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SYNOPSIS

The crosslinking reactions of a new type of polyethylene, an ethylene vinyltrimethoxy
silane (EVS) copolymer, when reacted with water has been studied. Samples of EVS were
treated in water at 90°C. The kinetics of the crosslinking was followed by measuring the
gel content and by determination of the content of different structures (—Si—OCHj;,
—8i—O0H, and —Si—0—S8i—) using FT-IR. The observations show that a maximum gel
content of 70-75% is obtained after 25 h treatment in water at 90°C. On the other hand,
the absorption index for the crosslinks, —Si—O—Si—, continues to increase until about
100 h, i.e., more crosslinks seem to be formed without a simultaneous increase in gel content.
Mechanical measurements showed decreased elongation at break even after very long treat-
ments. Thermo-oxidative degradation is, however, also responsible for the change in me-
chanical properties. For properly stabilized samples, the decrease in elongation leveled off
after about 100 h of treatment. This indicates that the crosslinks formed after 25 h mainly
should be within the already existing gel. The observed synergistic effect of crosslinking
and thermo-oxidative degradation emphasizes the importance of a proper stabilizing system.

INTRODUCTION

In many applications there is a need to improve the
properties of polyethylene, in particular with respect
to heat deformation resistance; but chemical resis-
tance, stress cracking, shrinkage, etc. may be im-
portant as well. Crosslinking is then an obvious al-
ternative, and it is used today on a large commercial
scale. The most common technique is radical
crosslinking? initiated by peroxides or by irradia-
tion. Both these crosslinking techniques suffer,
however, from high investment costs. In the case of
radiation initiation crosslinking efficiency decreases
with thickness, and thick sections are impossible to
crosslink sufficiently. In the case of peroxide cross-
linking production, speed is limited by the cure rate
and the demands for a certain residence time in the
heating zone. The extrusion rate is in itself also lim-
ited by the necessity to use a rather low melt tem-
perature.
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After the introduction of the Sioplas®! and
Monosil® techniques in the seventies, silane cross-
linking of polyethylene has been an expanding field.
In both these processes vinyl silane is grafted to the
polymer chains after initiation by a small amount
of added peroxide. The crosslinking is then per-
formed by a water treatment after the addition of a
catalyst in the final extrusion step. In commercial
processes typical conditions to obtain crosslinking
may be treatment at 80-90°C at 100% RH or in
water. The use of free radicals for the grafting re-
action leads to side reactions, in particular molecular
enlargement, in the same way as observed in con-
nection with compounding and processing prior to
peroxide crosslinking. These reactions negatively
influence the surface finish, limit the choice of an-
tioxidants, and lead to increased consumption of
antioxidants. Decomposition products from the
peroxide may also give a bad smell to the finished
product.

Recently, ethylene copolymers containing tri-
methoxysilane groups in the main chain have been
introduced.® In this way a crosslinkable polymer can
be produced already in the polymerization process
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without the need of any special additives. Compared
to the grafted compounds, the storage stability and
the distribution of silane groups is markedly im-
proved in these copolymers.’

In this study we present results from an inves-
tigation on the crosslinking reactions of an ethylene
vinyl trimethoxysilane (EVS) copolymer, i.e., the
silane groups were introduced already during poly-
merization. The mechanism leading to coupling be-
tween the methoxy silane groups are per se well
known and involves the following reactions®:

H,CO—?i— OCH, + 3H,0 - HO—Si—OH + 3CH,0H (1)

OCH, OH
10)) an
HO—Si—OH
2HO——?i—OH - 0 +H,0 (2)
OH HO—Si—OH
()

In earlier investigations on silane crosslinking of
polyethylene, the graft type material has been stud-
ied. The crosslinking has mostly been followed by
measuring the changes in mechanical properties and
gel content, see, e.g., Ref. 3. In a recent paper, results
from an investigation on crosslinking of EVS based
on measurements with dynamic mechanical spec-
troscopy and IR was, however, presented.’ Using FT-
IR we have instead in detail followed the changes
in the concentrations of species I-III as a result of
treatment in water at 90°C. We have also compared
the changes in crosslinking density, i.e., structure
III, with the changes in mechanical behavior.

EXPERIMENTAL

Materials

The polymer used in this investigation was an EVS
copolymer generously supplied by Neste Polyeten
AB, Sweden. The structure of this polymer is sche-
matically

EVS: 'WCH,CHz'WClle—CHM'
Si(OCHj3);
and some general data are given in Table 1. For

comparison, a conventional LDPE sample was in-
cluded in some experiments as well.

T'o increase the crosslinking rate of the EVS co-
polymer a catalyst, dibutyl-tin—dilaurate (DBTL),
was used. Preliminary results indicate that the cat-
alyst decreases the activation energy of the hydro-
lysis reaction, i.e., structure I — II. It may also be
active in the condensation reaction. It has been re-
ported, 1*!'' however, that both steps are catalyzed
by Brenstedt acids. No other additives were used in
the major part of the experiments. To investigate
the influence of thermo-oxidation during crosslink-
ing on the mechanical properties, one series with
stabilized EVS was performed as well. The stabilizer
consisted of phenolic antioxidants, 0.2% by weight.

Sample Preparation

For the main series, where no stabilizer was used,
the catalyst was introduced via a master batch based
on conventional LDPE. The catalyst master batch
was homogenously mixed with the EVS copolymer
to give a catalyst concentration of 0.05% by weight
using a laboratory extruder (Axon BX 15) at 160°C.
The extrudate was immediately pressed to 0.2 mm
films at 150°C and 3.9 MPa for 1 s. The films were
then treated in water at 90°C up to 243 h.

In the case of the stabilized material, a commer-
cial master batch (News 1392, Neste Polyeten AB)
containing stabilizer as well as catalyst was used
instead. The master batch was mixed with EVS in
a 19 mm /20 D Brabender extruder. The material
was then pressed to 1.3-mm-thick plates at 150°C
for 5 min with 25 N/cm? followed by 5 min with
385 N/cm?2, and finally cooled at 15°C/min. Tensile
test specimens were cut from the plates and treated
in water at 90°C up to 243 h. To avoid excessive
crosslinking before analysis, all samples containing
catalysts were stored at —30°C.

Analysis

Transmission spectra were obtained with a Perkin-
Elmer 1750 spectrometer. Absorption index for
peaks representative for structures I-III and oxi-
dation products were calculated using the overtone
of CH, bending at 2020 cm ! as internal standard.
The gel content was determined with decaline ex-
traction.'? After milling and sieving (particles larger
than 100 mesh), the sample was put into a metal
net cushion that was kept in boiling decaline for 7
h. The solvent was replaced after 6 h. After drying
the extracted amount was determined gravimetri-
cally. Mechanical properties, elongation at break and
ultimate strength, were measured with a JJ Instru-
ments T 30 K tensile test machine at 5 mm /min.



Table I General Data for the Investigated Materials
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Content of
Silane T, Degree of Density
Sample (wt %) (°C) Cryst.® (kg/m?) M, X 1073P M, X 1073"
EVS 1.6 108 39 923 18 211
LDPE — 114 35 923 20 176
= DSC.
bGPC.

For the nonstabilized material tensile test specimens
were stamped from the treated films.

RESULTS AND DISCUSSION

As mentioned in the Introduction incorporation of
vinyl silane during polymerization has several ad-
vantages compared to the grafting techniques. This
is nicely demonstrated by comparing the molecular
weight of the EVS copolymer used in this investi-
gation before and after compounding with catalyst
master batch, i.e., a process that in a way could be
compared with the grafting step in the Sioplas tech-
nique. As seen by the values from a GPC analysis
given in Table II, hardly any changes could be ob-
served for the EVS copolymer. Even with an on-line
LALLS detector, which has a high sensitivity for
high molecular weight species, only minor changes
could be observed. This behavior is in marked con-
trast to that observed for grafted materials. Presence
of a peroxide normally leads to molecular enlarging
reactions and thus an increased amount of high mo-
lecular weight material. Use of a LALLS detector
has also indicated that a small amount of extremely
high molecular weight material, i.e., “microgel,”
usually is formed.” This explains why problems such
as bad surface finish might occur for grafted mate-
rials.

The strict separation between incorporation of
silane and subsequent crosslinking in the case of
EVS copolymers is, of course, advantageous in a
study concerning the crosslinking mechanism of

these materials. To further facilitate a direct FT-IR
analysis, we choose to work with 0.2-mm film sam-
ples that did not contain any stabilizers. In Figure
1 the gel content developed after treatment in water
at 90°C is given as function of time. The rate of gel
formation is high during the first hours. Thereafter,
the rate decreases and the maximum content of gel,
70-75%, is reached after about 25 h. This is the same
level obtained in industrial practice, e.g., when pro-
ducing cable insulation, with the same material. It
should be mentioned that without any catalyst no
gel at all is formed as a result of treating this material
in water at 90°C for 20 h.

It is important to notice that crosslinking takes
place below the melting temperature (peak value
108°C). At 90°C the degree of crystallinity is still
about 11% compared to 39% at room temperature.
This means that the mobility should be restricted,
which could be one explanation for the incomplete
crosslinking. This is supported by preliminary mea-
surements that show that the level of gel content
after prolonged treatment decreases with decreased
reaction temperature, i.e., with increased degree of
crystallinity. Another explanation might be the rel-
atively low content of silane groups, about 2 per M,
molecule. The possibility to find molecules without
silane groups would thus be rather high. A GPC
analysis of the extract obtained from a material with
70% gel showed that the molecular weight of the
noncrosslinked material is low; M,, = 1.000 and M,,
= 30.000. Assuming a uniform distribution of the
silane comonomer before reaction, the M,, molecule
in the extract should contain 0.07 silane groups, i.e.,

Table II Molecular Weight of Virgin EVS and after Extrusion with Catalyst

Sample M, X 107%= M, X 10732 M,-LALLS X 1073?
Virgin EVS 18 211 211
Film after extrusion 14 214 263
= GPC.

» Low-angle laser light scattering coupled on-line to GPC.
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Figure 1 Gel content in EVS as a function of time of
treatment in water at 90°C.

one silane group per 14 molecules. An FT-IR anal-
ysis of the extract showed furthermore that the con-
tent of silane is much lower (ca. 28% ) in the extract
compared to the average level, probably due to au-
tomatic fractionation associated with the crosslink-
ing. An obvious conclusion is that it would be very
difficult to reach 100% gel even without any restric-
tions in mobility.

Figure 2 shows IR spectra of EVS before and after
crosslinking as well as a difference spectrum em-
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Figure 2 FT-IR spectra of EVS: (a) original sample,
(b) sample (0.2 mm film) treated in water at 90°C for 64
h, (¢) difference spectrum (b-a).

Table III Absorption Frequencies Used to
Follow the Crosslinking Reactions
and Oxidation

Wave Number

Structure (ecm™) Ref.
—Si—OCH, 800 (1090) 13, 14
—Si—OH

free 3691 14
hydrogen bonded 3549 (3431) 15
—Si—0—Si— 1030 13, 14

C=0; abs. max. in
oxidized PE 1720 16

phasizing spectral changes. To follow the crosslink-
ing reactions, i.e., changes in the content of struc-
tures I-III, and the oxidation, the absorption fre-
quencies given in Table III were used. For Si—OCH;
the evaluation is straightforward, but for the two
others the situation is more complex. The hydroxyl
group of silanols show several bands; free silanols
at 3691 and hydrogen bonded at 3549 (and 3431)
cm !, The absorption band of Si—0—Si appears
as a shoulder on the larger band due to the Si—O
bond in Si—OCHS;. In this case one might suspect
that the larger peak of SiOCH; at 1090 cm ! could
influence the absorption value of the SiOSi shoulder.
Therefore a careful examination of a difference
spectrum between a extensively crosslinked sample
(X ) and an original noncrosslinked one (Y) was
made. In the difference spectrum one can easily see
the decrease in absorption of the SiOCH; peak and
the increase of the SiOSi absorption. A variation of
the factor as given by the equation “Difference = X
— aY” represents changes in absorption intensity
of sample Y. Such synthetic variations make it pos-
sible to see eventual interactions between the two
absorption bands. In this case, however, it was not
possible to observe any interactions at all, i.e., the
intensity of the larger peak did not influence the
absorption value of the SiOSi peak.

The disappearance of methoxy is shown in Figure
3. At first the reaction rate is very rapid. It then
gradually slows down and becomes constant after
about 50 h. Reaction (1) should be of first order
with respect to both methoxy groups and water.
Considering the permeability coefficient of water in
LDPE' and the thickness of 0.2 mm, it can be cal-
culated that water should be present in large excess,
i.e., the reaction should be a pseudo-first-order re-
action. The conversion curve seems to follow such
a behavior up to about 10 h. Thereafter, the reaction
rate does not decrease toward zero, but instead a
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Figure 3 Absorption index for the —Si—OCH; band
at 800 cm ! in EVS treated in water at 90°C.

constant value is obtained. One possible explanation
could be that the availability of water is varying de-
pending on the crystalline surroundings. The local
permeability coefficient, e.g., within the sperulites,
could be much lower than the overall permeability
coefficient, resulting in a diffusion-controlled reac-
tion.

The initial rapid decrease in the number of me-
thoxy groups indicates that it should be possible to
observe a corresponding increase in the content of
Si—OH groups. This is indeed observed for the first
15 h (see Fig. 4). Thereafter, the content of free
silanols becomes constant, i.e., silanol groups are
consumed at the same rate as they are formed. The
high value obtained after 10 h, A3 = 0.59, looks
somewhat doubtful, but it should be remembered
that the rapid initial hydrolysis of the methoxy group
slows down markedly between 10 and 20 h. In com-
bination with increased probability of condensation
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Figure 4 Absorption index for the —Si—OH bands in
EVS treated in water at 90°C: @, , free silanol at 3690
em™!; O, - — — -, hydrogen bonded silanol at 3550 cm ™.
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between the silanol groups, a peak value in the con-
tent of silanols groups might be plausible.

Consistently, a strong increase in the absorption
index of Si—O—Si can be observed (see Fig. 5).
The initial high rate of formation of crosslinks is
also what could be expected with reference to the
fast initial formation of gel. Gradually the formation
rate of crosslinks slows down, and after about 100
h no further increase in the content of crosslinks
can be observed. As hydrolysis of methoxy groups
still occurs (Fig. 3), the number of silanol groups
should increase again. On the contrary, the content
of free silanol starts to decrease after 100 h (Fig. 4).
However, hydrogen-bonded silanol groups begin to
appear after about 50 h, and their rate of formation
becomes constant after 100 h, i.e., when no silanols
are consumed by condensation. An exact quantita-
tive evaluation of the total content of silanols is im-
possible without knowledge of the extinction coef-
ficients, but a simple addition of the two absorption
indices, e.g., ZAg ou = 0.77 at 168 h, indicates that
the content increases as expected. It can thus be
assumed that the remaining silanol groups are iso-
lated and nonmobile. A low mobility is per se what
could be expected from the crosslinking process it-
self, but it should also be remembered that these
reactions take place at a temperature where the ma-
terial still is 11% crystalline.

A comparison between Figures 1 and 5 shows that
the formation of Si—O—Si linkages, i.e., crosslink-
ing points, continues a long time after maximum
content of gel was obtained. This is illustrated in
Figure 6. Possible explanations are shown sche-
matically in the reactions that follow; molecules al-
ready part of the network form even more crosslinks,
Eq. (3), formation of cyclic siloxanes, Eq. (4), and
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Figure5 Absorptionindex for the —Si—O—Si— band
at 1030 cm ! in EVS treated in water at 90°C.
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reactions between molecules with only one silane
group each, Eq. (5):

_...Sl_

—Sl— —Sl—

HO— Sl—‘OH — Sl—

FEH

N

/
HO ?I—OH AN
4)
0 — 0\ ./O (
HO é OH s
! HO
HO—?i——OH HO—?i—OH
OH 0
oH | (5)
HO—Si—OH

Formation of cyclic siloxanes is, however, less
likely as it involves a four-membered ring. This
structure has a considerable ring strain and should

N
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Figure 6 Relation between the absorption index for the
—8i—0—Si— band at 1030 cm ! and the content of gel.

Table IV Relative Elongation at Break and
Ultimate Strength for Unstabilized EVS*®
Treated in Water at 90°C

Time of Ultimate
Treatment Relative Elongation Strength
(h) at Break® (%) (N)
0 100 32
1 98 42
5 84
15 74
23 67 38
44 53
50 49 34
64 39
70 36 29
78 32
90 27
100 24 27
164 11 17
245 6 18

? Film samples.
® Normalized to the value of the original sample.

therefore be thermodynamically unstable. To further
increase the understanding of the mechanism, elon-
gation at break and ultimate strength were mea-
sured. The results obtained with the unstabilized
0.2-mm film samples are presented in Table IV. The
elongation at break drops drastically after long water
treatment; only 7% retention is observed after 240
h. The results thus indicate an increased crosslink-
ing density within the gel, i.e., according to Eq. (3).
Strange enough, the value of elongation at break
continues to decrease even after 100 h, i.e., after
that point where formation of Si—QO—Si ceased.
Unexpectedly, ultimate strength decreases as well.
It must be noticed, however, that these samples be-
came oxidized during water treatment. After about
50 h a marked increase in the content of carbonyl
was observed (see Fig. 7). Considering the temper-
ature (90°C), this indicate that chain scission pro-
cesses are active.’® This should, of course, contribute
to the impaired elongation properties and decreased
ultimate strength.

To eliminate the effect of thermo-oxidative deg-
radation, a new series with the same material but
containing 0.2% stabilizer was performed. As the
mechanical properties were the most important, we
choose to work with small-sized tensile test bars with
a thickness of 1.3 mm. In spite of the longer diffusion
path FT-IR measurements showed that formation
of Si—O—S8i linkages had a similar rate as that ob-
served with the 0.2-mm films. This supports that
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Figure 7 Absorption index for the band of the main
oxidation product at 1720 cm ! in EVS treated in water
at 90°C: @, ——, unstabilized EVS; O, — — —, stabilized
EVS.

the reaction rate is not controlled by macroscopic
diffusion of water. As expected, the presence of sta-
bilizers prevented thermo-oxidation (see Fig. 7).
The results of the measurements of mechanical
properties of the stabilized and crosslinked samples
are given in Table V. In contrast to the behavior of
the previous series, in which no stabilizer was used,
the ultimate strength is not affected by the water
treatment. The elongation at break decreases ini-
tially as a natural consequence of the crosslinking
process, but a constant level around 40% of the orig-
inal one is reached after about 100 h. The deterio-
ration of the elongation properties at long time

Table V Relative Elongation at Break and
Ultimate Strength for Stabilized EVS*®
Treated in Water at 90°C

Time of Ultimate
Treatment Relative Elongation Strength
(h) at Break® (%) (N)
0 100 80
2.5 100 82
10 67 76
21 45 62
35 48 77
57 64 97
75 45 90
100 32 72
141 41 77
243 44 85
2 Test bars.

® Normalized to the value of the original sample.
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treatments observed for the nonstabilized material
can thus conclusively be associated with oxidation
processes. The relative values of elongation at break
are compared in Figure 8, in which results obtained
with a nonstabilized ordinary .LDPE are given as
well. The LDPE sample gave somewhat scattered
data for short times (not shown), but for longer
treatments a more stable trend could be observed.
Embrittlement of the LDPE sample starts after
about 50 h at which point formation of C=0 can
be observed as well, i.e., similar to what was observed
for nonstabilized EVS. An induction period of 50 h
at 90°C in water might seem somewhat short. A
comparison with another investigation,®® including
ageing of LDPE films in air at 105°C, indicates
however that 50 h is quite normal considering the
difference in temperature. Diffusion of oxygen
through water is thus not a limiting factor. Embrit-
tlement of EVS is, of course, at short times, i.e., up
to about 50 h, completely dominated by the cross-
linking reactions. Without stabilizer further heat
treatment leads to oxidation processes and accom-
panying deterioration of the mechanical properties.
The cooperative effect between crosslinking and
thermo-oxidation on elongation properties empha-
sizes the importance of using a proper stabilizing
system for the crosslinkable systems, in particular
as they often are intended for applications involving
higher temperatures than normal.

A comparison between Figures 5 and 8 indicates
that formation of crosslinks, Si—O—Si, and elon-
gation at break behave in a similar way. After an
initial rapid change, the rates slow down for both,

100 @ . . -
.( . = ~a
\-
" | . ~ <
5 \ N,
5N N
'g \ ° \,
s 1 N
© 50 - \.
é’ ]l ° e it Asg
2 \
[ [
2 J
<4 o\.
0 ———7r———rr—7T
o] 100 200
Time,h
Figure 8 Changes in the relative elongation at break
for samples treated in water at 90°C: @, ——, unstabilized
EVS; O, - - —, stabilized EVS; A, — -— - — -, unstabilized

LDPE.
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Table VI Elongation at Break for Test Bars of
EVS Treated in Water at 90°C for 25 and 96 h

Elongation at Break (mm)

Sample 24 h 96 h
1 114 107.5

2 122.5 110

3 123 113

4 125.5 107

5 133 109

6 135.5 101

7 138.5 98

8 141 122

9 150 105
_10 153 1065

Average 134 108

Stand. dev 12 6

and constant levels are reached after about 100 h.
This is consistent with the increased amount of
Si—O0—Si linkages although the gel content does
not increase after 25 h. Reactions (4) and (5) should
not influence the mechanical properties. Instead the
continuing decrease in elongation at break can be
explained by increased crosslinking density within
the already existing gel, i.e., reaction (3). Admit-
tedly, the elongation data between 25 and 100 h are
somewhat scattered. In order to really prove the
changes in mechanical properties occurring between
25 and 100 h, a repeated test was performed with
two series, each with ten tensile test specimens and
treated at 90°C for 24 and 96 h, respectively. As
seen by the values in Table VI, a small but significant
decrease in elongation at break was indeed observed.

In conclusion this investigation presents the ma-
jor features of the crosslinking reactions of the new
ethylene vinyl silane (EVS) copolymer. FT-IR has
been used to study changes in the amount of differ-
ent chemical structures involved. The maximum gel
content, 70-75%, is reached within 25 h only using
90°C and water, although the formation of crosslinks
continues until about 100 h. Mechanical measure-
ments have indicated that more crosslinks are
formed within already existing gel in the period 25—

100 h, thus explaining the decreased values of elon-
gation at break. Thermo-oxidative processes con-
tribute to this behavior, which emphasizes the im-
portance of a proper stabilizing system for the
crosslinkable polymer.

The authors would like to thank Neste Polyeten AB,
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