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result of the need to meet application requirements which were not satisfied by

the neat polyethylene itself. Although this review is aimed at silane method of
cross-linking, the other cross-linking methods, namely: radiation, peroxide and azo
methods have been presented briefly for a better understanding of the merits of per-
spectives of the more recent methods, especially the two-step silane method. Free-
radical grafting of unsaturated hydrolyzable alkoxy-silanes onto polyethylene chains
by a peroxide initiator followed by moisture cross-linking is the most versatile cross-
linking method and may be successfully used for other thermoplastics as well.
Different techniques of silane cross-linking, i.e., the “one step” Monosil® process and
the “two-step” Sioplas® process have been discussed with more emphases on
Sioplas® process, as it is less expensive and readily achievable. The grafting step
which is performed by reactive processing is the major and key process in Sioplas®
technique. The state-of-the-art of a two-step silane grafting and cross-linking has been
presented. In this regard, the effects of various parameters, such as the type and
quantity of silane, peroxide, stabilizing agent, catalyst, micro and macromolecular
structures and physical form of polyethylene, additives, and reaction temperature and
time have been described in relation to efficiency of grafting and cross-linking. These
data were evaluated in turn by torque, MFI, FTIR, and gel content studies.

Cross-linking of polyethylene.is a subject of interest, having been emerged as a
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INTRODUCTION

Polyethylene is a volume leader in the global plastic
industry with numerous applications. However, its
low upper service temperature makes ordinary poly-
ethylene unsuitable for the applications requiring con-

tinuous use under stresses at temperatures up to 100°C
(for example in hot water pipes) or occasional
increases in temperature above a certain limit during
extrusion and temporary electrical overloads on
cables. By cross-linking of polyethylene some impor-
tant properties would be drastically improved (Table
1) [1-5]. Some applications include heat shrinkable
products (in cable installation), heat-resistant food-
stuff packaging (up to 200°C), foams for thermal insu-
lation, and chemical-resistant seals [6-9]. Moreover,
cross-linked polyethylene is more resistant to water
treeing and tracking which are undesirable in cable
jacketing industry. Besides the capability of cross-
linked polyethylene in withstanding higher electric
loading, its ability to tolerate thermal shocks, and the
small thickness required for insulation, makes it a
suitable candidate for cable jacketing industry.
Polyethylene has the melting point of 100-130°C,
however, after cross-linking no flow would be noticed
even at 150°C [10] where elastic behaviour prevails.
In addition to the advantages associated with cross-
linked polyethylene, it is also capable of absorbing
high loadings of fillers (e.g., carbon black) compared
to uncross-linked polyethylene which becomes brittle
on incorporation of fillers. The reason is that by for-
mation of cross-links, the particles are bonded and
trapped within the polymer matrix. As a result, levels
of filler that are disadvantageous and make the poly-
mer brittle would impart reinforcement in cross-

Table 1. Changes in properties of polyethylene after cross-linking.

Molecular weight

Tensile strength
Elongation-at-break

Impact resistance

Abrasion resistance
Stress-crack resistance

Elastic properties

Environmental stress crack resistance
Resistance to slow crack growth
Temperature resistance
Chemical resistance

Property of polyethylene Change after cross-linking of polyethylene
Melt index Decrease
Density No changes/decrease

Significantly increased

No changes/slightly increase
Decrease

Significantly improved
Greatly improved

Greatly improved

Greatly improved

Increase

Increase

Greatly improved

Significantly increased
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linked polyethylene [11]. Some advantages of using
cross-linked polyethylene pipes instead of metal pipes
include: lower installation costs, long service life,
easy replacement of damaged parts, good chemical
and abrasion resistance, etc. [12-14]. Table 1 briefly
presents some properties of polyethylene which are
subjected to change by cross-linking.

There are different methods of cross-linking of
polyethylene. However, despite being the most impor-
tant cross-linking technology in production of cables
and pipes, there is not yet a comprehensive review
study on silane method, particularly on the “two-step”
Sioplas® process which is the subject of this study.

METHODS OF
POLYETHYLENE

CROSS-LINKING  OF

XLPE and PEX are the terms used in this review for
cross-linkable and cross-linked polyethylene, respec-
tively. Cross-links may comprise either direct
carbon-carbon bonds or bridging species such as
siloxanes [15]. Cross-links occur at random intervals
along the chains; in which the concentration can vary
widely, from an average of only one cross-link per
several thousand carbon atoms to one per few dozens
[16]. Several methods have been developed to
cross-link polyethylene including: azo,peroxide, and
silane as chemical methods and the.radiation as a
physical method (Figure 1). Amongst these methods,

Cross-linking of

polyethylene
{puoics ) (0 ) store }-
 PontaMousson | | Monosil -
(ooogest ] [ see M

Figure 1. Polyethylene cross-linking methods.

cross-linking via silane grafting is a common and effi-
cient approach to cross-link polyethylene which per
se has no functional group or curing site for cross-
linking in a way similar to thermoset resins [17,18].

It is possible to quantify the degree of cross-
linking (i.e., a measurement of quality control) in any
of the aforementioned cross-linking methods by the
xylene extraction process set forth in ASTM D2765 or
DIN 16892 [19-22]. The measurement of gel content
is a direct way to assess the degree of cross-linking
[23].

Radiation Method

In 1948, Dole treated low density polyethylene with
high energy radiation [24]. Electron beam, gamma
rays, or ultraviolet radiation were used for radiation
cross<linking ~of polyethylene [25]. In radiation
method, the excited electrons are used to strike the
molecules at'or near a carbon-hydrogen bond, and
thus, creating a free hydrogen atom to leave the par-
ent molecule in an excited state (free radical). Two
adjacent aforementioned sites can form a chemical
bond. Meanwhile, the two corresponding hydrogen
atoms also form a hydrogen molecule which diffuses
out of the structure. Radiation is carried out on the
already formed articles, i.e., in solid state and typical-
ly in an inert atmosphere to prevent oxidative degra-
dation. The cross-linking density at a given irradiation
dose depends on the amorphous portions of the poly-
mers, as it occurs in the amorphous phase of the poly-
mer [11]. No temperature restriction in extrusion pro-
cessing and no residual peroxide or unwanted byprod-
ucts, high cross-linking rates, and space savings for
the equipments are the advantages of radiation cross-
linking method [13]. However, there is an uneven
cross-linking which may occur as well as having a
limitation in cross-linking maximum thicknesses.
Meanwhile, the high initial investment and running
costs, high voltages needed for cross-linking thick
sections, and the necessity of protecting technicians
from radiation and the required governmental permis-
sion are some of the other important drawbacks of this
method.

In industry, accelerated electrons are more com-
mon as the radiation source, since they are capable of
reaching high doses of energy per unit time compared
with other sources and also the equipments are easier
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to control; y-rays (if used as irradiation source) are
produced through a nuclear process and thus are diffi-
cult to be controlled or to cut the emission whenever
it is needed [26]. The most important advantage of
radiation method is that there is no limit in the
extrusion rate, as there is no risk of premature cross-
linking.

Peroxide Method

Peroxide cross-linking of polyethylene (at high tem-
peratures) was the very first commercial method, sim-
ilar to rubber vulcanization [27-29]. In this method,
peroxide based chemicals (dicumyl peroxide as the
most common initiator) are used and thus create car-
bon-carbon links to form the network in polyethylene
by the elimination of hydrogen atoms. Polyethylene,
containing a peroxide compound, is melted quickly
under controlled temperature to prevent premature
cross-linking, in a chamber equipped with a recipro-
cating piston and then it is shaped into a pipe with
conventional dies, or is wire coated via cross-head
extrusion. Further heating under pressure allows the
peroxide to decompose and cross-link the product.

Methane gas is released as a by-product during the
cross-linking reactions [30]. Therefore it is required.to
use high pressures (typically 12 to 20 bar) on the reac-
tion mixture, unless pin holes of pores. would be
formed in the final product as a result of methane
release. The extruder used in this process should have
a short L:D ratio with a specially designed screw.
Since peroxide is incorporatedswithin the polyethyl-
ene compound, the processing tempetrature (for exam-
ple in extruder) should be under theprecise control, or
it may lead to premature cross-linking.

The common variations. of peroxide cross-linking
are Engel method (the first commercially available
cross-linking method), Pont a Mousson method
(PAM) and Daoplast method [31]. In the Engel
process, a mixture of polyethylene (HDPE) and per-
oxide is fed into a reciprocating plunger extruder; this
is done under high pressure, therefore the polyethyl-
ene powder is sintered together, and then passed
through a long, heated die, allowing the cross-linking
to take place. Low- and medium-density polyethylene
or HDPE with a fairly low molecular weight can be
cross-linked via Pont @ Mousson process, in which a
mixture of polyethylene and peroxide is extruded, fol-

lowed by cross-linking in a salt bath at temperatures
ranging from 250°C to 280°C. In the Daoplast
process, polyethylene (without peroxide) is extruded
into a pipe and profile; peroxide would diffuse into
the extruded product by putting the product in a sur-
rounding media containing peroxide. Peroxide
decomposes under applying high temperature and
pressure. Ultra high frequency (UHF) initiation can be
used to cross-link HDPE pipes and the peroxides used
in this method are decomposed by microwave radia-
tion. A kinetic study of the peroxide cross-linking of
polyethylene has been reported in literature [32].

High capital.investment for the equipments, ener-
gy-intensive mature of the process, high scrap rates
and low outputs.are some limitations of the peroxide
cross-linking method.

Azo Method

In this two-stage method, azo compounds (molecules
containing -N=N- groups) e.g., aliphatic azoesters
such as 2,2 -azobis(2-ethoxypropane) are used as ini-
tiators to form the cross-linked network in polyethyl-
ene [13,33]. As in the radiation method, the products
can be processed via common thermoplastic process-
ing methods. To avoid the premature cross-linking
during the product formation, the processing temper-
ature should be kept below the critical temperature of
azo compounds reactivity. Thereafter, cross-linking is
carried out in a vulcanization tube or a salt bath at
high temperatures (240-270°C). It should be noted
that the decomposition temperature of azo initiators is
higher than that of the most thermally stable perox-
ides. These azo compounds are particularly suitable
for cross-linking of products of high molecular weight
polyethylene which requires higher processing tem-
peratures. The resulting products of azo compounds
decomposition include nitrogen, methane, carbon
monoxide, ketone, alkyl acetate, and radicals that
abstract hydrogen from polyethylene and leads to the
formation of carbon-carbon cross-linking. Azo com-
pounds are more stable than peroxides and in the case
of 2,2’-azobis(2-ethoxypropane) the decomposition
products include ethoxy propane radicals that may
react with a hydrogen atom of polyethylene chain and
form two alkyl macromolecules [33]. Some 2-ethoxy
propane radicals also decompose and form acetone,
carbon monoxide, acetyl and methyl radicals. Methyl
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radicals may react with hydrocarbon chain to produce
methane and alkyl macro-radicals. It is important to
note that in this method there is a limitation in incor-
porating antioxidants, as they may interfere with the
reaction. Besides, considering the formation of afore-
mentioned gaseous low molecular mass compounds,
azo initiators can be used for the production of
expanded cross-linked polyethylene products.

A disadvantage of a typical azo compound would
be the low activity of the primary radicals formed dur-
ing the transfer reactions which lead to low cross-
linking efficiency.

Silane Method

Silane coupling agents are silicon-based organic
chemicals that contain two types of substituent (inor-
ganic and organic) in the same molecule [34,35].
Their typical general formula is (X)3Si-Y, where X
represents a hydrolyzable group such as ethoxy or
methoxy, Y is a functional organic group (amino,
methoxy, acetoxy, epoxy, etc.) that reacts with water
to form silanol (Si-OH). They include more than 90
percent of the plastic coupling agents market and are
also used in cross-linking of polyolefins and some
other polymers [36-38].

Since the silane groups are polar they provide
compatibility in polyethylene based blends, where the
polyethylene is non-polar in nature [15]: Vinyl alkoxy
silanes (e.g., vinylmethyldimethoxysilane;. vinyltri-
ethoxysilane, vinyltrimethoxysilane) are suitable
compounds for these kinds of reéactions due to their
double bonds and ability to rapid cross-linking.
Vinyltrimethoxysilane is (the most common silane
used in the manufacturing of silane cross-linkable
polyethylene [39].

The silane-grafting by water-cross-linking method
consists of at least two stages that would also proceed
consecutively [40]. In the first stage, a proper silane
(vinylalkoxysilane) is grafted via its vinyl groups on
polyethylene through a peroxide initiated free radical
reaction; it should be noted that during the grafting
reactions, new polyethylene radicals are formed
(Figure 2) and the required amount of peroxide is rel-
atively low. In the second stage, the resultant copoly-
mer is cross-linked via the exposure to hot water or
steam with the aid of a catalyst. Moisture leads to
hydrolysis of alkoxy groups of silane and thereafter,

these hydroxyl groups condense to form stable silox-
ane linkages (the cross-links). Figure 2 illustrates the
reaction mechanism during peroxide induced melt
grafting of vinyl silane onto polyethylene, followed
by the hydrolysis and condensation step during the
silane cross-linking reaction.

The grafting step may be performed while the
polymer is in molten state and the cross-linking step
is normally carried out after the grafted polymer has
been shaped into the final product and is below its
melting temperature. Easy processing, low capital
investments, and favourable properties of processed
materials are the advantages of silane method.
Besides cross-linking of polyethylene, silane method
is also used for some other polymers such as poly
(vinyl chloride) [41], polypropylene [42], polyamide
[37],poly (vinylidene fluoride) [43], ethylene-propy-
lene rubber [68], etc.

Cross-linking polyethylene through silane grafting
has some disadvantages: an increase in the material
costs due to the expensive organosilane compounds;
long, geometry dependent reaction times due to the
diffusion controlled mechanism of cross-linking; sig-
nificant differences in the gel content and consequent-
ly in the product properties in case of minute changes
in the formulation [44].

The term "silane cross-linkable polymer" refers to
a silane grafted polymer which is intended for curing
but has not yet been cured, and the term "silane cross-
linked (cured) polymer" refers to a product which has
already been subjected to a moisture curing step and
is the finally cured product which is intended for end
use [20]. Based upon the possibility of performing the
two stages in silane cross-linking either together or
separately, two processes have been introduced,
namely Sioplas® and Monosil®.

Sioplas® Process

Sioplas® process was developed in 1968 by Midland
Silicones Co. (Dow Corning Co.) [45]. In this
method, a mixture of silane and peroxide is added to
molten polyethylene, leading to silane grafting reac-
tion, which is a classical free radical chain reaction
involving a catalyst. The silane grafting reaction is
usually performed in molten polyethylene by means
of reactive extrusion, where an extruder is used as a
reactor of continuous action. Grafting reaction in the
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Figure 2./Principal reactions involved in silane cross-linking of polyethylene.

extruder (140-240°C) is very fast which allows the
choice of industrial “processing extruder. Usually
high-shear compounding extruder such as co-rotating
twin-screw extruders with L:D ratio range of 30 to 36,
or ko-kneaders such as Buss-kneaders are used.
Feeding may be done by discontinuous or continuous
metering and mixing of ingredients into the extruder
hopper or direct injection of the silane and peroxide
solution into the melted polymer. Thereafter, the
grafted polymer is pelletized and is capable of being
stored in a dry place, usually in sealed vacuum bags
(although not more than 6 to 9 months, or premature
cross-linking would occur). When it is intended to
produce the final product, a catalyst masterbatch (con-
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sists of polyethylene, a catalyst, an antioxidant, a
proper stabilizer, and an internal lubricant) is mixed
with the above mentioned pellets in a typical weight
ratio of 5:95 [46], and the resultant mixture is melted,
followed by extruding into the product (Figure 3).
Cross-links are created through exposing the product
to water or steam (at temperatures of 70 to 90°C).
High output rates, low scrap and the possibility of
using conventional extrusion equipments are advan-
tages of this method.

The grafting rate can be described by a kinetic
equation of first order with respect to vinyl silane.
Feeding, temperature profile, screw configuration
and design, shearing actions and residence time are

(2009)
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important processing parameters.

Monosil® Process

Monosil® process, announced by BICC Limited and
Establishments Maillefer SA in 1974.[47],.is a one-
step process by using a specially designed extruder
with a high L:D ratio, silane is grafted.onto polyethyl-
ene and the product is cross-linked in presence of
moisture [48]. Initially all the equipment for this type
of process bore the name Monosil, but now it is also
known as the Nokia-Maillefer process [49]. In this
process, all the ingredients are fed directly into the
extruder and there is a risk of premature and excessive
cross-linking (Figure 4). Some disadvantages of this
process are high initial investment, extensive opera-
tion training, and high degree of specialization to
manage and reduce the scraps. Besides, as some
chemicals would interfere with grafting reaction, the
formulation in this process is critical and usually a
know-how technology which is provided by material
supplier company. Maillefer has developed a special
screw geometry with an L:D ratio of from 24 to 30,
whereas Nokia-Maillefer uses single-screw extruders

Polyethylene

‘ Initiator ]

[ Catalyst ’
/ P
—Yr

Additives Blend Fillers

T

Fabricate

—

Moisture curing ]

Finished product

Figure 4. Procedures of Monosil® process.

with specially adapted screws. However, one step
silane cross-linking is now also carried out via twin
screw extruders [9]. Low density polyethylene grades
which are suitable for the Monosil® process have
densities of between 0.918 and 0.930 g/cm3 and melt
flow indices of around 0.3 g/10 min.

Alternative Variations for Sioplas® and Monosil®
Processes
Ethylene-Silane Copolymers
A one-pack method in creating silane cross-linkable
polyethylene involving the use of ethylene-silane-
copolymers has been introduced in 1986. Some com-
panies, e.g., Union Carbide (USA), Borealis
(Sweden), and Mitsubishi (Japan) have taken the lead
by offering these copolymers [49]. The copolymer is
produced by adding silane during the production of
polyethylene in reactors. The copolymer products are
more stable during storage and are cured using a cat-
alyst and water, precisely as in the case of a Sioplas®
graft copolymer [49]. Ethylene-silane copolymer is
used as insulation in low and medium voltage cables
and its main application is for underground, overhead,
industrial, and floor heating cables. A detailed study
of cross-linking reactions in ethylene-silane copoly-
mers is available in literature [50].

Compounds which are based upon these ethylene-
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silane copolymers would be capable of absorbing
high loadings of filler. Meanwhile, as the silane
monomers have enough time in the polymerization
reactor, they would have a regular distribution in final
polymer, which makes it possible to have a more uni-
form network after cross-linking. Cross-linking
process in these compounds is carried out like the two
other previously mentioned methods (Monosil® and
Sioplas®). Considering that this one-pack method
involves no free radical formation, there is less limi-
tation in selection of antioxidants and additives.
Furthermore, due to the presence of no volatile by-
products, no void or pin-hole would form in the final
product. This feature makes ethylene-silane copoly-
mer a proper material for cable manufacturing.
Another advantage is the longer storage life prior to
introducing the catalyst (even up to one year storage
is possible).

In this one-pack method, standard polyethylene
extruders as well as PVC extruders could be used [26]
and there is no need to handle flammable liquids (i.e.,
silane). However, as the silane copolymers are pre-
pared under high pressure, it would be only possible
to manufacture LDPE type copolymers, while the
Monosil® and Sioplas® can involve LDPE, LLDPE,
MDPE or HDPE or even copolymers such as EVA,
EPDM, or EPR.

Dry-silane

A relatively new variation in silane method is Dry-
silane technology. It is very similar to Monosil®
except that instead of using liquid additives, the
silane, initiator, and catalyst are-absorbed into a
porous resin (typically polypropylene, ethylene vinyl
acetate (EVA), high- orilow density polyethylene),
called masterbatch [48].Swellable carriers and encap-
sulated masterbatches are also reported [51]. The Dry-
silane masterbatches (in pellet, powder or granular
form) are available with different silane loadings in
the range 40 to 70 wt% [52]. Dry-silane technology
can be used for a wide range of LDPE and LLDPE
grades. The sensitivity of Dry-silane masterbatches to
humidity makes it necessary to use carriers substan-
tially free from water.

Applications
In polymer blends the polar silane groups provide

compatibility. In applications with surface adhesion,
bonding to inorganic surfaces of glass, metals, or
other materials is achieved via the silanol groups of
the silane. In the case of filler, the degree of filling is
considerably increased. Flame-retarding materials
become much more effective through the formation of
a stable ash. Silane products are used for example in
the following applications: shrink articles (gaiters for
cable/pipe joints), films (including multilayer) for ele-
vated temperature applications, foams (foamed pro-
files, closed-cell foams of high flexibility and good
resilience), roto-moulded articles of high impact
strength and good'chemicals resistance such as auto-
motive fuel tank, wire and cable coatings, hot-water
pipes and tubing; floor coatings, steam-resistant films
and multilayer packaging can be used as adhesion
promoter due to the adhesion properties, heat-resist-
ant foodstuff' packaging (up to 200°C), chemical-
resistant seals, blow-moulded products of high impact
strength and chemical resistance.

Comparison of Different Cross-linking Methods
Several polyethylene cross-linking methods are
briefly compared in Table 2, while a comparison of
different silane methods is presented in Table 3.

A priority of silane grafting method in cross-link-
ing polyethylene over the conventional high cost per-
oxide method is that cross-linking is carried out in
solid shaped polymer in former rather than in melt
state as in latter. In manufacturing of low voltage
cables (i.e.,<10 kV, although this value differs in dif-
ferent countries), silane cross-linkable polyethylenes
are used, whereas for manufacturing high voltage
cables (i.e., 30 kV), peroxide cross-linked polyethyl-
ene is preferred as this applications need very clean
polyethylene.

Compared to peroxide- or radiation-cross-linked
materials, silane-cross-linked products offer advan-
tage in ageing behaviour. The important achievable
mechanical properties are almost the same in these
three methods, however, the three-dimensional cross-
linking structure of the silane-cross-linked products
means that they meet requirements even at lower
degrees of cross-linking. It has been also reported that
the degree of shrinkage decreases upon increasing the
gel content and molecular orientation becomes per-
manent and mostly irrecoverable in silane grafted



Table 2. Comparison of several major cross-linking methods.

Diameter
Scrap rates
Raw material costs

Levels of attainable
cross-link density

Other

No limit, thickness limited
by speed of cross-linking

Aspect Silane Peroxide Radiation
Method
Process flexibility Very good Small Very good
Operation Easy Difficult Difficult
Extruder Standard Special Standard
Production rate High as for PE Low High as for PE
Cost of post treatment Low - High
Capital investment Low High High

Difficult to achieve big

diameters because of output | depth of electron

Limited by penetration

Low High scrap
Slightly high Low Low
High Probability of variation

Wider scope for formulation
through broad processing
window, recyclability

Energy intensive

fewer additives

Table 3. Comparison of the moisture cure technologies.

Process Advantages Disadvantages
v" Fast curing x Two step technology
v Versatility of base resins (i.e. | x Limited shelf life
Sioplas LDPE, EVA, EPR, DPE ,etc) x Higher raw material costs
@ v" Low capital investment x Risk of pre-crosslinking on the
§ v No need to special surface of pellets during storage
§ equipments
o
'% v Low material cost x Limited use of some additives
= Monosil v Versatility of base resins x Handling of hazardous liquid chemicals
v" Fast curing x High scrap rates
v" Shelf life not an issue x High capital investment
x Specific equipments required
A Reactor | v Long shelf life x Slow curir-lg
§ copolymer | v Low capital investment * Low density product only
g x Higher raw material costs
o
-% v" Potential low material costs x Use of additives limited or impossible
E v’ Ease of storage x Moderate capital investment
"z Dry-silane v Improv.c-.zd safety and handling x Limited shelf life
2 v Versatility of base resins
g v’ Fast curing
% v~ Good homogeneity
v Less gels and fish eyes
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moisture cross-linked polyethylene even at 150°C
[10].

In the irradiation process, it is not necessary to add
cross-linking additives but the promoters to the com-
pound. Consequently, the materials can be extruded at
reasonable temperatures. This imparts a great advan-
tage considering that high melting temperature and
high viscosity in the melt state of some polymers
(such as HDPE containing flame retardant materials)
makes it difficult to fulfil chemical cross-linking
methods [35]; ignoring proper selection of cross-link-
ing method would lead to the occurrence of premature
cross-linking in the extruder.

Amongst the different silane methods, the copoly-
merization process is the most advanced and complex
technology [49].

STUDY OF SIOPLAS® PROCESS

Principles of Manufacturing Process

The peroxide-activated grafting of the vinyl silane
onto the polymer chains is the most critical stage of
the whole process and is carried out in compounding
equipments such as ko-kneader or co-rotating/twin-
screw extruder. The compounding equipment'is being
used as a chemical reactor in addition to.its normal
function of mixing, dispersing and pumping.: The
twin-screw compounder used for grafting process has
L:D ratio of at least 30 and features a modular design
for a choice of several barrel configurations and vari-
ous conveying, kneading and mixing elements which
can be combined to produce the optimal configuration
for the process. Base polymer, processing aid and
fillers are conveyed via:gravimetric feeders into the
extruder feed zone heated to about 150°C. The feed-
ing rate and rpm are optimized at not very high val-
ues. After going through shearing and mixing ele-
ments polymer becomes molten and liquid silane/per-
oxide mixture is fed via a high precision diaphragm
pump into the polymer melt between second and third
process zones of extruder. Downstream feeding of
other compounds such as carbon black, stabilizer,
scorch retardant, etc. into the polymer melt is carried
out via a side-feeder. Cable grades which are exposed
to the decomposing effect of metal ions (in particular
copper ions) are additionally stabilized by metal deac-

.................................................................................................................

tivators. A limitation of the method is the propensity
for the premature cross-linking (scorching) of materi-
al which can lead to product defects. This problem of
scorching can be solved by including scorch retardant
additives which react with water faster than the poly-
mer itself and hence the extrusion process time can be
significantly extended.

Followed by free and forced degassing and
homogenization, the melt is extruded through a strand
die at about 200°C. The strands are cooled down in a
water bath and are dried by compressed air before pel-
letizing. The manufactured grafted polyethylene gran-
ules are packedvinside vacuum-sealed aluminium-
laminated sacks. Hence, the product is protected
against moisture. ingress which could trigger prema-
ture cross-linking of the granules.

A< well equipped conventional compounding
machine-is necessary for dispersing small quantities
of catalyst, antioxidants, and other chemicals into the
matrix of polyethylene and its copolymers for manu-
facturing of catalyst masterbatch.

In the second step, a blend of ~95 parts of graft
copolymer and ~5 parts of catalyst masterbatch is pre-
pared by either tumble blending or metering which is
then converted into cables, pipes or other finished
parts in conventional forming extruders, or by injec-
tion or extrusion blow moulding. The product is
cross-linked in a steam bath under action of tempera-
ture and humidity. Figure 5 shows the plant settings
for the development of Sioplas® product.

LDPE and LLDPE are used in the low-voltage sec-
tor while MDPE is mainly used in pipe production.
The-state-of-the-art of moisture cross-linkable poly-
olefins for different applications has been disclosed in
several patents [45, 53-56].

Moisture Curing

The cross-linking procedure would be fulfilled
through the exposure of grafted polyethylene to hot
water, steam, or humid air. The functional end groups
saponize to silanoles in a hydrolysis reaction with
water molecules, which are provided by diffusion
[44]. The generated OH groups then condense with
adjacent Si-O-H groups and form Si-O-Si bonds; the
polymer is thus cross-linked. The rate of cross-linking
depends on the extent of silane grafting, the tempera-
ture, and accessible water, which makes the required
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Figure 5. Typical plant for manufacturing Sioplas®-based products.

: Loss-in-weight feeder, polyethylene

: Loss-in-weight feeder, additives (EVA, processing aid, filler)

1
2
3: Storage tank (silane-peroxide)

4: Liquid feeder

5: Side feeder (carbon black, stabilizer, scorch retardant)
6: Atmospheric vent

7: Vacuum pump

8: Strand die head

9: Cooling bath (60-70°C)

10: Air knife

time for cross-linking vary from a few hours to a few
weeks. The cross-linking reaction is catalyzed in the
presence of catalyst (incorporated via catalyst master-
batch) such as dibutyltin dilaurate which is mixed
with pellets before fabrication and shaping [10]. The
product can be shaped by various techniques: extru-
sion, injection and blow mouldings, or other conven-
tional thermoplastic shaping methods.

In both Sioplas® and Monosil® processes, there is
a difficulty of uniform distribution of silane and thus
there exists the probability of localized grafting and

11: Pelletizer
12: Grafted polyethylene granules

13: Loss-in-weight feeder, grafted polyethylene granules
14: Loss-in-weight feeder, catalyst masterbatch

15: Screen changer

16: Cross-linkable pipe

17: Cable coating

18: Exposure to moisture

19: Finished cross-linked product

consequent formation of small gels. As the homo-
geneity of graft dispersion amongst the polyethylene
chains are also the direct result of the good dispersion
of the peroxide, it is required to choose a peroxide
compound having a good solubility parameter in
polyethylene melt besides having optimum oxygen
content in the reaction condition [17].

During processing, even in the absence of silane,
peroxide is apt to make carbon-carbon cross-links
between polymer chains [57]. Besides, as reported
elsewhere [58] different peroxides do not act similar-
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ly in grafting silane onto polyethylene which means
some peroxides would tend more for initiating self-
cross-linking in polyethylene during the silane graft-
ing reactions and thus reducing the ultimate efficien-
cy of grafting.

However, in the absence of peroxide, no function-
alization (silane grafted groups) is observed and
silane merely acts as a plasticizer. When both silane
and peroxide exist and the temperature is high enough
for the grafting reactions to occur, peroxide-initiated
cross-linking (carbon-carbon linkages) competes with
peroxide-initiated silane grafting, and thus an opti-
mum composition of these components should control
and favour the grafting reactions rather than the self
cross-linking (HDPE and LLDPE are apt to such
cross-linking during grafting reactions as reported
[59D).

The higher degrees of grafted silane and higher
final torques are obtained with increase in the silane
concentration at low peroxide levels and increase in
peroxide level at low silane concentrations. Besides,
based upon the processing conditions, there is always
an optimum ratio of silane and peroxide which yields
the best efficiency of grafting [60]. This is also report-
ed elsewhere [61] through studying the cross-linking
reaction of low density polyethylene in detail with
applying a wide range of reactant concentrations and
determining the resultant properties (mechanical, hot
set testing, gel content, burning). Insthis report it is
concluded that at or beyond a certain threshold con-
centration of silane, samples arenot only qualified for
hot-set testing, but show other properties at optimum
levels.

After the completion of cross-linking, the by-prod-
ucts of the cross-linking reaction should be extracted
(by the same water molecules) from the wall of the
tube or moulding [9]. The main component to be
extracted is methanol. This would be of greater
importance if the ultimate usage of the moulding arti-
cle is for drinking (portable) water applications [12].
There are three main methods for moisture cross-link-
ing as follows:

- Immersion in hot water: The articles are
immersed in steel tanks containing hot water
(minimum temperature of 80°C), by placing them in
stainless steel cages or baskets [9]. After fulfillment
of cross-linking, the mouldings are removed

from tanks and allowed to drain in a well-ventilated
area.

- Circulation of water and steam through the
interior of pipes: In this method, hot water or steam is
pumped through the moulding (herein, pipes) at a
high temperature [9]. It is also possible to allow vent-
ing of the steam into a chamber surrounding the arti-
cles to increase the rate of cross-linking. Circulating
water is more efficient than static water in extracting
the reaction by-products.

- Steam bath (the action of low pressure steam):
The mouldings are placed in a chamber filled with
low pressure steamrat about 100°C. As steam is a
freshly distilled vapour it excludes surface contamina-
tion of the mouldings.

Finally; it is also possible for cross-links to form in
ambient conditions at reasonably short times with the
aid of anew catalyst technology.

Evaluation of the Grafting and Cross-linking
Reactions
It is possible to detect the onset of grafting reactions
via monitoring the torque during the processing in an
internal mixer [62,63] (a dump criterion) the first
increase in torque observed in Figure 6 is due to
adding material(s). The torque decreases as the
polymer starts plasticating and melting. The followed
increase is an indication of starting grafting
reaction and is occurred because of the associated
increase in melt viscosity; then it continues as a
plateau.

FTIR characterization is commonly used to follow
the grafting. In FTIR spectrum of silane grafted
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Figure 6. Typical plot of torque vs. time observed for (a)
virgin and (b) silane grafted LDPE [84].
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polyethylene, peaks at 799, 1092 (or sometimes
1090), and 1192 cm"! are the characteristic absorp-
tions for Si-alkoxy groups (e.g., -Si-OCH3) [18, 64].
The 1092 c¢cm! peak typically has the strongest
absorbance/ transmittance [70] and is frequently used
as an indication of the silane grafting extension. The
peak at 1378 cm'! relates to -CH; symmetric defor-
mation [67]. In silane grafting reactions, the second-
ary and tertiary carbons are more frequent and also
more apt to participate in reaction compared with pri-
mary carbons which are located at the end of the
chains and chain branches. Thus, it is rational to
choose the peak at 1378 cm-! as the internal standard
within a polyethylene compound as it changes little in
content, if any, during the silane grafting reaction. By
choosing such an internal standard, the efficiency of
silane grafting can be investigated by calculating the
ratio of the absorption peak of the Si-O-CHj; groups at
1092 cm-! to the absorption peak of the -CH3 groups
at 1378 cm! (Ag9»/A|373)- However, as the content
of tertiary carbon is not the same for different types
and grades of polyethylenes, using such internal stan-
dard would not be rational in comparing the silane
grafting efficiencies of different grades of polyethyl-
ene. In such cases the preferred method would be the
measuring of the corresponding peak height ‘divided
by the film thickness and comparing the resultant nor-
malized hight (per unit thickness) [63,67].

The peak at 1080 cm! is assigned:to the Si-O-Si
bonds (cross-links) [65] and would be formed to some
extent even during grafting process. In such cases, the
Si-OCH;3 is apt to be masked by strong Si-O-Si
absorption and a subtraction of the‘peaks should be
done, or complementary methods are to be used to
reach a correct data.

Quantitative characterization of the FTIR data,
especially a decrease in absorption intensity of
methoxysilane groups, may not provide a direct cross-
linking value; however, the technique is non-destruc-
tive and presents meaningful information on the
progress of silane-water cross-linking reaction. It is
also less time consuming and needs no solvent there-
fore it is more environmentally friendly compared to
the gel content determination and solvent uptake fac-
tor methods [23]. Thus, FTIR is the common method
for following the silane cross-linking reaction (how-
ever, measuring the extent of cross-linking by FTIR is

impossible in peroxide and irradiation cured polyeth-
ylene) [13]. FTIR can be used to study the kinetics of
cross-linking reaction along with measuring the gel
content [18]. By these simultaneous methods, it has
been shown that although the cross-links are formed
continually till a definite time (e.g., 100 h at 90°C),
there is no simultaneous increase in gel content after
reaching its maximum value. This indicates that the
cross-links formed after reaching the maximum value
of gel content should be within the already existing
gel. Besides, cross-linking reactions follow first order
kinetics with respect to both catalyst and moisture
concentration [68].7A good relationship has been
found between the FTIR absorption data and the gel
content in silane cross-linked polyethylene [69].

However, care must be taken in this method when
analyzing gel content in samples with low gel content,
as there.is the possibility of observing some gel out-
side the cage: This has been reported to be due to the
presence of heterogeneous cross-link network in such
samples, which is probable in the silane-cross-linked
products. The reason for this heterogeneity is that in
silane method, cross-linking process is carried out
when the polymer is in the solid state (and thus with
limited mobility), unlike the peroxide cross-link
where the polymer cross-linking process generally
takes place in almost molten state, leading to a more
homogeneous cross-linked network. In addition, there
is the possibility of separation of grafted compound
into silane-rich phase (preferably the amorphous
phase) and silane depleted fractions (crystalline
phase) during the crystallization [70].

This is also obvious with regard to the fact that rel-
atively high gel contents are achievable in peroxide
cross-linking method, whereas in the case of silane
method these values are generally much lower. The
multiple reactivity of the tri-functional silane-alkoxy
structure (three end groups at the end of each silane
side chain) will also support a heterogeneous network
formation during the silane condensation reaction. As
it is shown in Figure 7 a considerable number of
silanol groups can easily condense in close proximity.

As the occurrence of grafting leads to the reduc-
tion of melt flow index, reaching a specified value of
melt flow index would be an approximate way of
assessing the extent of grafting and is commonly used
in industry. Additionally, hot set tests (duration of
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Figure 7. Three-dimensional network formed by silane
cross-linking method [46].

15 min, at temperature of 200°C, and under definite
static load) are carried out on cross-linked samples to
evaluate and quantify the cross-link density [71-73].

Important Parameters in Silane Grafting and
Cross-linking

Peroxide

Free radicals are needed to initiate silane grafting by
abstracting hydrogen atoms from the macromoléecules
(referring as alkylradicals). These free radicals are
generated from thermally degradable organic perox-
ides, such as dialkyl peroxides. To aveid the prema-
ture cross-linking during the processing, only perox-
ides with a half-life of more than 2 h at 130°C can be
considered for silane grafting<[74]..In this regard,
commercially available peroxides include dicumyl
peroxide (DCP), tert-butylcumyl=peroxide, bis-(tert-
butylperoxyisopropyl)benzene, 2,5-bis(tert-butylper-
oxy)-2,5-trimethyl-cyclohexane, and 2,5-bis(tert-
butylperoxy)-2,5-trimethylcyclohexane-3, among
which the most preferred peroxide is DCP. It is also
possible for unsaturation on silane to be attacked by
peroxide followed by reaction with the polyethylene
chain [61].

Silane

Using differential scanning calorimetry, it has been
reported [68] that the kinetics of grafting
vinyltrimethoxysilane on polyethylene is the same as
that of vinyltriethoxysilane, although vinyltri-
methoxysilane has a lower activation energy and thus

is superior in grafting polyethylene compared with
vinyltriethoxysilane [64,69]. Moreover, typical
increase in the amount of silane, the reaction time or
the temperature would result in an increase in the
silane grafting extent.

Antioxidant

The alkyl radical formation in polyethylene molecules
(during the grafting reactions) is suppressed by some
antioxidants, where the decomposition products of
peroxide react with the antioxidant in a non-useful
reaction, which means that this portion of consumed
peroxide has to be compensated for by additional per-
oxide and if not, the silane grafting efficiency would
be dropped. The grafting process limits the choice of
antioxidants, since many of them are effective radical
scavengers and can inhibit the grafting reaction.
Frequently used antioxidants for cross-linked polyeth-
ylene are mentioned in plastics additives handbooks
[75] among which the influence of some common
types of antioxidant within the grafting reactions has
been reported in literature [63, 76-78].

The effect of some specific antioxidants (Irganox
1010, Irganox 1076 and Irgastab® Cable KV10) on
silane grafting reactions of LDPE is studied in a
recent work [62] and the resultant spectra are shown
in Figure 8. The thermo-oxidative products has the
characteristic peaks between 1650 and 1800 cml;
here the transmittance peak at 1720 cm! is consid-
ered as the indication of thermo-degradation of poly-
ethylene (designation of C=O groups) which is absent
in virgin polyethylene and strongly present in
processed virgin one (containing no other reactant).
Thus the standardized height of this peak is a designa-
tion of the extent of degradation in a specified type of
polyethylene. Shorter the peak height at 1720 cm-!
and higher the peak height at 1092 cm! would be the
indications of the antioxidant efficiency.

As incorporation of antioxidant would be
inevitable to prevent the product from degradation
[63], a possible practical method to reach a desirable
grafting extent as well as the least thermal degrada-
tion, is to incorporate a part of a predetermined
amount within the process and the remainder to be
mixed in the catalyst masterbatch (to be used
during cross-linking process). This has been done
before in case of other additives (such as carbon
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Figure 8. FTIR spectra for (A) virgin LDPE; (B) processed
LDPE, solely mixed in internal mixer for 15 min at 190°C;
(C) silane grafted LDPE, processed as B; D, E, and F are
the samples processed as C but containing Irganox 1010
(D), Irganox 1076 (E) and Irgastab® Cable KV10 (F) [62].

black) which otherwise would interfere with the
silane grafting reactions. An alternative is to take
advantage of higher amounts of peroxide which asso-
ciates with some scorch occurring during the grafting
stage and consequent gelled spots and a rough
product surface.

Catalyst

Hydrolysis or condensation catalysts catalyze the
cross-linking of the extrudate or moulded article
through facilitating the curing reaction with water.
The catalysts may accelerate either the hydrolysis
reaction of the grafted silyl groups with water to form
silanols, or the reaction condensation of silanols to
form Si-O-Si bond, or both. These catalysts would be
of acidic form, basic form, or neutral (salt).
Depending on the kind of catalyst, the mechanism of
formation of siloxane bridges can involve three pos-
sible reaction pathways as shown in Figure 9 [79].

The most eftective catalyst for silane cross-linking
is dibutyltincarboxylates such as dibutyltin dilaurate
(DBTDL). Other. common types of catalysts would
include: stannous acetate, stannous octoate, dibutyltin
dioctoate or di-octyl-tin-bis (isooctylthioglycolate).

The cross-linking catalyst is of great importance in
determining the achievable degree of cross-linking in
a specified time period, and reaching a rapid bimole-
cular condensation between silanol groups which are
at low concentration in polymer [80, 81].

Prior to formation of cross-links it is necessary for
water molecules to diffuse into the wall of the article
and reach the cross-linking sites. This procedure takes
time and is mostly responsible for the long time
required to achieve full cross-linking. Increasing the
water (or steam) temperature leads to increase in
polyethylene (article) temperature and consequently
due to the resultant thermal expansion, there would be
an increase in water diffusion rate. Furthermore, this
increased temperature would also enhance the rate of
hydrolysis and cross-linking reactions, as all chemi-
cal reactions speed up under higher temperatures.
Consequently, the time required for cross-linking
reactions to occur would be shortened. It takes about
90 days for an article of 1.5 mm wall thickness at
20°C in ambient air to reach 60% cross-linking (this
set of data is just typical), for an specified commercial
product). In practical terms, the rate of diffusion is
inversely proportional to the square of the wall thick-
ness. Cross-linking from both inner and outer sur-
faces of the article is faster than performing it from
one surface only.

Recently, it is also possible to cross-link the
silane-polyethylene copolymer in ambient conditions
with no need to high moisture content. This would be
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Figure 9. Different mechanisms for catalyst performance in silane cross-linking method: (A) acid
(HA)-catalyzed; (B) base catalyzed; (C) catalysis by neutral salts (AB) [79].

possible through choosing some special tin free cata-
lysts, as a sulphonic acid based catalyst-with a long
alkyl chain attached [53,82].

Pre-mixing the Reactants and Polymer Physical Form
Pre-mixing the solution of silane and peroxide with
polyethylene, prior to processing in internal mixer,
plays an important role in final results since silane is
hard to be absorbed by the polymer [62]. In case of no
pre-mixing, as it consumes:more time to fulfill the
whole process with incorporating silane and peroxide
separately into internal mixer, the mixture would pass
a longer time under processing before reaching the
increase in torque. At such a high temperature (typi-
cally 190°C) and in presence of ambient water vapour,
undesirable cross-linking reactions would occur.

Figure 10 illustrates the fact that for silane grafting
of LDPE in two forms of granules and powder, differ-
ent extent of grafting would be observed: higher
extensions of silane grafting would result when the
polyethylene is in powder form (with regard to poly-
mer in granule form) [62].

Polyethylene Molecular Weight, Molecular Weight
Distribution, and Grade

Polyethylenes with different MFI values have differ-
ent extents of silane grafting. Within each grade of
polyethylene (LDPE, LLDPE, and HDPE), the poly-
mer with lower MFI value (and thus a higher molecu-
lar weight) has the least silane grafting extension, due
to being less apt to radical formation, and vice versa.
On other words, for a polymer with higher molecular
weight there is less tendency and probability for radi-
cal formation, as there would be less accessibility of
polymer backbone for silane and the peroxide decom-
position species [63]. However, this cannot be gener-
alized into all the existing types of polyethylenes
within a grade, as different topological and intrinsic
properties would affect the grafting (as well as the
cross-linking) reactions in a different manner. Such
studies have been carried out for other types of poly-
ethylene cross-linking [83]. For example, higher
branching number and its broader distribution mode
versus molecular weight, higher unsaturation content
in polymer backbone, lower polydispersity index, and
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Figure 10. FTIR spectra for (A) virgin LDPE; (B) granular
LDPE grafted with silane; (C) powder LDPE grafted silane
[62].

lower weight average molecular weight would all
positively affect silane grafting efficiency [63].
Furthermore, the higher MFR value (the ratio of MFI
at 10 kg load to that value under 2.16 kg load) can
contribute to lower tendency for grafting reactions
[62].

Under the same conditions, LLDPE is‘more apt to
silane grafting reactions compared to LDPE. This is
also true for LDPE compared to HDPE [2,64,69]. In
initiating the silane grafting reaction by decomposi-
tion of peroxide, the resultant‘decompesition species
would participate in different reactions; they would
combine with each otherto form unsaturated species;
induce B-scissioning.in polymer chain and thus lead-
ing to chain extension; and-finally they would react
with the vinyl unsaturation of the vinyltrimethoxy
silane for grafting the molecule onto the polyethylene.
Among all the aforementioned reactions, only the last
one is desired and the other two would result in
molecular structure changes and consequently lead to
differences in cross-linking performances [67].

Different grades of polyethylene show different
tendencies and probabilities for these side reactions
and thus different degrees of silane grafting would be
obtained in fixed amounts of reactants for each grade
of polyethylene. However, the more efficient grafting
in LLDPE rather than LDPE and HDPE would be due

to the existence of its tertiary carbons which are more
apt to react with free radicals initiating grafting reac-
tions, since the associated hydrogens are relatively
easy to be abstracted during silane grafting reactions.
Despite the tertiary carbons in LDPE, there also exists
stereochemical hindrance due to clustered short chain
branches. Weaker tendency of HDPE to silane
grafting can be related to the shortage of tertiary
carbons.

The structural polymer parameters, also affect the
cross-linking behaviour [44,63]. Under similar condi-
tions, LLDPE cures more rapidly with regard to
LDPE and HDPE'due to the faster diffusion of mois-
ture in the former. In the case of HDPE, the relatively
low level of silane grafting and free radical induced
chain extension together with the tightly packed
lamellar structure of HDPE render the resin difficult
to cross-link rapidly.

Curing Time and Temperature

At low temperatures, the rate-determining step of the
cross-linking reactions is water diffusion, rather than
the hydrolysis and the subsequent condensation reac-
tions of the silyl trimethoxy groups. However, at high
temperatures and high degrees of silane grafting in the
samples, the chemical reactions dominate in the cross-
linking process [69]. The effect of curing time and
water temperature is shown in Figure 11 [84]. In gen-
eral, the period required to obtain full cure depends on
wall thickness, percentage and type of catalyst mas-
terbatch, temperature, and moisture content.
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Figure 11. Effect of curing time and water temperature on
silane cross-linking of LDPE [84].
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Incorporation of Typical Additives

Zn0

Incorporation of zinc oxide powder within silane
grafted polyethylene would result in the prolonged
shelf life of the non-cross-linked product [85,86].
This is due to the role of ZnO in absorbing the excess
of water and acid which exist in the surrounding envi-
ronment. In practice, a minimum of six months stor-
age is needed [49] and the use of ZnO satisfies this
requirement with elimination or significant reduction
of the risk of premature cross-linking. Along with
increasing the shelf life period, the extent of grafting
also increases through inhibitory effect of ZnO on the
occurrence of undesired reactions between water (or
other impurities) and silane [86]. Furthermore, no
negative effect is observed on the curing rate of the
shaped samples, using catalyst-rich ZnO-added com-
pounds.

Carbon Black

The incorporation of carbon black reduces the silane
grafting efficiency [17]. The numerous functional and
chemical active groups on the surface of carbon black
are responsible for bond formation between carbon
black and polyethylene chain. Meanwhile, it seems
that carbon black consumes the available radical sites
and also by introducing spatial obstacles,reduces the
possibility of silane attack to polyethylene radicals in
a specified period of time, and consequently reduces
the extent of silane grafting. Additionally, carbon
black reduces the achievable gel'content and a straight
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Figure 12. Effect of silane content on grafting extent in pres-
ence of carbon black and without carbon black
(absorbance ratio: FTIR peak height at 1090 cm-1/FTIR
peak height at 729 cm-1)[84].
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Figure 13. Effect of silane content on cross-linking extent in
presence of carbon black and without carbon black [84].

relationship exists between reduction of silane graft-
ing (Figure 12) and decreasing of gel content in the
presence-of carbon black (Figure 13).

Increase in gel content increases volume resistivi-
ty, thus ‘the cross-linked polyethylene has a lower
electrical conductivity compared to virgin one [87].
This.is possibly due to the presence of the fewer
charge carriers and the more efficient charge trapping
in cross-linked polyethylene compared to non-cross-
linked polyethylene. Carbon black reduces the vol-
ume resistivity, due to its semi-conductive nature; this
makes carbon black a profitable additive in semicon-
ductor cable jacketing.

EVA
Polyethylene is blended with EVA in many cases to
reach desired properties. In special applications which
require surface adhesion to metals, EVA enhances
adhering between different layers and adheres to met-
als easily. In cable jacketing especially for low volt-
age applications (<10 kV) it is common to blend EVA
with low density polyethylene for improved flexibili-
ty, ageing behaviour, low temperature flexibility, and
increased impact strength [88]. Moreover, it makes
possible to apply more amounts of filler (e.g., CaCOs3,
talc, carbon black, etc.) into the polyethylene com-
pound [89]. Due to the polarity of acetate groups in
EVA, dielectric constant and dissipation factor also
increases.

Incorporating EVA in LDPE or increasing the
vinyl acetate content in LDPE/EVA blends increases
the extent of silane grafting [62] (Figure 14). By
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Figure 14. FTIR spectra for LDPE blended with 4 phr of: (A)
EVA 28%, (B) EVA40%, and (C) No EVA, grafted with silane
in the presence of peroxide [62].

increasing EVA content, the amount of side chains
increases thus, the amount of tertiary carbons which is
apt to grafting reactions increases as well. Moreover,
the polarity of vinyl acetate (compared to non-polar
nature of LDPE) facilitates the permeation of silane
component into molecular structure of LDPE and thus
providing better condition for grafting to_occur. The
presence of unsaturated structures in the polyethylene,
especially vinyl groups, increases the grafting effi-
ciency [13].

Increase in EVA content leads to a decrease in
crystallinity and increase in the amount of side chains
which per se accelerates the diffusion of water into the
polyethylene and thus increases the gel content as an
indication of cross-linking (Figure 15) [90]. The
polarity induced by incorporation of EVA would
make a tendency for the water to permeate in LDPE
during the cross-linking process. Considering the less
required time to reach specified gel content in pres-
ence of EVA, as shown in Figure 16, EVA increases
the rate of cross-linking in LDPE/EVA blends.

Increasing the amount EVA in the blend results to
increase in tensile strength [88,91]. EVA causes the
strain hardening phenomena which become more
dominant in regards to crystallization. The higher
elongation-at-break values of EVA compared with
that of polyethylene is also a reason for higher

80
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Gel content (%)

65 L] L L] ] L
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Figure 15. The effect.of EVA concentration on gel content in
silane cross-linked LDPE [88].

elongations-at-break in their blend in regards to virgin
cross-linked polyethylene.

EPDM
EPDM has an outstanding resistance to heat, light,
oxygen, and ozone and used to improve polyethylene
properties [50,92-94]. Blends of LDPE with EPDM
are useful in heat-shrinkable objects. For these appli-
cations, cross-linkable polyethylene is cross-linked
after extrusion to the desired finished size, and then
mechanically expanded above its melting point fol-
lowed by rapid quenching. At this stage, heating the
product above the crystalline melting point leads to
shrinkage and rapid return to the original shape.
When blended with LDPE, EPDM has the same
effect as EVA on grafting extent of LDPE. However,
EPDM is more effective in increasing the grafting
efficiency. This could be due to the unsaturation in
diene monomers existed in EPDM which create some
additional reactive sites for silane grafting to occur

80
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Figure 16. The influence of cross-linking time on gel content
with and without EVA [88].
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Figure 17. Schematic of silane grafting on EPDM [93].

(grafting may also occur by the abstraction of second-
ary hydrogen from a polyethylene seéquence of
EPDM). Since no similar unsaturation is present in
EVA, less efficient grafting would result in. case of
LDPE/EVA blends compared to LDPE/EPDM [62]. A
schematic of silane grafting on' EPDMuis illustrated in
Figure 17.

Typical Properties

Mechanical Properties

Increase in the extent of grafting, results in increased
tensile strength and elongation-at-break [87]. This
would be due to the more effective strain-hardening
during the elongation of the silane grafted polyethyl-
ene. Also, increase of the gel content enhances the
tensile strength. However, a different behaviour is
observed for elongation-at-break, as generally, cross-
linked polyethylene has a lower elongation-at-break
compared to non-cross-linked polyethylene. The rea-
son is that cross-linked polyethylene is less flexible
and its strain hardening is more limited. The little
increase in elongation-at-break value at intermediate

..............................................................................................................
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Figure 18. The changes of melting point with silane grafting
on LDPE (absorbance ratio: FTIR peak height at 1090 cm-1/
FTIR peak height at 729 cm-1)[87].

gel content would be the result of reduction in crys-
tallinity and possibility of chain mobility, however, at
higher gel contents the chain mobility and thus the
elongation-at-break decrease.

Thermal Properties

Melting point and crystalline percentage decrease
with increased grafting level and gel content [95,96]
(Figure 18). DSC data show that silane grafts on the
LDPE molecules are thermally stable in the absence
of moisture under a typical temperature of 130°C
under which the silane grafted LDPE can be
processed or recycled.

In differential scanning calorimetry analysis, a
broad endothermic peak appears for silane cross-
linked polyethylene due to phase separation during
moisture cross-linking of LDPE, which implies an
existence of heterogeneity in molecular structure [87].
A multiple melting behaviour of silane cross-linked
LDPE has been reported elsewhere [96] and claimed
to be due to phase separation during cross-linking of
LDPE with water.

Thermogravimetric analysis determines that the
thermal stability of LDPE (also reported for LLDPE
[97]) increases by increasing the amount of silane
grafting, as demonstrated in Figure 19 [84]. It should
be noted that in cross-linked polyethylenes, the
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Figure 19. Effect of silane grafting on thermal degradation
of LDPE [84].

required dissociation energy of Si-O and Si-C bonds
is 191.1 and 107.9 kcal/mol, respectively [95].
Besides, the possible occurrence of peroxide-induced
cross-linking reactions during the silane grafting
reactions would be also responsible for the increase in
the decomposition temperature.

CONCLUSION AND FUTURE OUTLOOK

In this review study, besides focusing on.details of
silane method in cross-linking polyethylene, it was
also aimed to introduce and investigate other different
methods of preparing cross-linked polyethylene.
Herein, by comparing the available methods of cross-
linking polyethylene i.e., azo compounds, peroxide,
silane and radiation .methods;” it shows that
cross-linking via silane grafting is a common and
efficient approach  to croess-link polyethylene. In
silane method, there is'not a high capital investment
and higher production rates are possible; less waste is
produced on starting up and switching off the
equipments. The advantage of two-step silane
cross-linking is particularly pronounced in the pro-
duction of relatively short cable lengths or sector
cables.

FTIR and MFI are good quality control tests for
judging the extent of silane grafting reaction. FTIR
can also be used to study the kinetics of cross-linking
reaction along with measuring the gel content. Type
and content of peroxide, silane, antioxidants, catalyst,

temperature, and moisture content are considered as
some of the important parameters in silane grafting
and cross-linking; for instance, the higher the temper-
ature and amount of catalyst, the shorter the cure
time. Also, increase in the amount of antioxidant
would impair the grafting reactions (as radical scav-
engers) and thus the amount and type of antioxidant
as well as the optimum balancing of the components
of this system is of considerable importance.
Moreover, proper selection of screw geometry,
arrangement of screw elements, process conditions
(temperature profile, rpm, etc.) also would improve
melt homogeneity,. grafting distribution, and
efficiency.

The degree of grafting increases with increase of
tertiary carbon and narrowing of molecular weight
distribution of the polymer. In general, LLDPE is eas-
ily silane grafted and it is faster than LDPE and
HDPE. Molecular weight might have different effects
on grafting and cross-linking reactions. Along with
the molecular weight, vinyl group content (unsatura-
tion) and short and long chain branches would also
take part in determination of ultimate degree of graft-
ing and cross-linking. No strict rule has been con-
cluded yet which would imply the direct effect of
molecular weight on grafting and cross-linking. The
introduction of polar groups such as vinyl acetate or
ethyl acrylate into the polymer significantly increases
the reactivity and allows further acceleration of the
cross-linking. Blending polyethylene with an opti-
mum amount of EVA or EPDM increases the extent
of silane grafting, EPDM being more efficient in
comparison with EVA. They also reduce moisture
cure time and contribute positive effects on mechani-
cal properties and product appearance. On the other
hand, incorporating carbon black or flame retardants
reduces the silane grafting efficiency and the target
gel content.

The problem of scorching with grafting extruder
can be solved by including scorch retardant additives
reacting with water very fast. Incorporating zinc
oxide powder within silane grafted polyethylene
would result in the prolonged shelf life of the non-
cross-linked product as well as increase in the extent
of grafting.

The patent for the basic Sioplas® two-stage
process was disclosed in 1989; this matter enabled
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many producers to market graft polymers. The lower
capital investment, higher productivity processes
associated with silane-type XLPE are likely to ensure
a continued growth in demand for extruded cables
and tubing, expanded products, rotational and injec-
tion moulded parts and other related industries.
Research developments are currently under way for
increasing the cross-linking rate by developing new
catalyst systems, faster cross-linking blends, and
incorporation of the micro- and nano-organic and
inorganic particles. Thus, in near future this technolo-
gy will be applied for medium-to-high voltage cable
insulation. By using special polymerization catalysts,
silane copolymers would be also based on LLDPE,
MDPE, HDPE and polyolefin copolymers in addition
to current high-pressure process producing LDPE
copolymer. The future of the productions of wiring,
cabling, and tubing in world markets lie in silane
cross-linking. It should be noted that there are yet
vacancies in the field of studying and evaluating the
effects of topological and intrinsic characterization of
polyethylene in silane grafting and cross-linking and
thus, more detailed works on this subject are expect-
ed in near future.

ABBREVIATIONS

DBTDL Dibutyltin dilaurate

DCP Dicumy]l peroxide

DSC Differential scanning calorimetry
EPDM Ethylene propylene diene monomer
EPR Ethylene.propylene rubber

EVA Ethylene vinyl acetate

FTIR Fourier transform infra red
HDPE High density polyethylene
LDPE Low density polyethylene

L:D ratio Length/diameter ratio

LLDPE Linear low density polyethylene
LOI Limiting oxygen index

MDPE Medium density polyethylene
MFI Melt flow index

MFR Melt flow ratio

PAM Pont 2 Mousson

PEX Cross-linked polyethylene

PVC Poly (vinyl chloride)

TGA Thermogravimetric analysis

UHF Ultra high frequency
XLPE Cross-linkable polyethylene
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