailine
camponent in the ¢rosslinked samples.

obtained are rather similar. These resulis agree well
with those of gel content and can be explained by
the difficulty in the diffusion of xylene into a
crosslinked sample having numerous linkages after
long crosstinking times. In other words, the devel-
opment in crossiink reaction enhances the network
strength and results in the reduction of solvent
diffusing ability. o

However, it needs to be mentioned here that care
must be taken when analysing the samples of low
gel content by these extraction techniques. In this
study, some gel outside the cage was observed when
analysing the samples with low gel content. This
could be related to the presence of heteropeneous
crosslink network in such samples. This type of
network is possible in the silane-crosslinked pro-
ducts since the silane crosslinking process is carnied
out when the polymer is in the solid state, This is
unlike the peroxide crosslink where the crosslinking
process generally takes place when the polymer is in
the molten state, giving a more homogeneous
crosslink network.

During xylene-exiraction of samples crosslinked
for a long period of time, a dense network of silane
crosslink is formed and it behaves in a similar
manner to that of C-C linkages produced from a
peroxide crosslink reaction. Such a tight network
could not be dissolved but is swollen by the solvent
and remains as gel inside the cage. In the case of
samples with loose networks, although such net-
works could not be dissolved by xylenc they could
pass through a mesh. Then, we could observe gel
sticking outside the cage and in some cases in the
extraction solvent. In other words, we might say
that a 120-mesh cage recommended in ASTM
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D2765 fails to completely entrap the whole cross-
linked material under such circumstances.

Another approach for following the crosslinking
reaction in a silane-water crosslinked material is the
use of FTIR analysis. As mentioned earlier, during
the crosslinking reaction, methoxysilane (8i-OCH,)

groups were hydrolysed and condensed to form
siloxane (Si-O-8i) linkages. Either an increase in
siloxane bands or a decrease in methoxysilane
groups, therefore, infers an increase in crosstinking
of materials. By following changes in intensities of
these bands, the extent of crosslinking can be
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guantitatively deturmined. Unfortunately, the
(Si-O-S8i) band at 1030cm ™" appears as a shoulder
on the larger band of (Si-OCHj3) at 1092¢m™, this
makes difficulties in quantitative measurements of
intensity of the (8i-O-Si) band. A large absorption
band of (8i-OCH;) groups at 1192¢em™" was there-
fore followed. The results are then reported in terms
of absorption index, which were calculated from the
refative absorption peak intensity of the (S8i-OCHjy)
groups at 1192cm™! to that of the methyl group at
1377cm™' as an internat reference.

Fig. 6 demonstrates plots of absorption index at
1192¢m™" obtained from the FTIR analysis as a
function of immersing time. All samples show a
decrease in absorption index of (8i-OCH,) bands
with an increase in crossiinking time. This indicates
an increase in siloxane linkages or more crosslink
formation in the products after a longer time. These
FTIR results agree very well with the previous gel
content data.
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Fig. 8. Relationship between IR absorption index and gel
content.

3.3. Correlation of results

It is the intent of this work to correlate the
crosslink results obtained from the three investigat-
ing technigues. The plots of solvent uptake factor or
FTIR absorption index as a function of gel content
are demonstrated in Figs. 7 and 8, respectively.
From Fig. Ta, it can be seen that all data-points fall
on one line for all investipated blends. A drastic
decrease in solvent uptake factor is clearly seen as
the content of gel in the samples increases, especiaily
from 0% to 20%. This is reasonable since the gel
potnts existed in the samples resist the taking-up of
solvent. The gel content seems to be a dominating
factor determining the solvent uptake factor, The
crystaltine portions in the blends show no sigaificant
effect. The relationship between solvent uptake
factor and gel data is based on a power law
regression as shown in Fig. 7b. A good relationship
is found also between the FTIR absorption data
and the gel content, which can be seen from Fig. 8.
This illustrates its potential for characterisation of
crosslink variations in the silane-crosslinked materi-
als. This technigue is also less time-consuming and
needs no solvent so is more environmentally
friendly compared to the gel content determinaiion
and solvent uptake factor methods.

4. Conclusions

Silane-water crosslinked EQR and EOR/LDPE
blends were investigated for their degree of cross-
linking. Characterising techniques used were the
standard gel content determination method, the
solvent uptake factor method, and FTIR analysis.
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The results show that crosslinking time and content
of crystalline portion in the materials play an
important role on the degree and rate of cross-
linking reaction. Comparing the three techniques
investigated, it can be summarised that the mea-
surement of gel content is a direct way to yield
results on degree of crosslinking. However, care
must be taken wheu analysing samples with low gel
content by this technique. Quantitative character-
isation of the FTIR data, especially a decrease in
absorption intensity of methoxysilane groups, may
not provide a direct crosslinking value but the
technique is non-destructive and presents mean-
ingfu} information on the progress of silane-water
crosslinking reaction. The test is also less time-
consuming and needs no solvent so is more
environmentally friendly compared to the gel
content determination and solvent uptake factor
methods.
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Abstract

Thermally stable materials could be achieved by crosslinking. This paper presents the
thermal ageing and thermal-energy storage properties of ethylae -octene copolymer
(EOR) and low-density poly(ethylene) (LDPE) blends as affected by silane-
crosslinking. FTIR reveals a similar degree of silane-grafting among various blend
compositions. However, the highest crosslink content was observed in EOR whereas
the lowest was {ound for LDPE. From melting temperature and heat of fusion data, a
linear relatinnship between amount of crystalline component and crosslink content
was found. The decrease in crystallinity due to the crosslinking was very limited,
implying a high thermal-ener‘gy storage capacity of the silane-crosslinked products
and their good mechanical properties at room temperature. Furthermore, a strong

ability to retain the properties after thetmal ageing indicated good thermal stability of

the materials.

Key Words: crosslinking; silane; ethylene copolymer; blend; thermal properties



Introduction

Thermally stable materials are generally achieved by crosslinking. Crosslinked
polymers, especially poly(ethylene), have become commonly used for a mumber of
industrial applications, including wire and cable coating, hot-water piping insulation,
and heat-shrinkable products. Different procedures may be used for the initiation of
crosslinking. One of them is based on formation of silane crosslinkable material via
free radical grafting of vinyl silane in the presence of peroxide. The silane-grafted
polymer is then hydrolysed and crosslinked in the solid state by the formation of
siloxane (S8i-O-Si) linkages. The chemistry of the reaction is shown in Figure 1.
Because of the technological importance, a number of research works have been

carried out on this topic. "7

Substantial changes in polymer structure and properties could occur during
crosslinking process. However, extensive studies on this area are few and
understandings on how siloxane crosslink network affects crystallisation and thermal
properties of polymer remain matters of controversy. Transmission electron
microscopy (TEM) studies of silane-grafted poly(ethylene), including high-density
poly(ethylene) (HDPE), lincar low-density poly(ethylene) (LLDPE), and low-density
poly(ethylere) (LDPE) were carried out by Wong and Varrall. "' Their results
revealed the dramatic change in lamellae distribution and length of the silane-grafted
polymers. The molecular structure change varied according to PE type. " The studies
of Celina and George showed that silane crosslinking did not affect the properties of
LDPE in the same manner as that on peroxide-crosslinked LDPE. ! The melting

temperature (Tr) and enthalpy of silane- crosslinked polymers remained nearly



constant, whereas a drastic decrease in Ty, and enthalpy was observed in peroxide-
crosslinked samples. This result seemed to be in contrast with the findings of Shieh
and Hsiao, ' who reported multiple melting behaviour of silane-crosslinked LDPE.
Two melting points were observed at about 107.0 and 94.0 °C and reported to be due
to two crystalline structures, including sol (107.0 °C) and gel (94.0 °C) fractions in
the crosslinked material. As the crosslinking time increased, the melting point of the
gel fraction decreased, whereas the melting point of the sol fraction increased. In their
work, peroxide—induéea crosslinking also occurred simultaneously during the grafting
reactions. This can cemplicate the assessment of crystallisation occurring in the
silane-crosslinked material. Kuan et al. reported an improvement in mechanical
properties of LLDPE after silane-water crosslinking. However, the increase of
mechanical properties observed was found to be mainly due to the self-crosslinking of

LLDPE during the silane-grafting process. '*

In the present work, the characteristics of silane-crosslinked ethylene-octene
copolymer (EOR) and low-density poly(ethylene) (LDPE) blends were investigated.
The LDPE was incorporated to the system in order to improve blend stiffness and
thermal properties. The silane-grafted samples were prepared by melt grafting of 5%
vinyl trimethoxysilane (VTMS) in the presence of 0.1% dicumyl peroxide (DCP} in a
twin-screw extruder under the conditiohs where self-crosslinking reaction due to the
presence of peroxide could be avoided. The grafted products were then analysed using
FTIR analysis. The polymers were crosslinked in hot water in the absence of catalyst.
By this way, the progress in crosslink reaction could be monitored and the influence
of the formed crosslink network on crystallisation, tensile properties, thermal ageing

and thermal energy storage ability of the polymers can be solely determined.



Experimental

Materials

EOR (Engage E8003) with a MFI of 1.0 g.10 min™', was purchased from DuPont Dow
Elastomer Co., Ltd. (Wilmington, USA). LDPE (LD2022) with a MFI of 0.25 g.10
min"' was supplied by Thai Petrochemical Industry Public Co., Ltd., Bangkok,
Thailand. The peroxide and silane used were DCP and VIMS, respectively. All
chemicals were purchased from Aldrich Chemical Co. (Milwaukee, Switzerland) and

used without purification.

Sample Preparation

Preparation of polymer blend

Various blends were prepared by melt-mixing of EOR and LDPE in an intermeshing
co- rotating twin-screw extruder (PRISM TSE 16, Staffordshire, UK). The barrel
teraperatures were set in the range of 160-200°C. The screw speed was kept constant
at 170 rpm. The concentrations of LDPE in the blends were varied in {, 10, 30, 50,
and 100 % weight.

Preparation of silane-water crosslinked polymer

The silane-graftin_g reaction of EOR blends were carried out in molten state using a
co-rotating twin-screw extruder (PRISM TSE6, Staffordshire, UK). The diameter of
the screw was 16 mm and the ratio of length to diameter (L/D) was 25. The extruder
was operated at a speed of 30 rpm with a sequence of segment temperatures at 160,
200, 170, 170 and 170 °C from feed zone to die zone. The total reaction was finished

within 5 min. This condition was proved to yield a high grafting efficiency without



the peroxide-induced crosslinking as a side reaction. '>®! To conduct a silane-water
crosslinking reaction, the grafted samples were immersed in hot water at 70 °C for a

specified time. In this study, no catalyst was used for accelerating the crosslinking

reaction.

Characterisation

FTIR analysis of silane-grafted polymer

Fourier Transform Infrared (FTIR) Spectroscopy was used to analyse the presence of
silane in the grafted products. Films (50 pm thick) were prepared by hot pressing at
190 °C. Prior to FTIR measurements, the films were washed with an excess volume of
acetone to remove unreacted silane and residual peroxide. The IR spectra were then
recorded using a Perkin Elmer system 2000 FTIR spectrometer (Boston, MA) in the
range of 600-4,000 cm™* with a resolution of 4 cra™.

Gel content analysis

The content of gel or insoluble fraction of water-crosslinked material after solvent
extraction was determined according to ASTM D2765-01. The sample of about 0.3 g
was wrapped in a 120 mesh stainless steel cage and extracted in refluxing xylene
containing 1% of antioxidant (Irganox 1010, Ciba-Geigy) for 6 hr. After extraction,
the samples were weighed after being dried in a vacuum oven until constant weight.
The gel content was calculated using the following equation.

% Gel content = final weight of sample x 100 (D

initial weight of sample
It is noted that all grafted samples that had not been water-crosslinked contained no

gel.



