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Preface

The book titled Crosslinked Polyethylene: Manufacture, Properties, Recycling and
Applications precises many of the recent technological and research accomplish-
ments in the area of cross-linked polyethylene (XLPE). Comprised in the book
are the presentations of historical and theoretical analysis of XLPE, intellectual
property trends in XLPE, new challenges and opportunities. Also discussed are the
crosslinking techniques and recycling process of XLPE and their general purposes
and commercial significance. The other topics covered are the flame-retardant studies
in XLPE and their morphological, mechanical and thermal property analyses. As the
caption specifies, the book highlights the frequent facets on XLPE.

This innovative book serves as an up-to-date record on the key findings, obser-
vations and outcomes of XLPE to power cable insulation and automobile fields. It
is intended to assist as a pioneer reference resource for all types insulation industry
as well as in science fields. The various chapters in this book are contributed by
the prominent researchers from academe, industry and government—private research
laboratories across the world. This book is an essential reference source for university
and college faculties, professionals, post-doctoral research fellows, senior graduate
students and researchers (from R&D laboratories) who are working in the areas of
automobiles, energy resources, aviations, etc.

Chapter 1 gives a brief outline and an overview of the state of art in the XLPE and
presents the new challenges, opportunities and commercial significances of XLPE
in the present world. Chapter 2 deals with the historical and theoretical analyses of
XLPE. The authors explain the various methods of computational studies in XLPE
matrix and their molecule parameterization and crosslinking reactions. Chapter 3
delivers the manufacturing process of XLPE. Chapter 4 discusses the general aware-
ness to XLPE manufactures. Chemistry and process technology for making grafted
and silanes based XLPE is also presented. Chapter 5 deals with the physicochemical
properties of XLPE. Chapter 6 provides the comprehensive investigation require-
ment changes in the morphology, structural and properties of XLPE, and its appli-
cations such as cable insulation, hip arthroplasty, foam, pipes are also discussed. In
Chap. 7, new methods for polyethylene (PE) crosslinking and recycling process of
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XLPE are mounted. Click-chemistry crosslinking of PE and XLPE’s recycling tech-
niques like vitrimers, Y radiation, ultrasonic decross-linking, supercritical decross-
linking extrusion are presented in this chapter. Chapter 8 highlights the effect of
thermal and radiation aging on dielectric and structural properties on XLPE. Flame-
retardant (FR) properties of XLPE are discussed in Chap. 9. The relevant combustion
and FR mechanisms on XLPE are reviewed in this chapter. Chapter 10 describes the
historical perspective of power cable materials development and their design consid-
erations. The industry specifications guiding the technical material design choices are
also presented in this chapter. The common failure mechanisms in XLPE based cables
are discussed in Chap. 11. Chapter 12 talks about the practical uses of XLPE-based
products and future prospects. Chapter 13 is the continuity of Chap. 12. Industrial-
and business-related benefits of XLPE are discussed.

Finally, we thank God for the successful completion of this book, and we would
like to express our honest gratitude to all the contributors of this book who provided
excellent support for the fruitful completion of this endeavor. We appreciate them
for their commitment and the genuineness for their contributions to this book. We
would like to acknowledge all the reviewers who have taken their valuable time to
make critical comments on each chapter. Especially, we thank Dr. Jeffrey M. Cogen,
Dr. Notingher Petru, Dr. Saurav S. Sengupta, Dr. Kai Zhou for the review process
of chapters. We thank and acknowledge support of ‘Springer Nature Singapore Pvt
Ltd.” who recognized the demand for this book.

Kottayam, India Jince Thomas
Sabu Thomas
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Chapter 1 )
Crosslinked Polyethylene: oo
State-of-the-Art and New Challenges

Jince Thomas, Minu Elizabeth Thomas, and Sabu Thomas

1 Introduction

Polyethylene (PE) is the most common plastic used today, out of 70% of the global
market of the plastic commodity [1]. PE was accidentally obtained during an inves-
tigation of diazomethane by Hans von Pechmann in 1898. Another interesting fact
on the preparation of PE is that the first industrially prepared PE protocol is again an
accidental discovery when Eric Fawcett and Reginald Gibson apply extremely high
pressure to the ethylene and benzaldehyde mixture to form XLPE in 1933. However,
until 1935, the industrial production of PE was not successful due to the repro-
ducibility of that accidental reaction. Through, in 1935, Michael Perrin’s success in
the synthesis of low-density polyethylene (LDPE), industrial production was started
in 1939.

Now, there are wide ranges of PE resins available today, including LDPE,
linear low-density polyethylene (LLDPE), medium-density polyethylene (MDPE),
high-density polyethylene (HDPE) and ultrahigh molecular weight polyethylene
(UHMWPE), which are the most popular ones. The ethylene molecules may or
may not add on regularly, but the irregular addition of ethylene molecules leads to
form short branches of ethylene molecules from the main PE chain. This branching
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out of PE from the main polymer chain leads to these above classifications. LDPE
is a less compact molecular structure with excessive branching and lesser density
ranging between 0.91 and 0.925 g cm—3; LLDPE has shot with a significant number
of branches with density range between 0.91 and 0.94 g cm~3; MDPE is with medium
branching with density range 0.926-0.94 ¢ cm~3; HDPE has minimal branching with
density range between 0.941 and 0.965 g cm~3; and UHMWPE has extremely long
chains with a molecular weight of ten thousand to twenty-five thousand monomer
units per molecule with 0.928-0.941 g cm~>. Even though all these varieties of PE
have high impact strength, good electrical insulation and chemical resistance, the
low thermal stability makes its commercial applicability to a limit.

The fundamental technique to strengthen the mechanical, chemical and thermal
properties is through crosslinking the PE chains, and the association of polymers
through intra- or intermolecular chemical bonding is termed as ‘crosslinking,” which
is mostly irreversible. Crosslinks between PE chains form a structure with a three-
dimension network called crosslinked polyethylene (XLPE or PEX) (Fig. 1). In
March 1963, Al Gilbert and Frank Precopio of GE Research Laboratory located in
Niskayuna, New York [2], introduced crosslinks in PE chains. That was the starting
moment of the milestone era of plastics, and from then, XLPE has taken over the main
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share of the engineering plastic market due to its advanced properties compared with
other plastics. The crosslinking is made by both physical and chemical processes;
every crosslinking agent used in these methods ties carbon atoms of different PE
chains together and transforms the viscous linear segments to insoluble gel with a
three-dimensional network.

2 Crosslinking Methods of PE

The crosslinking process is classified based on two main factors, activator used for
crosslinking and the state of the polymer throughout the crosslinking process. Hence,
the crosslinking process is classified into two, physical and chemical, processes.

2.1 Physical Process

In the physical crosslinking process, PE is subjected to high-energy sources like
microwave radiation, high-energy electron, etc. This process is also called radia-
tion method. In radiation method, the radiation techniques (high-energy waves or
particles) allow forming an active intermediate (free radical) in the PE chain. Ultra-
violet (UV), X-ray, ultrahigh frequency, gamma (y) and electron beam radiations
are mainly used for radiation technique, in which y and electron beam radiations
are mostly used in industrial applications. The reaction mechanism involves the scis-
sion of the C—H bond of PE by absorbing high-energy radiation to form radicals
of hydrogen and polymer, and these polymer radicals form C—C crosslinked bonds.
During the reaction, hydrogen and some small aliphatic molecules are released out
as gas. The radiation method is the cleaner process because, addictives (other than
some coagents for boosting the radiation efficiency) are not necessary to initiate the
reaction. Forming of heterogeneous crosslinking network and risk in the process and
installation cost of radiation equipment is the main drawback of radiation technique.

2.2 Chemical Process

Chemical crosslinking involves the addition of some crosslinking agents to produce
free radicals which form and induce the chemical crosslinking process; they are
peroxide method, silane method and azo method [3]. Different chemical crosslinking
techniques are compared below.

(a) Peroxide method: In this method, peroxide-based chemicals (tert-butyl cumyl
peroxide, dicumyl peroxide, etc.) generate polymer-free radicals which form
crosslinks. The reaction is carried out in the molten stage above peroxide
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decomposition temperature, and hence, PE crosslinks are almost homogeneous.
Tertiary carbon is more prone to peroxide attack (due to better-stabilized free
radical); hence, peroxide crosslinking reactivity in LDPE is greater than HDPE.
Mostly two peroxide methods are used, Engel and Pont-4-Mousson method.
Engel method involves in a single step by mixing PE, mainly HDPE, with the
peroxide molecule into an extruder and melted. However, Pont-a-Mousson
method involves in two steps, putting the mixture of PE and peroxide molecules
in an extruder and the extruded crosslinked PE treated in a salt bath under
temperature above decomposition of peroxide. Low outputs, high investment
capital and high scraps rate are some of the drawbacks of peroxide crosslinking
method.

Silane method: Silane crosslinking involves the incorporation of silane
coupling agents into the PE chains. The widely used silane coupling agent is
vinyl silane with methoxy or ethoxy groups on Si due to their double bonds and
ability of rapid crosslinking. Two important silane methods are Monosil® and
Sioplas®. Monosil® is a one-step process and Sioplas® is a two-step process.
In Monosil®, grafting and shaping are in a single step in special extrusion
equipment. PE with lower density is suitable for this method. However, in
Sioplas®, the first step is the peroxide-activated grafting of silane onto the
PE in a compounding unit, giving a grafted granular product, which melted
with a catalyst masterbatch followed by conventional extrusion to get products.
Sioplas® is more convenient with low scraps and high yield. The heterogeneous
crosslinking network is the main drawback of silane crosslinking method.
Azo methods: In azo method, azo compounds are used for the initiation of
crosslinking. The azo compounds are thermally more stable than peroxides;
hence, it is more suitable for crosslinking higher molecular weight PE. The
incorporation of antioxidants is limited in azo method to avoid obstruction in
the reaction. To avoid premature crosslinking, the processing temperature is
adjusted below the critical temperature of azo compound reactivity. Due to the
formation of low active primary radicals through transfer reactions, limited
crosslinking rate is a drawback of this technique.

The introduction of crosslinks in both LDPE and HDPE is employing all

crosslinking methods. Besides, the peroxide method is used predominantly in HDPE.
By crosslinking, both LDPE and HDPE get many improved properties such as bad
electric conductor, high dielectric strength and long-term resistance to corrosion and
pressure. They became light and flexible and hence easy to transport and install; these
qualities lead to the vast application in cables and pipes. The crosslinked UHMWPE
is used in medical implants, because crosslinking improves the wear resistance in
UHMWPE, which mainly undergoes crosslinking through radiation method. A new
technique called click chemistry is used in the crosslinking process of PE copoly-
mers [4, 5]. This method helps to get rid of the limitations associated with tradi-
tional crosslinking methods like the production of hazard by-products. A detailed
description of all these crosslinking techniques is in the coming chapters.
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3 Main Manufactures of XLPE

The largest market of XLPE is North American countries like USA, Canada, Mexico,
etc., and the fast-growing consumers are from Asia—Pacific countries like China,
India, Japan, etc. There are some key manufactures for fragmented XLPE:

Dow,

Nouryon,

Borealis AG,

LyondellBasell Industries Holdings B.V.,
PolyOne Corporation.

Some of the important patents for the methods used for crosslink PE are listed in
Table 1.

4 Advantages and Disadvantages of Crosslinking in PE

Crosslink in PE transforms thermoplastic to thermoset with better heat and dimension
stability; superior shape memory, improved impact resistance, greater environmental
stress crack resistance (ESCR), improved resistance of solvent and electricity, high
tensile strength, superior dielectric properties, durability, etc., are some key benefits
of crosslinking in PE. Even though the crosslinks in PE lead to excellent properties,
still some challenges exist. The transformation of PE thermoplastic to thermoset due
to crosslinking reduces the flow, crystalline nature, etc. [1]. To control the degree
of crosslinking and selection of a suitable crosslinking agent is very tricky. Also,
recycling is not easily probable due to thermoset properties of XLPE. Although
XLPE has some disadvantages, due to its improved physicochemical properties, an
immense range of applications is employed.

5 Scope and Application

XLPE is employed mostly in the field of electrical insulations, medical, civil engi-
neering, automobiles and packaging. However, each product of specific applica-
tion needs XLPE material with specific property requirements, which can fabricate
mainly by crosslinking techniques. Besides, the physicochemical properties can tailor
using the degree of crosslinking and selection of compound ingredients. The main
applications of XLPE are focused here.
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J. Thomas et al.

Patent No Assignee/inventors | Filed on Title
WO 2017/112,642 Al | Dow Global 20 December 2016 Partially crosslinked
Technologies LLC polyethylene
formulations and
methods of making
same
US 2015/0259523A1 Christopher Ross 9 March 2015 Tin-free catalysts for
etal crosslinked
polyethylene pipe and
wire
US9951190 Howmedica 22 July 2015 Surface crosslinked
Osteonics Corp polyethylene
WO0/2015/077061A1 Chaudhary B. I, 10 November 2014 | Moisture and peroxide
et al crosslinkable polymer
compositions
WO0/2014/075,726/A1 | Ho Chau-Hon, et al | 15 November 2012 | Chemically crosslinked
polyethylene used for
electrical insulation
US 2013/0064711A1 | Howmedica 20 September 2012 | Polyethylene
Osteonics Corp crosslinked with an
anthocyanin
EP 2384774 B1 Howmedica 3 May 2011 Surface crosslinked
Osteonics Corp polyethylene
US 7,923,121 B2 Peter Jackson, etal | 14 May 2010 Photo-crosslinkable

polyolefin compositions

US2011/0111153A1

Russel R G., et al

31 December 2010

Crosslinked
polyethylene process

US2008/0133021A1

Shen, et al

31 October 2007

Crosslinking of
polyethylene for low
wear using radiation and
thermal treatments

US8299166B2

Carlsoon R.

16 April 2007

Crosslinkable polyolefin
composition comprising
high molecular weight
silanol condensation
catalyst

WO0/2005/056,620

Giacobbi E., et al

8 December 2004

Improved process for
producing silane
crosslinking
polyethylene

US7517919B2

Wang, et al

4 October 2004

Sequentially crosslinked
polyethylene

US7204947B2

Hubbard, et al

30 September 2004

Method of crosslinking
polyolefins

(continued)
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Table 1 (continued)

Patent No Assignee/inventors | Filed on Title

‘W0/2005/023,908 Sultan B., et al 28 August 2004 Crosslinkable
high-pressure
polyethylene

composition, a process
for the preparation
thereof, a pipe and a
cable thereof

US5756582 Tsunehars M., et al | 20 September 1996 | Process for producing
silane crosslinked
polyolefin

US4297310 Akutsu S., et al 13 November 1979 | Process for producing

electric conductors
coated with crosslinked
polyethylene resin

US4129531 Rauer K., et al 14 December 1977 Crosslinking of
polymers with azo esters

US3646155 Scott H. G., et al 18 December 1969 Crosslinking of a
polyolefin with a silane

US 3,214,422 Mageli O. L., et al 28 August 1959 Crosslinked
polyethylene

5.1 Inthe Cable Industry

The vast development of electrical apparatus made the insulation material very indis-
pensable but until 1925, only naturally occurring materials (cotton thread, rubber,
mica, etc.) are used. Synthetic insulations like PE, PVC, etc., are used, but excellent
physical and chemical properties make XLPE overrule all other polymer materials.
XLPE has numerous applications, but they are well known as insulation material
[6]. In Germany, in 1970, XLPE had been used as insulated power cables. The good
mechanical, thermal and electrical properties in a large range of voltage and chem-
ical resistance made the XLPE insulations superior to all other insulation materials
known. The key reasons for the consideration of polymeric-insulated system world-
wide by replacing the old insulation systems like the oil-impregnated paper system
are:

Reduce cost for installation and maintenance,

Low environmental pollution issues,

Weight reduction leads to ease of installation of longer cables,
Reduction in dielectric loss,

Reduce jeopardy due to fire in earthquakes, etc.

e Importance of XLPE as insulation cable
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Benefits of XLPE in insulation material compared with other polymeric insulation
systems include:

Works at a broad voltage range,

Provides good mechanical protection,

Can bear up to extreme pressure,

Resists underground damage, weather, etc.,
Thermal resistance withstands above,

Permits high conductor operating temperatures,
Reduces short circuit and overload levels,

Is extra cost-effective than other polymers,
Flexible and moisture resistant.

¢ XLPE versus other polymer cable insulations

Due to the excellent physical and chemical properties, XLPE beats other insulation
materials like ethylene propylene rubber (EPR), polyvinyl chloride (PVC), PE, sili-
cone rubber, etc. The mechanical properties like tensile strength, elongation, impact
resistance and suitable for a wide range of voltage make XLPE superior. The prop-
erties of XLPE cables remain unchanged at a large temperature range, which is
another key factor. The comparison of physical and chemical properties of more
popular insulation cables like EPR, PVC and PE [7] is given in Table 2.

Table 2 Comparison of insulation cables-XLPE, PE, PVC and EPR

Insulation | XLPE PE pPvC EPR
material
Strength * Resist at high » Low dielectric * Cheap * Low sensitive to
temperature loss * Durable water treeing
* Low dielectric * High initial * Widely available | Reduction in
loss dielectric thermal
* Not melts at strength expansion
thermal
expansion
Weakness | A little sensitive | ¢ High sensitive * High dielectric | ¢ High dielectric
toward water toward water loss, so not loss
treeing treeing suitable for MV | » Requires fillers
e Athigh or HV cables or additives for
temperature * Melts at high better results
material will temperature
breakdown * Environmental

pollution may
cause due to the
presence of
halogen
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¢ XLPE global cable market

The global XLPE cable market can be classified based on the installation mode, the
necessity of voltage, the applicability of the users, etc. Because of installation mode
is depends upon the insulation type, i.e., terrain, subterranean and submarine cable,
related to the voltage need classified into extra high, high, medium and low. Based
on the consumer, i.e., the user of the XLPE cables like in power, oil, gas, chemical
industry, in infrastructure, for manufactures, etc., the classification picture is depicted
in Fig. 2.

Increasing investments in renewable energy sectors, infrastructures and high
power demand encourage the XLPE cable global market. (https://www.fiormarkets.
com) Itis expected to be an expected market of compound annual growth rate (CAGR)
of 5.4%.

e Main XLPE cable manufactures

XLPE insulated cable consumption is very high in almost all countries due to the
global electricity demand. Asia—Pacific is the main contributor to consumption. Some
of the prominent manufactures of XLPE global cable market are:

Prysmian Group, Italy,

Brugg Kabel AG, Switzerland,
General Cable Corporation, USA,
Nexans, France,

NKT A/S, Denmark,

KEI Industries Ltd., India,
Sumitomo Electric Industries, Japan,
ABB Ltd., Switzerland.

Fig. 2 Classification of m msalaEton
XLPE global insulation * Terrane
cable market * Subterrane

/ * Submarine
+ Extra-high voltage, EHV
Global * High voltage, HV
market » Medium voltage, MV
* Low voltage, LV

s B 1630011 1~ o—
* Power
* Oil.gas.chemical

+ Infrastructure
+ Others
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For improving the efficiency of insulation cables after many researches, the intro-
duction of nanocomposites and blends of XLPE to the industry is well explained in
volume 2 of this book series.

5.2 XLPE Pipes

Rather than the wide application of XLPE as insulation cable for power supply, it is
also used to make pipes for plumbing in domestic and industries, for mining, radiant
heating in residential houses, etc. [1]. The advantages of each application of XLPE
pipes are explained below:

(a) Plumbing: Industries utilize the XLPE tubes in plumbing by replacing the old
copper piping. The flexibility of the material with a wide range temperature
resistance (can use for both hot water and cold water) and high corrosion
resistance makes XLPE pipes more popular. PVC pipes will burst on freeze
but XLPE will be stable at both high and low temperatures. Color code for
tubes is also applied in some industries, red for hot water and blue for cold
water; hence, it can easily differentiate and make it more convenient. The other
factor for the popularity of XLPE tubing is the low cost of XLPE insulation
than copper.

*  Benefits of XLPE plumbing

Some advantages for the XLPE plumbing compared with traditional plumbing
schemes are as follows:

(i)  The flexibility of the material makes easy for installation,
(ii))  Low material cost,
(iii))  Due to less sharp turns in pipes provides high pressure,
(iv)  Less corrosion compared with other plumbing systems,
(v)  No need for welding which makes less risk of fire during installation,
(vi)  Suitable for both hot and cold water,
(vii) Longevity.
. Demerits of XLPE plumbing

Some disadvantages for the XLPE plumbing compared with traditional plumbing
schemes are as follows:

(i) Degrade when exposed more to sunlight,

(i) Insects attack is found in XLPE pipes,

(iii) Fewer options for XLPE adhesives make pipe installation a task,

(iv)  Odor and taste of chemical were found in some cases but no reports regarding
public health issues.
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(b) Radiant heating: For radiant floor heating, XLPE tubing replaces the tradi-
tional heating option of residential housings. The ease of insulation, regula-
tion of heat, a wide range of temperature resistance and low cost and less
maintenance made XLPE very popular.

(c) Mining: The ability to resist extreme pressure and temperature makes it
popular in the mining industry. The ease of insulation is also another important
reason for the popularity.

The aging strength of XLPE pipes can increase by the modification of dimension

[8].

5.3 In the Medical Field

XLPE is used as artificial joints mainly in hip replacement and knee replacement
because the wear resistance is high. XLPE component is firstly used in 1998 for total
hip anthropology (THA) [9]. However, two-third of XLPE is used only from 2003,
mostly in the USA. The vivo wear rate is considerably less for XLPE; hence, it is
perfect for THA [10]. Knee joints made of crosslinked LDPE are not used due to
less desired mechanical strength [11]; hence, crosslink UHMWPE with y-radiation
is used [12]. To sterilize, UHMWPE has to pass y-radiation that leads to crosslink.
Manning et al.’s studies confirm that XLPE increases wear resistance compared
with all other polymers, and due to biological activity, it undergoes wear debris.
Also, XLPE doped with antioxidant like vitamin E are also used for THA [13-15].
XLPE coated with poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) is a
photo-induced grafted polymerization mimics articular cartilage [16, 17].

5.4 Other Applications

Inaddition to the above described applications, XLPE also used in, has also noticed
the application in:

Automobile industries: automotive ducts, headliner, dashboard padding, etc.,
Sports goods, playground padding and protective packing,

Dental applications: composite filling material for dental restoration,
Making of watercraft products like canoes, kayaks,

Chemical industry for chemical storage tank.

The demerits of the XLPE materials and its products are surmounted by its
nanocomposites and blends [7] (see in volume 2).
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Fig. 3 Pie-diagram
representing the global
XLPE market—field of
application

6 The Commercial Significance of XLPE

The global market of XLPE if segmented according to its application cable and tubes
for infrastructure is very large, next is for the automobile industry and third for the
medical field, and a minor part is shared with other applications. A diagrammatic
explanation for the global XLPE market according to the field of application is
depicted in Fig. 3.

The need for XLPE is rising day to day and expecting the XLPE market to an
increase of more than 6% in 2024 (https://www.marketsandmarkets.com). Hence,
the commercial significance of XLPE is increasing exponentially.

7 Limitations and New Challenges of XLPE and Its
Products

As discussed in the above section, XLPE has numerous applications out of which
three are main applications: medical implants, cable insulations and pipes. The
UHMWPE is crosslinked by radiation techniques, which are used as medical
implants. The advantage of crosslinked UHMWPE is that the crosslinking improves
the wear resistance but a high crosslinking may be possible which will reduce the
mechanical strength. This high crosslinking is due to the presence of micro-voids or
cracks and an increased amount of free radical than needed. The origin of the defects
must be monitored throughout the process and hence reduced the high crosslinking
rate. Both LDPE and HDPE are crosslinked through all methods, whose crosslinked
products are mainly used in pipes and cables. Crosslinks in PE for the pipe mate-
rials cause high resistance in corrosion, low heat and electrical conductor, flexible
and light weighted and hence easy to assemble. The slow crack growth (SCG) due
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to the material defects or the presence of solid particles like the residual catalyst
can be avoided by installing bimodal PE [18]. Like pipes, cable materials are also
bad conductors of heat and electricity with high dielectric strength, but due to the
presence of micro-cavities, gas particles and some conducting particles lead to water
treeing. This water treeing will not lead to dielectric failure, but in some condi-
tions, this will direct to electrical treeing [19]. The addition of hydrophilic clusters
can avoid water treeing, but improper addition will decrease the dielectric strength.
Hence, methods have to construct to decrease the water treeing without affecting the
dielectric strength.

In addition, the increase of infrastructure and the advancements taken around the
world increases the need for XLPE, so better advancements lead to more challenges
to the XLPE products too—for the cable industry, the increase in the need for high
power, defects like the space charge accumulation which leads to breakdown and
distortion of an electric field with in the material. This space charge accumulation
direct to aging and ultimately to breakdown [6, 20-22]. When an additive or fillers are
added to the polymer matrix, which enhances the chemical properties and physical
properties like mechanical, thermal, electrical, etc., restrict the breakdown. For this
reason, in XLPE-based nanoparticles, nanoparticles in the polymer matrix trapped
the charge and as a result reductions in the space charge accumulation. The resistance
of moisture and the aggressive chemical is very challenging for both XLPE cable
and pipes. Self-healing properties are introduced for cables and pipes because of the
difficulty in detecting and repairing the damage [23].

Atomic-level understanding of XLPE leads to a better knowledge of chemical
reactivity. Computational quantum mechanical studies are a good tool for such
atomic- or molecular-level understanding [24, 25]. However, there are a handful of
such studies in XLPE shadowing the better understanding at atomic-level of XLPE
matrix [26-29]. Another challenge for XLPE and its products is the disposal of waste
and recycling. Due to crosslinking, the recycling of XLPE is difficult, and this leads
to environmental pollution. Lee et al., Hong et al. and Goto et al. studied on the
recyclability of XLPE [30-33]. They point out some supercritical solvents that are
capable of decross-linking, but more and more researches have to be done in this
field. Various recycling techniques are discussed in the coming chapters.

8 Conclusion and Outlook

XLPE rules the major share of the plastic market due to its excellent desirable proper-
ties. All crosslinking methods have advantages and disadvantages, and XLPE mate-
rial obtained through one method may be excellent for one application and may
not good for another. Hence, it is important to choose the most appropriate method
for specific needs with quality standards. XLPE as insulation material in the cable
industry is one of the key applications of XLPE. However, the defects lead to water
treeing and finally to electrical breakdown. Thus, to improve the efficiency of insula-
tions, a new material is fabricated by the incorporation of nanocomposites or blends
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in XLPE matrix. Advance research in XLPE is important, especially studies about
the influence of crosslinking mechanical and thermal properties to obtain a potential
XLPE material with high performances. Besides, the crosslink leads to limiting in
recyclability that will adversely affect the environment. Researches have to focus
not only on improving the efficiency of the material but concentrate to attain zero
production wastes too. Fewer hazards, zero waste more efficient crosslinking method
to obtain XLPE material with supreme properties for potential applications and effi-
cient methods for its recyclability can make XLPE an ecofriendly product in the
future.
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Chapter 2 ®)
Historical and Theoretical Background oo

of XLPE

Minu Elizabeth Thomas, Rajamani Vidya, Jince Thomas,
and Zakiah Ahmad

1 Introduction

Crosslinked polyethylene (XLPE) is widely used as insulation for power cables,
replace the paper insulated cables and contemporary thermoplastic insulated cables
at the time when XLPE’s invention in 1960. Due to many outstanding characteristics,
mainly it can employ as an insulator in higher operation temperature makes XLPE
more preferred in the insulation industry. XLPE also has many other applications
rather than insulation. The first part of this chapter narrates the story of XLPE and
its pathway to many applications, especially in insulation cables. However, to get a
clear picture of XLPE olden times a detailed description of the account of insulation
cables and the urgency of XLPE like material to the insulation industry must be
strongly illustrated. Besides, a portrait of insulation until the time of XLPE invention
is given because XLPE is first introduced as an insulator.
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2 XLPE as Insulation: Behind the History

2.1 Before the Introduction of XLPE

Itis believed thatin Russia 1812 the first power cable is used. After the invention of the
telegraph by Samuel Morse in 1837 and over 125 years ago, Thomas A Edison made
anunderground cable to connect his two famous invention generator and incandescent
lamp. He named this as ‘street pipes’ [US Patent No. 251,552 dated December 27,
1881] [1]. This operated at DC 110 V. The structure of these pipes was consisting of
copper bars wrapped with jute that are inserted into an iron tube, which is filled with
(i.e., the gap between the wall of iron pipe and jute-wrapped copper rod), wax-like
compound or bituminous.

In 1880s natural latex ‘gutta-percha’ was directly used as an insulator. In 1882,
Edison used a rubber-insulated cables in New York City. Ferranti constructs a concen-
tric cable model so that the structure of cables was appreciable and convenient. By the
end of 1890 impregnated paper insulation was used to cables with high voltages up
to 10 kV. Natural rubber as an insulation material is globally accepted only in 1900.
After that armored cables with flexible sheathing and two cloth-covered, rubber insu-
lation is practiced [2]. At Germany in 1903, Poly Vinyl Chloride (PVC) was invented
but only after 30 years it is implemented as an insulator. By the end of the Second
World War synthetic rubber [ 1933, IG Farben of Germany] and polyethene (PE) were
invented, but it takes much time to use as an insulator. In 1955 ethylene-propylene
rubber (EPR) was developed and 1962 EPR insulation cables were commercially
available. Before the accessibility of PE as insulator PVC was a well-accepted insu-
lator. Due to low cost, excellent electrical properties good chemical resistance and
temperature flexibility at low temperature make it as a ruled material throughout.
However, its maximum operating temperature was 75 °C hence materials with high
operating temperature and with chemical and electrical properties like PE want to
invent. Crosslinked polyethylene (XLPE) was solved the problems faced by PE to
some extent.

2.2 After the Invention of XLPE

In March 1963 in the GE Research Laboratory, located in Niskayuna, New York,
Al Gilbert and Frank Precopio [3] invented XLPE, which is composed of low-
density PE with dicumyl peroxide, a crosslinking agent. Long-chain PE ‘cross-link’
during the vulcanization process and get material with similar electrical character
of thermoplastic PE but with improved mechanical properties at high temperature.
Its paramount dielectric property and thermal stability making XLPE an excellent
electrical insulator.

Only after 1968 XLPE has used for multi-volt (MV) cables with unjacketed and
tape shielded. Cable manufactures are expected that XLPE insulation cable will
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perform reliably for 20 or 30 years [4]. However, history has shown that the service
life of such cables was far shorter than expected. But, the beginning of 1972 scientists
and engineers identified defects in XLPE cables which leads to water treeing. Till
then they were not aware that moisture, voltage stress, omitting jackets and imper-
fections within the cable structure accelerate the corrosion of cables which leads to
water trees. These defects degraded the cable performance and XLPE cables fail to
perform its best only till 10-15 years in service. The consequences of this lack of
understanding were profound. It has been estimated that for every dollar that utilities
spent installing the cable, they had to spend at least 10$ to replace it. Engineers
and scientists discovered that voids and contamination in the insulation, combined
with ionic contamination in the semiconducting shields, as well as other design and
manufacturing deficiencies, led to voltage stress concentrations within the cables.
These increased voltage stresses, united with moisture way into the cable structure
produced water trees. Today there are XLPE insulations that can be designed to
inhibit the growth of water trees, allowing for even greater reliability for distribution
class cables. Manufacture of such XLPE cables with water tree resisting and other
improved qualities by adding nanoparticles and make XLPE-nanocomposites [5].
This chapter discusses only the pure XLPE and its properties which sets out to provide
the foundations for this by identifying the critical developments and understanding.
The developments in XLPE-nanocomposites are discussed in volume 2.

3 XLPE as Plumbing Pipes: Behind the History

In the midst of the twentieth century, the plumbing pipes were made of galvanized
steel but rusting cause reduction rate in the volume of water flow. For this reason,
copper tubes replace the galvanized steel. But some defects occur in copper tubes
like leakages make them inferior. Later in 1970s plastic pipes, especially PVC pipes
fitted with glue, were introduced but by the introduction of hydronic radiant heating
the system, which circulates water from heater/boiler to household purposes. For
this process of circulating of hot water XLLPE pipes is chosen as a suitable material.
Gradually XLPE became more popular not only for transporting hot water they
used in all indoor plumbing purposes. In the 2000s copper pipes and PVC pipes are
replaced with XLPE pipes. Now XLPE pipes used even for underground purposes.
The aging strength of these pipes is increased by the tuning it dimension and thickness

[6].

4 XLPE as Biomedical Equipment: Behind the History

The application of XLPE is mainly seen in the total hip arthroplasty (THA) [7]. The
history of arthroplasty begins with the invention of metal on metal (MoM) bearings
in 1965 [8] but it was declined by the medical field. When John Charnley in 1970
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introduced a THA based on Metal on Polyethylene (MoP), whose long-term survival
makes it well appreciable to use in younger and more active patients. A French
surgeon, Pierre Boutin in 1970 [9], points out ‘polyethylene disease’ in MoP make
an entry to Ceramic on Ceramic (CoC) hip implants and Ceramic on Polyethylene
(CoP), these products are still in use.

Introduction of stainless steel [10] and alloys like cobalt—chromium alloys (Co—
Cr), titanium alloys (Ti) [11] more used in stem and acetabular cementless in THA.
These materials were used due to the high mechanical strength, low density, corro-
sion resistance, biocompatibility with bone, etc. But Ti alloys were not used for
the manufacture of femoral heads due to poor wear resistance. Hence more surface
modifications in alloys were considered to get rid of these difficulties. In 1962,
when the introduction of ultrahigh molecular weight polyethylene (UHMWPE) in
the Charnley hip prosthesis obtained a low friction material for arthroplasty [12].
But the main challenge is the wear debris mediated osteolysis and also the formation
of crosslinks and free radicals when sterilized with y-radiation [13]. However, in
XLPE, the crosslinks can also accomplished by y-radiation, which will increase the
wear resistance for artificial joints. The in-vivo studies conducted by Manning et al.
and Martell et al. show the wear rate reduction is very high compared with other
materials. Biological activity of wear debris and osteolysis are also reduced by the
use of XLPE [14-20].

The problem regarding the oxidation of free radical with y-radiation makes an
inferior trend in XLPE materials. These defects are replaced by doping with an
antioxidant like Vitamin E [20-23] or by surface-treatment introduced by Kyomoto
etal., aphoto-induced grafted polymer which mimics articular cartilage used millions
of people now [24, 25].

’When we travel along with the history of XLPE, it can be noted that a long time
interval is taken for the development of XLPE to its best outcome in the applications.
To reduce the time consumption an alternate in-silico studies can be applied in the
field of XLPE. Even though the experimental studies are rapidly growing around
the world, a structure studies of XLPE are very less, i.e., the theoretical studies.
To discuss the theoretical studies in XLPE one must know the theories behind the
computational studies.

5 Classical and Quantum Mechanics Theories
for Computational Studies

Theoretical chemistry is an emerging field, which has a lot of applications in studying
the reactions with more efficiency. There is a close relationship between traditional
theoretical chemistry and modern computational chemistry. It is really helpful to
solve the problems via computerized calculations. But a newcomer will have to face
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Quantum
‘mechanics

Fig. 1 Schematic representation of theoretical toolkit

some difficulties in this field, as he/she is not aware of the codes used for the programs,
software and hardware used, the authenticity of the outputs, etc. Computer programs
will make the user easier to handle a problem. For that, computational chemistry has
its theoretical methods or techniques. In the following section, we will discuss briefly
it. Figure 1 shows a schematic representation of the theoretical chemistry tools used
for computations.

As from the above diagram, we can say that the theoretical chemistry has three
major components known as classical mechanics, quantum mechanics and statistical
mechanics. Classical mechanics deals with the mathematical study of the motion
of objects in our everyday life and the corresponding forces. It is otherwise known
as Newtonian mechanics. It has two disciplines: molecular mechanics (MM) and
molecular dynamics (MD). Even though classical mechanics has its applications, it
fails to explain several other factors such as black body radiation, wave-like nature
of microscopic particles and also it is found to be inconsistent with Maxwell’s
electrodynamics. This leads to the birth of quantum mechanics.

Nowadays, we focus more on quantum mechanical aspects. It is a branch of science
dealing with the wave-like nature of atomic and subatomic systems and its energy.
With the help of modern computational techniques along with quantum mechanics,
several studies can be conducted on micro to even large macromolecular systems.
Most important methods of quantum mechanics include the semiempirical method,
Hartree—Fock theory (HF) and Density Functional Theory (DFT). More theoretical
studies on polymers were reported are based on these theories. There are not many
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studies reported yet for pure crosslinked XLPE based on classical mechanics and
statistical mechanics.

The theoretical investigation of pure XLPE is mostly dealing with quantum
mechanical studies. It does not replace experiments, but give a proper idea about
how the reaction works. This chapter provides an insight toward interpreting the
nature of XLPE, its properties and reactions in a computational way. This section
begins with a brief explanation of the fundamental aspects of quantum mechanics
necessary to describe molecules.

5.1 Schrodinger Wave Equation

The Schrodinger wave equation [26-29] is a mathematical equation, that describes
the changes over time of a physical system in which quantum effects, such as wave-
particle duality, are significant. The equation is mainly used for studying quantum
mechanical systems. The time-dependent Schrodinger wave equation can be written
as:

ih%[\ll(r, H] =AY, 1)

where ‘i’ imaginary unit, ‘h’ reduced Planck’s constant (h = %), ‘r’ and ‘¢’ are posi-
tion and time vector, respectively, and ‘H’ is Hamiltonian operator, which represents

the total energy.
Hence, the time-independent Schrodinger wave equation can be written as:

AV = EV

where
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‘E” is the numerical value of total energy and ‘W’ wave function.
Quantum chemistry requires the solution of the time-independent Schrédinger

wave equation. But it cannot solve exactly. So, several approximations were used to
perform mathematical calculations.

Approximations to the Schrodinger wave equation
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5.2 Born-Oppenheimer Approximation

To solve the Schrodinger wave equation, certain approximations must be applied.
The widely used approximation is the Born—-Oppenheimer approximation. The total
molecular wave function ¥ (R, r) depends on both the positions of all of the nuclei
and the positions of all of the electrons. Since electrons are much lighter than nuclei
and therefore move much more rapidly, electrons can essentially instantaneously
respond to any changes in the relative positions of the nuclei. This allows for the
separation of the nuclear variables from the electron variables,

V(R Ry, ....... RN, FLT2y e Fa) = @(R1, Ryy oo, ROV (rira, .. )

This separation of the total wave function into an electronic wave function W ()
and a nuclear wave function ¢ (R) means that the positions of the nuclei can be fixed
and then one only has to solve the Schrodinger equation for the electronic part. This
is Born-Oppenheimer approximation.

5.3 Hartree—Fock Method

The Hartree—Fock calculation is a simple ab-initio calculation. There was a problem
with Hartree’s Self-Consistent Field method. It arises from the fact that, for any atom
with more than one electron, an exact solution for the Schrédinger equation is not
possible due to electron—electron repulsion. So HF theory was developed to solve the
electronic wave equation which results from the time-independent Schrodinger wave
equation after involving the Born—-Oppenheimer approximation. The approximate
energy in Hartree-Fock method is calculated using the equation:

| [yrwde
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Hartree’s method is used to write an approximate poly-electronic wave function
for an atom as the product of one-electron wave function.

Yo = Wo(H)Wo(2)Wo(3) ... Wo(n)

This function is called a Hartree Product. But the Hartree method did not respect
the principle of antisymmetry of the wave function. Later, V. Fock overcome these
limitations by modifying Hartree’s method by describing the many-electron wave
function as an anti-symmetrized product of one-electron wave functions. For that, he
used Slater orbitals or Slater determinants. Fock suggested the Hartree—Fock wave
function using the Slater determinant as:
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which is anti-symmetric and satisfies Pauli exclusion principle. The columns repre-
sent single-electron wave function and the rows represent electron coordinates.
Again, an effective potential is employed, and an iterative scheme provides the
solution to the Hartree—Fock equations.

The solution of this Hartree—Fock model (®;) is known as molecular orbitals
(MO), which represents the entire molecule just like the atomic orbitals (AO) repre-
sents an atom. Since we consider the atomic properties within the molecule, it is
sensible to construct molecular orbitals as an expansion of atomic orbitals,

k
(Di = Z Ci,uXp.
©n

where the index ‘.’ represents all the ‘k” AOs ‘x’ of every atom in the molecule and
‘Cy,’ is the expansion coefficient of AO ‘x,,’ in the MO ‘®;’. This is defined as the
linear combination of atomic orbitals (LCAQO).

5.4 Hartree—Fock-Roothaan Method

The Hartree—Fock methods are not enough for the calculation of molecular orbitals,
because they do not prescribe a mathematically favorable method for getting the
initial guess for the MO wave function “¥/;”, which is necessary to initiate the iterative
procedure and the wave functions may be complicated so that it is not useful for the
understanding the electron distribution qualitatively. Roothaan and Hall pointed out
that these problems can be solved by taking MO as a linear combination of basis
functions. It can be represented as:

l[fi = Z Csi(px
s=1

wherei=1,2,3, ....... , m (m MOs), ‘C’ is the coefficient of MOs, ‘¢’ represents
the basis function.

Roothaan developed a procedure to obtain the self-consistent field solutions by
taking the LCAO approximation for the MOs and combining it with the HF method.
Roothaan equations are applied to closed-shell molecules or atoms where all molec-
ular orbitals or atomic orbitals are doubly occupied, i.e., one electron is spin up and
the other is spin down. These types of the wavefunction are known as a restricted
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wavefunction because the paired electrons are restricted to the same spatial orbital
which leads to the restricted Hartree—-Fock (RHF) method. The open-shell case is
a simple extension of these ideas. When the restriction is applied to the open-shell
case, then it is known as restricted open-shell HF (ROHF). The matrix form of
Hartree—Fock-Roothaan equation can be represented as:

FC = SC¢

where S’ is the overlap matrix, ‘C’ is the coefficient matrix and ‘e’ is the energy
matrix and ‘F’ is the Fock matrix. This equation is similar to the matrix form of the
secular equation along with Hiickel’s MO formation. Here, the Fock matrix replaces
the Hiickel matrix.

Roothaan-Hall equations can also be applied to unrestricted wavefunctions. Butin
this case, the spin up and spin down electrons do not have the same spatial description.
To handle this case, the Hartree—-Fock-Roothaan procedure is slightly modified by
forming different sets of the equation for both ‘«’ and ‘B’ electrons. The unrestricted
Hartree—Fock (UHF) wavefunction is contaminated with higher spin states. It can be
removed by using the spin projection procedure. Since the geometry optimization
is quite difficult with this spin projection, great care must be needed when utilizing
this unrestricted wavefunction.

5.5 Self-consistent Field Method

The self-consistent field method is an iterative method that involves selecting an
approximate Hamiltonian, solving the Schrédinger equation to obtain a more accurate
set of orbitals, and then solving the Schrédinger equation again with these until the
results converge. The self-consistent field iterative procedure can be schematically
represented in Fig. 2.

5.6 The Variation Principle

The variational principle is based on the variation theorem. It states that any wave-
function constructed as a linear combination of orthonormal functions, then its energy
must be greater than or equal to the lowest energy, Ey, of the system. It can be depicted
as:
(o]#]o)
——— = E
(@[P)

if
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Fig. 2 Schematic representation of the self-consistent field iterative procedure

>=Y ci¢;

The infinite set of functions ‘¢;” will produce the lowest energy for the particular
Hamiltonian. But it is impossible to expand wavefunction using an infinite set of
functions. The variational principle can be applied to predict the quality of various
expansion; thus, it can save time. Variation principle, however, not an approximation
method for solving the Schrodinger wave equation, somewhat, it provides a way to
predict the effect of various approximation methods.

5.7 Semiempirical Method

The semiempirical method is a quantum chemical method based on the Schrédinger
wave equation. To treat large molecules incomparably less cost, semiempirical
methods can be used. Generally, it follows the HF method but it adopts many approx-
imations as needed and depends on empirical data. While using this HF method,
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some pieces of information have to be approximated or ignored. To overcome this
loss, semiempirical methods are parametrized in such a way that the results can
be produced which are in good agreement with the experimental data. Semiem-
pirical methods often follow empirical methods known as the Hiickel method (for
7 electrons) and extended Hiickel method (for valence electrons). They are much
faster than corresponding ab-initio calculations due to their zero differential overlap
approximation.

Semiempirical calculations can be used to treat organic molecules as well as solids
or nanostructures but, in each case, parametrization varies. To treat molecules in
different categories (such as for w electrons and valence electron systems), different
semiempirical methods can be applied. Pariser-Parr-Pople method (PPP), the first
semiempirical method restricted to m electrons, can be used to perform the computa-
tions of electronically excited states of polyenes. It can provide the best results when
parametrized well. The PPP method can also be used to calculate the ultra-violet
(UV) spectra of conjugated compounds, especially dyes. Nowadays the PPP method
has not much interest since it is limited to only 7 electrons and the development of
Neglect of Differential Overlap (NDO) methods. They include Complete Neglect of
Differential overlap (CNDO) method, Intermediate Neglect of Differential Overlap
(INDO) method and Neglect of Diatomic Differential Overlap (NDDO) method.
CNDO is the first self-consistent field (SCF) semiempirical method which treats
molecules just beyond m electrons. It was a general geometry method which uses
a minimal valence basis set of Slater-type orbitals, i.e., using just the valence elec-
trons and the atomic orbitals of each atom. There are two variations, CNDO/1 and
CNDO/2. INDO is also an SCF semiempirical method, which is just an extension of
the CNDO method. It made use of zero differential overlap for the two-electron inte-
grals but not for the integrals on the same atom. It is more accurate than the CNDO
method and is used mostly for evaluating UV spectra. NDDO is another semiem-
pirical method goes beyond INDO. It is the basis of currently popular successful
semiempirical methods. It also uses zero differential overlap approximation. In this
method, the overlap matrix S is replaced by unity.

5.8 Density Functional Theory

Generally, ab-initio methods and semiempirical methods are based on the
Schrodinger wave equation. But Density Functional Theory (DFT) which is a
quantum mechanical method is not based on the wave function. It is based on electron
probability density function or electron density function commonly called the charge
density and is designated as p(x, y, z). Unlike wave functions, it is measurable.

DFT is based on two Hohenberg—Kohn theorems, which state that the ground-state
properties of an atom or molecule are determined by its electron density function
and that a trial electron density must give energy greater than or equal to true energy.
The Hohenberg—Kohn existence theorem proves that there exists a unique functional
such that:
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E[;O(r)] = Eelec

where Eg. is the ground-state energy. They also demonstrated that the electron
density obeys the variational theorem. It means that the energy of the specific electron
density will be greater than or equal to the exact energy. Here, the calculations
of energy might be easier than that by ab-initio methods because of the variable
dependence. Unlike HF and other post HF correlation methods, DFT provides an
exact theory with an approximate solution. The general DFT energy expression can
be written as:

Eperlp]l = Ts[p]l + Ene [p] + J[p] + Exc [p]

E energy,
T kinetic energy of electrons,

E.. nuclear-electron attraction energy,

J electron—electron repulsion energy,

E. electron—electron exchange—correlation energy.

By equating Eppr to the exact energy, this expression defines Ej, i.e., it is the
part that remains after subtraction of the non-interacting kinetic energy, and the E .
and J potential energy terms.

Eyc[p]l = (T[p] = Tslp]) + (Eeelp] — J1pD)

The first parenthesis may be considered as the kinetic correlation energy, while
the last contains both potential correlation and exchange energy.

DFT can be classified in different ways based on the functional employed.

The commonly used functional are:

1. Local Density Approximation (LDA)—in LDA it is assumed that density locally
can be treated as a uniform electron gas or density is a slowly varying function.
In general, if o and B densities are not equal, LDA has been replaced by LSDA,
Local Spin Density Approximation and it depends only on the up-spin and
down-spin electron density.

2. Generalized Gradient Approximation (GGA)—in this method, the first deriva-
tive of the density is included as a variable. GGA methods are also sometimes
referred to as non-local methods, although this is somewhat misleading since
the functionals only depend on the density (and derivative) at a given point, not
on a space volume as the Hartree—Fock exchange energy. It also depends on the
magnitude of the gradient of the density.

3. Meta GGA—this functional includes the second derivative of the electron
density (the laplacian). This is a natural development after GGA, that includes
only the density and its first derivative in the exchange—correlation potential. It
depends on kinetic energy density.
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4. Hybrid GGA—these functions are a class of approximations to the exchange—
correlation energy functional in DFT. It combines GGA with Hartree—Fock
exchange and replaces the Kohn—Sham operators with hybrid Fock-Kohn—Sham
operators. One of the most commonly used versions is B3LYP, which stands for
Becke, 3-parameter, Lee—Yang—Parr.

5.9 Basis Set

To solve for the energy and wave function within the Hartree—Fock method, the
atomic orbitals must be specified. According to the variational principle, if the set
of atomic orbitals is infinite, then we obtain the lowest possible energy within the
HF-SCF method. This is Hartree—Fock limit, Eyg. This is not the actual energy. Since
an infinite set of atomic orbitals is impractical, a choice must be made. This choice
defines a basis set, i.e., a set of the mathematical description of orbitals of a system,
which is used for approximate theoretical calculation or modeling.

There are two types of basis function which are used for computational calculation:

(1)  Slater-type orbitals (STO),
(i) Gaussian type orbitals (GTO).

Mathematical functions which resemble the atomic orbitals of the hydrogen atom
are known as Slater-type orbitals (STOs). Its mathematical form can be set as:

x = Nxiylzkes0=R)

where ‘N’ is the normalization constant and ‘R’ is the position vector of the nucleus.
The value of ‘¢’ for each STOs are different and it can be found out by minimizing
the atomic energy concerning ¢. Since the STOs mimics only the solution of single-
electron atoms, it cannot be applied to non-hydrogenic systems. It can be possible
only by using infinite series, which is not practical.

Later Boys and Pople decided to use a combination of Gaussian function which
resembles the STOs. It can be represented as:
x = inyjzkefot(rfR)z

GTOs can be used to evaluate the integrals needed to generate the Fock matrix
elements. STOs have proper radial shape but GTOs are different and it is continuously
differentiable. So, more number of GTOs are needed to mimic STO, which increases
the computational calculation time. Nevertheless, the most commonly used basis
sets are comprised of GTOs. STOs are used in semiempirical methods and GTOs are
used in modern molecular ab-initio methods.

There are several different basis sets with variations which are commonly used

for computational calculations. The most popular and widely used basis sets are
developed by Pople and co-workers. Here we consider, STO-1G, STO-3G, 3-21G,
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6-31G, 6-31G* basis sets with variations obtained by adding polarization (*) and
diffuse (+) functions. STO-1G basis functions are generally used for illustrative
purposes but not for research calculations because of poor approximations.

For a particular quantum chemical calculation, the choice of the basis set depends
on several factors such as the number of basis functions needed, size of the molecule.
The basis set with the smallest number of basis functions per atomic orbital is known
as aminimum basis set. For example, the STO-3G basis set. For second-row elements,
it has 2 s-functions and py, py, p, functions, i.e., a total of five basis functions. This
type of basis sets is generally referred to as a single zeta basis set. As mentioned
above, the term zeta symbolizes that each basis function mimics a single STO. It is
easy to use and the main advantage is its speed compared to the higher ones.

Even though it is useful for time-saving, but gives only less accurate geometries
and energies. Another disadvantage is it does not consider the core electrons. As a
solution for this, the size of the basis set was doubled, thus created a double zeta (DZ)
basis set. For carbon, the DZ basis set has four s-functions and two p-functions, i.e.,
a total of ten functions. Further improvement leads to the development of the next
type, i.e., triple zeta (TZ) basis set which contains three times as many functions as
the minimum basis set.

Later, Pople developed the split valence basis set, by minimizing the energy of the
atom at the HF level for the contraction coefficients, which considers both core and
valence electrons. It has a single zeta basis function in the core and DZ in the valence
region. Itis a type of DZ in which only the number of valence orbitals is doubled. A DZ
split valence basis set for carbon consist of 3 s-functions and 2 p-functions constitute
a total of nine basis functions. Similarly, a TZ split valence basis set contains four
s-functions and three p-functions, a total of 13 basis functions and so on. The smallest
split valence basis setis 3-21G basis set. It is made up of a group of Gaussian functions
rather than a single one. The name itself specifies the scheme applied to develop this
basis set. The dash separates the core electrons from the valence electrons. Here,
each core basis function is comprised of three Gaussian functions and the valence
area is split into two, commonly known as ‘inner’ and ‘outer’ functions. In this case,
each inner basis function is composed of two Gaussians and the outer region is a
single Gaussian. For carbon, the core region is a single s-basis function made up of
three GTOs and its valence space has two s and two p basis functions. The inner basis
function composed of 2 GTOs and the outer basis functions each composed of single
Gaussian, i.e., one ‘s’ and one ‘p’ basis function belong to inner basis function and
the remaining belong to outer basis functions. Thus, the carbon 3-21G basis set has
nine basis functions made up of 15 Gaussian functions. The other basis set 6-31G
can also be explained similarly.

For molecules beyond Neon, the 3-21G basis set gives poor geometry optimiza-
tions and less accurate energies. To overcome this defect, the basis functions are
provided with d functions and are known as polarization functions. Polarization
functions allow the SCF procedure to develop a more anisotropic electron distri-
bution. The polarization function can be represented by using an asterisk, *. i.e.,
3-21G*, polarization only for molecules beyond neon. For hydrogen and helium, the
3-21G and 3-21G* are similar. This is for split valence basis set. In the case of higher
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geometries, obtaining good relative energies with 3-21G* basis set is challenging.
So, to obtain more accurate geometries another type of split valence basis set known
as 6-31G* is used. It is the most commonly used basis set with polarization functions.
It gives good geometries and relative energies and often much better than 3-21G*.
But it takes almost five times more time for computational calculations than 3-21G*.

For multiple zeta basis sets, the polarization function is represented by the addition
of polarization function using the +P symbol, i.e., DZ + P, which indicates the DZ
basis set with one set of polarization function. For convenience, the addition of
multiple sets of polarization can be indicated by using parenthesis. For example,
6-311G(2df, 2p), which indicates that there are two sets of d-functions and a set of
functions are added to the non-hydrogen part and two sets of p- functions are added
to the hydrogen atoms.

In case of molecules with anions or adjacent lone pairs, the basis set must be
enlarged with diffuse functions so that the electron density can be expanded to a
larger volume. For a split valence basis set, it can be represented by using + symbol
as 6-31 4+ G(d), i.e., a full set of additional functions same as present in valence
space are added.

6 Molecular Properties

From the solution of the Schrédinger equation not only we can obtain the wave
function and its energy for a given geometry but also many other molecular properties.
Mostly molecular property mainly based on the perturbation on wave function or
energy using an operator rather than the Hamiltonian. These perturbations are mainly
by external electrical field (F), external or internal magnetic field (B), change in
nuclear geometry (R) and nuclear spin (I). The molecular properties analyzed here are
optimization for the geometry and its harmonic vibrational frequency (IR frequency).
The optimization of geometry means finding a minimum energy structure of given
geometry. The optimization is the second derivative of the wave function for the
position of nuclei. Molecular frequencies depend on the second derivative of energy
concerning the position of nuclei.

This chapter discussed only on pure XLPE so the discussion of theories limited
to molecular mechanics and quantum mechanics. The hybrid and multi-scale studies
are mainly incorporate on XLPE-nanocomposites. Hence, the discussion about those
theories is discussed in volume 2 of this book series. By keeping the knowledge of
theories and software, we can now discuss the computational studies of XLPE. The
reports show the studies mainly on the structural studies of XLPE and reaction of
crosslinking of PE to XLPE.
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7 Software Used for Computational Calculations

There is a wide range of software packages available to do the above-mentioned
computational analysis. The choice of software is always important. Every software
packages are different and have unique features. Generally, they vary in cost, func-
tions, efficiency, easy to use features, automation and robustness. Analyzing these
features can be used to select the most compatible software package for computa-
tional programs. Proper selection of software will be helpful to save time and money.
There are different packages available to perform computational calculations using
various tools. A brief discussion on the software packages are included below.

7.1 Integrated Packages

These include software packages which can perform computational calculations
using various computational techniques. They are Alchemy, Chem3D, ChemSketch,
HyperChem, NWChem, SPARTAN, UniChem, etc.

Alchemy 2000 is a graphic interface software program package, which is used for
running both molecular mechanics and semiempirical calculations and is done by
using built-in Tripos force field. It has several features such as creating 3D geometry
and it can convert 2D input into 3D one. It can be used to build proteins and data
of organic functional groups are available. Its output data can be printed or exported
to a spreadsheet and it allows user to create a database of structures. Alchemy is
designed by Tripos and sold by SciVision.

Chem3D is another software package for molecular modeling used in PC and
Macintosh versions. It acts as a graphic interface for MOPAC and Gaussian and
also performs computations using MM2 and extended Hiickel methods. It has both
graphic and text-based geometry building modes.

ChemSketch is a 2D structure drawing software designed for organic molecules.
Similar to the above, this is also a graphic interface program package. It is found that
the ChemSketch is convenient to use.

HyperChem is also an integrated graphic interface program which can be used for
computational calculation as well as a visualization tool. It can be used for performing
ab-initio, molecular mechanics and semiempirical programs.

NWChem is another software used in Linux systems. It is useful for computing
ab-initio, band-structure, molecular mechanics and molecular dynamics programs.
Input can be given in either geometric form or Z-matrix or cartesian coordinates.

SPARTAN is a well-known program which can be used to perform ab-initio,
DFT, semiempirical and molecular mechanics integrated with a graphic interface.
The attractive features of this software include its ease of use and robustness.

UniChem is another software package including graphic interface which is used
for performing computations on remote machines.
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7.2 Ab-Initio and DFT Software

This section discusses some of the software packages primarily used for performing
ab-initio or DFT calculations. They include Amsterdam density functional (ADF),
Crystal, GAMESS, Gaussian, Jaguar, Molpro, Q-Chem, etc.

ADF is a DFT program package which can perform relativistic DFT calculations
and it can also include STO basis sets. Crystal is a program used to perform ab-initio
and band-structure calculations. LoptCG script is available to perform optimizations.
Bot HF and DFT calculations can also be performed.

GAMESS stands for general atomic and molecular electronic structure system,
which is used to perform ab-initio and semiempirical calculations. It is free, high-
quality software.

Another software for performing ab-initio calculations is Gaussian. It includes
a few molecular mechanics and semiempirical methods. Input can be given in both
Z-matrix or cartesian coordinates. It is user-friendly software.

Jaguar is another software designed for performing ab-initio calculations and the
speciality is it can run computations on larger molecules efficiently. Molpro is also a
software for ab-initio calculations which is specially designed to run complex calcu-
lations. Similarly, Q-chem is also designed to perform mainly ab-initio calculations
on large molecules and is much faster compared to others.

7.3 Graphics Packages

This section includes the software packages used to building input files or viewing
results. Some of them are GaussView, Molden and WebLab Viewer.

GaussView is a graphic interface program which can be used with the Gaussian
program package. It can be used to view and construct molecules, run input files
and display results. Molden is another program which is used to display molecular
structure. It can also read from a molecular file format. WebLab Viewer is a molecular
graphics program. It is capable of describing molecular structures with surfaces and
labels.

8 Computational Studies in XLPE

The theoretical investigation in XLPE is carried out in two categories first regarding
the study of the inhibition of electrical treeing, electric breakdown strength, etc. using
aromatic/aliphatic molecules. The second investigations focus on the involvement of
certain molecules in the UV radiation of PE during crosslinking to form XLPE.
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8.1 Studies on the Mechanism Behind Electrical Treeing
and Electrical Breakdown

One of the major failures of XLPE-cable manufacture is the efficiency breakdown
due to the electrical treeing in the XLPE insulation materials. The researcher was
working hard in both wet and dry lab to find the reason for treeing and factors to
get rid of such failures, hence improve the electrical breakdown strength. Electrical
treeing is a significant problem of XLPE cables whose mechanism was theoreti-
cally investigated by Zhang et al. through keto-enol tautomerism. Zhang et al. [30]
investigated the inhibition initiation and propagation of polyethylene through keto-
enol tautomerism of acetophenone. They use B3LYP/6-31G(d,p) level of theory for
the optimization of structures in Gaussian 09 program package. They conducted
the geometrical optimization of possible transition states of acetophenone and its
analogues and confirm all structures are transition states by conducting the frequency
analysis with an imaginary frequency.

According to the analysis, all transition states energy barriers are high, which need
some more energy to overcome the energy barrier of keto-enol tautomerism but it is
noted that alkyl group linked with para and meta substituted acetophenone with can
only decrease the energy barrier of keto-enol tautomerism to some extent. Also, the
presence of electron-withdrawing groups like—NH?2,-OH, -OR, etc. in para or meta
position can also reduce the energy barrier. From the analysis of the energy barrier
of keto-enol tautomerism of all 42 transition states is less than that of the breaking
of the C—C bond of the XLPE.

The outcome of these studies proves that the energy barriers of keto-enol
tautomerism of acetophenone and its analogues are lesser than the C—C bond energy
of PE. The acetophenone and its analogues poisoned in XLPE can recover the strength
of AC penetrate that PE can tolerate as well as inhibit electrical tree from initiation
and propagation. Hence, in XLPE the electrical treeing is inhibition of electrical
treeing is strong due to the presence of acetophenone by crosslinking. These results
prove the statement of Yamono et al. [31] in 2009 that the addition of aromatic
hydrocarbons can inhibit the electrical treeing in XLPE. Zhang et al. concluded by
giving a micro-mechanism of keto-enol tautomerism of acetone and stated that the
acetophenone either as dopped in acetophenone/XLPE composites or as linked with
XLPE chain can inhibit the electrical treeing.

Another study conducted a theoretical study by Zhang et al. [32] on the mechanism
of electrical breakdown strength increment using acetophenone and its analogues.
Here also the optimizations and analysis steps are same as that of the above studies
and some of the transition states are also similar. According to their analysis, on
singlet state (S,) energy barrier is higher than compared with the triplet state (T)).
The energy barrier for the forward and backward reaction is the same for T; state.
Hence, a decrease in the decrease in the electrical treeing can lead to the improved
alternate breakdown strength of XLPE.

In 2014 Zhang et al. [33] studied the mechanism behind the electrical breakdown
strength by the addition of voltage stabilizers. They studied more than 15 voltage
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stabilizer molecules. The optimization of molecules is considered the isomerization
reactions both in Sy and T state. From the frontier orbital analysis, they obtain the
highest occupied MO-lowest occupied MO gap (HOMO-LUMO gap, E,), electron
affinities (EA) and ionization potentials (IP) of the molecules are calculated. The
analysis of the electron-accepting ability of molecules has a high ability to trap the
‘hot-electron’ and dissipate through isomerization reaction. The energy barrier of
isomerization reactions is less than C—C bond breakdown in XLPE. These voltage
stabilizers can prevent the hot electrons bombarding to C—C bond of XLPE.4,4’-
didodecyloxybenzil has less E, and excellent compatibility with the PE matrix leads
to the electrical breakdown strength effectively, which has good agreement with
experimental findings.

8.2 Studies on the Mechanism of the UV Radiation
Crosslinking Process

Crosslinking using peroxides is a traditional way for crosslinking PE. UV radiation
is a perfect candidate for the crosslinking of PE to form XLPE. Experimental inves-
tigation reveals that it is not the efficiency of the UV radiation but the presence of
photoinitiator and crosslinker leads to an increase in the rate of crosslinking. Hence, a
theoretical study gives an effortless investigation for choosing efficient photoinitiator
and crosslinker.

Zhang et al. [34] conducted an atomic and molecular level systematic theoretical
study on the benzophenone-initiated reaction mechanisms in the PE -UV radiation
crosslinking process. The optimization of molecules and the reactions are carried
out in B3LYP/6-311 4 G(d,p) in Gaussian 09 program package. The by-products,
photoinitiator, antioxidant and voltage stabilizer can improve the electrical break-
down strength. These antioxidant and voltage stabilizers can easily be grafted to the
polymer chain at the course of UV radiation crosslinking and have better compati-
bility with XLPE matrix. They suggested that when 2,6-di-t-butyl-4-n- butylphenol
(Bp) is used as an oxidizer and valerophenone(Vp) (Fig. 3) as voltage stabilizer gain
better results.

When the ‘hot electrons’ will strike to those conjugated aromatic molecules which
have strong capability of trapping the electron than the aliphatic chain of PE, hence
prevent from the degradation of the polymer matrix and reduce electrical treeing
and increase the electrical break down strength. These theoretical studies give the
confidence to operate such materials as cables in high voltage 500 kV.

The reaction channels represented in Scheme 1 are more exothermic than other
antioxidant and voltage stabilizers. The reaction channel with Vp is more thermody-
namically favorable with temperature up to 180 °C. From this analysis, they conclude
the best photoinitiator-benzophenone, and antioxidant Bp to design for a perfect
voltage stabilizer.
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Scheme 1 Suggested mechanism T; transition state formation of 2,6-di-t-butyl-4-n-
butylphenol(antioxidant) and valerophenone (voltage stabilizer)

Similarly, Zhang et al. [35] investigated maleic anhydride (MAH) is added along
with benzophenone and investigated the theoretical reaction channels as above
mentioned using B3LYP/6-311 4+ G(d,p) in Gaussian 09 package. Here also the
antioxidant and voltage stabilizers are same and mechanism only has a minor differ-
ence. The potential barrier of MAH with PE is 0.10 eV lesser than that of benzophe-
none with PE (0.20 eV), hence MAH of grafting onto PE forms space lattice and
inhibit space charge accumulation effectively. Therefore, the electrical breakdown
strength will improve more compared with the reaction without MAH.

Zhang et al. [36] conducted the theoretical investigation with graft maleimide to
PE in the UV radiation crosslinking reaction using Gaussian 09 software package
with B3LYP/6-311 + G(d,p) level of theory. They conducted lots of derivatives of
maleimide and obtained N,N’-ethylenedimaleimide as a better candidate. Another
advantage is that N,N’-ethylenedimaleimide itself act as the crosslinking agent and
also provide a charge trap. Hence, the system has a high degree of simplicity and



2 Historical and Theoretical Background of XLPE 37

less byproduct. Besides, by analyzing the potential barrier of forming PE radical by
maleimide is higher than MAH. The experimental results are conducted by Sun et al.
[37] confirms that the MAH-grafted XLPE has better candidate for the development
of HVDC cable materials, their results are well tune with the quantum chemical
calculations by different groups. Hence, they concluded that suggest a prospective
strategy for UV initiation for modification of XLPE grafted with polar molecule for
obtaining an HVDC cables.

Wang et al. [38] conducted a theoretical investigation in grafting reaction of
maleimide and its derivatives to polyethylene in the UV radiation crosslinking using
B3LYP/6-311 4+ G(d,p) level of theory in Gaussian 09 software package. They
predict that during the investigation the maleimide and its derivatives are grafted
to PE. They also stated that the reaction barrier of N-phenylmaleimide grafted to
PE is higher than that of 1,8-bismaleimidotriethylene glycol grafted to PE. Also,
1,8-bismaleimidotriethylene glycol can act as the crosslinking agent and also when
it grafted to PE can be used as a space charge inhibitor. The dual function makes
1,8-bismaleimidoethylene glycol makes good information for the development of
UV radiation crosslinking of PE high voltage cables.

Zhao et al. [39] theoretical investigation on the reaction of triallyl isocyanu-
rate (TAIC) in the UV radiation crosslinking process of PE in Gaussian 09 with
B3LYP/6-311 + G(d,p) level. Here, from the analysis of the reaction mechanism
of the crosslinking is initiated by benzophenone and TAIC is very important for
the crosslinking process. All the theoretical analysis of UV radiation crosslinking
process gives reliable information about the optimization and measurements taken
for such reactions.

There are limited computational studies are done in pristine XLPE out of which
most of the research group adopted the DFT-based analysis with various hybrid
theories especially B3LYP with variety of basis sets. The UV radiation analysis
through computational studies show the way for new molecules incorporation in
the radiation reactions and also new voltage stabilizer to improve the strength and
efficacy of XLPE. Due to limited number of researches in computational simulations
in XLPE, the combination of computational data with experiment is not reported. But
it is sure that taking benefit of computational analysis can improve the experimental
studies in XLPE. There are lot of such researches, i.e., computational analysis with
experimental proof or vice versa, in various scientific fields hence, expecting this
will also crop up in XLPE researches too.

9 Conclusion

To put on a revelation of future we need to consider the long history of XLPE.
Here we discussed the path of XLPE emerges as a promising material for various
applications especially as an insulator, hip arthroplasty, etc. This travelogue of XLPE
history gives us an idea about the urgency and efficiency of XLPE materials. The
theoretical investigation in XLPE involves mainly in the illustration of a mechanism
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for the crosslinking process of PE to XLPE using UV radiation and also suggests the
efficient oxidizer and voltage stabilizer to gain better electrical breakdown strength
by reducing the electrical treeing. Another important investigation using theory is
based on the mechanism of the inhibition of electrical treeing in XLPE. By these
theoretical investigations, we can plan the steps taken for reducing the electric treeing
and increase the electrical breakdown strength. Theoretical studies on XLPE are
limited, but the approach to combine computational and experimental methods would
significantly promote the innovations and improvement in XLPE research and its
applications.
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Chapter 3 ®)
XLPE Manufacturing Processes oo

Saurav S. Sengupta

1 Introduction

Polyethylene (PE), which comprises low-density (LDPE), high-density (HDPE),
and linear low-density (LLDPE) grades, represents the single largest category of the
world’s major thermoplastics, representing 37% of the 282 million metric ton global
thermoplastic market in 2019. PE remains a relatively low-cost and versatile polymer
used in a wide range of molded and extruded applications, including household and
food containers, toys, food and nonfood packaging film and sheet, retail bags, trash
bags, geomembranes, pipe, house wrap, pails, totes, crates, caps, closures, and bottles.
Like other polymers, PE also typically competes against other traditional materials
such as aluminum, steel, wood, cardboard, and glass. PE continues to be used in appli-
cations where it can deliver a cost advantage or performance enhancement. Despite
growing environmental pressures associated with retail bags and plastic packaging,
and the desire for more sustainable solutions, conventional PE polymers continue to
have opportunities to replace traditional materials in numerous applications.

For a variety of purposes, the usefulness of polyolefins can be extended by
crosslinking. Crosslinking is generally understood to be a process for cova-
lently bonding polymer chains together leading to a three-dimensional network.
Crosslinking of polyethylene has been shown to lead to improvements in chem-
ical resistance, high temperature strength, toughness, resistance to stress cracking,
weathering properties at a reasonable cost.

The first crosslinked polyethylene was reported by Charlesby in 1952 utilizing
radiation process [ 1]. It was reported that the polyethylene was converted to a material
with higher melting point, greater form stability and viscosity, lower solubility in
solvents. This invention coupled with advances in radiation technologies leads to first
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commercial crosslinked products being made in the mid-1950s. Initially, crosslinked
polyethylene found its way into cables and films as the applications of choice [2].

The evolution of vulcanization chemistry using peroxides led to this technology
being developed for polyethylenes [3]. The first work for peroxide crosslinked
polyethylene was reported in 1948 by Du Pont whereby a dispersion-based process
was explored [4]. 15 years later, General Electric Co. patented the peroxide cure
through a melt process [5]. This expanded the application space of crosslinked
polyethylene and filled and unfilled compositions began to be produced widely.

While crosslinkable polyolefins are superior to standard thermoplastic products
in many properties this is achieved at some sacrifice in fabricability. The forming
temperature of the crosslinked product must be kept well below the crosslinking
temperature and these led issues related to the useful processing window for these
materials. This coupled with the high investment cost of the above-mentioned process
provided motivation for further improvements in the field. A breakthrough happened
when in 1968 Midland Silicones (Dow Inc) patented a two-step crosslinking process
based on covalently bonding alkoxysilane molecules to polyethylene in the first step
followed by the silane coupling reaction in the second [6]. This is what is currently
referred to as a SIOPLAS process. Shortly thereafter, a single-step process based
on new screw design BICC was commercialized [6, 7]. This came to popularly be
referred to as the MONOSIL process. Later in the 1980s, Union Carbide (Dow Inc)
and Mitsubishi Petrochemical developed and commercialized the manufacture of
ethylene and silane copolymers in high-pressure reactors [8].

This chapter covers the different aspects of the above-mentioned crosslinking
processes. Chemistry considerations and related unit operations are discussed for the
three crosslinking methods. A pragmatic comparison of all the crosslinking processes
is also discussed.

2 Radiation Crosslinking

2.1 Reaction Chemistry

The chemistry of crosslinking involves the combination of two separate long chain
polymer molecules to form a single molecule of increased molecular weight. The
radiation chemistry begins with the energy absorption steps. In the case of the electron
beam radiation, this is due to the interaction of the high energy electrons with the
atoms and molecules of the polymer. In other forms of radiation, exposure leads to
high energy electrons in the polymer molecules. The interaction of these high energy
electrons with the polymer molecules results in a reduction of the energy, coupled
with an elevation of the energy of the molecule to either a super-excited state (energy
greater than ionization potential) or an excited state plus ion pairs. The excited state
molecule can decompose into free radical species [9].
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Ionization is accompanied by super-excitation, which reduces the ion yield due
to other energy dissipative mechanisms. Low energy electrons are lost via attach-
ment to positive ions, or via thermal electron capture by groups with low-lying anti-
bonding orbitals, such as aromatics or carbonyl groups. In the case of high energy
electrons, considerable scattering and even reflection occur during radiation. This
further reduces penetration and energy transfer into the interior of the sample.

The effects of PE structure on the energy absorption process are not as broadly
discussed in the literature. However, an examination of the fundamentals would
suggest that since electron density (on unit volume basis) is important one would
expect that the density variation between crystalline and amorphous regions will
affect the rate of energy transfer. Variation in density, lamellae thickness and
spherulite size resulting from specific quenching procedures used in thick parts could
be expected to produce an inherent energy absorption gradient. All these variations
are, of course, influenced by the architecture of the polymer molecules themselves.

Subsequent to energy absorption, a large number of reactions can occur [10]. Some
of the possible reactions are listed in Table 1. These reactions result in generation of
alkyl radicals, hydrogen gas evolution, trans-vinylene formation, crosslinking and
potentially scission depending on the architecture of the molecules. In addition, decay
of vinyl and vinylidene groups is observed.

Before considering the role of functionalities in radiation crosslinking, the role
of crystallinity in the steps subsequent to energy absorption should be discussed.
Polyethylene is semicrystalline at room temperature consisting of crystalline
lamellae, interfacial and amorphous regions. The specific morphology is dependent
on the thermal history of a particular sample. In addition to the lamellae, further
structural order in the form of spherulites can occur upon slow cooling.

Table 1 Steps in radiation

assisted crosslinking Reaction Event
PH — PH* Excitation
PH* — P* + e~ — P- + H | Ionization
2H— H2 Hydrogen gas evolution
2P-— P-P Crosslinking
P* + P — P-P Crosslinking
P*+PH—> P +P*
P+ O, — POO Oxidation

2PH- — P + P-CH=CHP | Disproportionation
2PH' — P + P-CH=CH, Scission

P—-CH-CH,-P; — Intramolecular hydrogen
P—-CH,-CH-P» abstraction

Py +P,H— P, + PH Intermolecular hydrogen
abstraction
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Table 2 Thermal properties Grades Te (°C) Tm (°C)
of polyethylenes
LDPE —118.1 110
LLDPE —120 125
HDPE —100 134

Motion in the amorphous region occurs above the glass transition temperature
of the polymer. Above the melting temperature, the polymer is completely amor-
phous. Table 2 lists the typical glass transition (Tg) and melting temperatures (Tm)
of different grades of polyethylene.

Chain ends, functionalities, methyl groups, side chains and branches are believed
to be restricted to the amorphous region. Additives which may be present tend to
agglomerate in the amorphous region as well. These characteristics have a profound
effect on the radiation chemistry of polyethylene [10]. Besides the effect on the
energy absorption process noted earlier crystallinity affects the subsequent reaction
steps. At very low temperatures, radical pairs (R. and H.) are formed. These pairs
are trapped by the immobility of the polymer matrix at low temperatures. Radical
formation is slightly lower in the crystalline region due to cage recombination of
the radical pairs. Radicals which do escape from the cage are much more mobile in
the amorphous phase than in the crystalline phase. Practically all the alkyl radical
decay occurs in the non-crystalline phases. It has been shown that at normal doses of
radiation, crosslinking is restricted to the non-crystalline region. Crosslinking within
the crystal structure requires energy prohibitive lattice distortions.

The structural changes occurring during irradiation of polyethylene are mostly
summarized by Ungar [10]. Hydrogen gas evolution accompanies formation of
trans-vinylene groups. Extent of chain scission and significance particularly for
polyethylenes is an evolving topic and conclusions are dependent on characterization
methods employed. The most important reaction from a commercial standpoint is the
crosslinking reaction. This occurs non-randomly and concentration is highest in the
amorphous regions. There may be tendency for some intramolecular crosslinking
if radicals are trapped at the chain folds. Crosslinking efficiency is improved by
radiation under pressure. This may be attributed to improved interlamellar contact,
resulting in less intramolecular crosslinking.

In the presence of air, oxidation occurs during radiation. This is limited to the
rate of diffusion of oxygen into the sample and is therefore limited to the amorphous
regions. This can be eliminated by irradiating under vacuum or inert atmosphere.

It is also worthwhile to mention the role of vinyl and vinylidene groups during
the crosslinking process. Based on the decay of vinyl and vinylidene groups at high
temperatures, in 1958 Dole et al. [11] postulated a mechanism involving direct exci-
tation of olefin groups by radiation, followed by crosslinking. This mechanism was
later contradicted by Crook and Lyons who postulated direct addition of the alkyl
radicals to the double bonds [12]. In the 1970s, further development of the model
proposed by Lyons took place via the application of sol-gel theory and improved
characterization techniques such as GPC [13]. In the 1980s, the first direct evidence
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for the reaction of vinyls was obtained by the application of C13 NMR [14]. Toward
the late 1980s, further evidence was obtained pointing toward the involvement of
vinylidenes in the crosslinking process [15].

Summarizing the chemistry of radiation crosslinking, it is clear that the various
effects are complex and inter-related. Molecular weight and molecular weight distri-
bution affect the sol—gel partitioning or rate of formation of crosslinked network.
Fractionation during crystallization can alter the effective molecular weight distri-
bution. Branching affects the crystallization behavior and thus in part determines all
the effects of crystallization discussed previously. Unsaturation in the form of vinyl
and vinylidene is implicated in crosslinking and radical reactions.

2.2 Process

The basic steps in the radiation crosslinking involve fabrication of article using
polyethylene followed by exposure of this fabricated material to radiation and
finishing stages. A variety of equipment and instruments are used depending on
the application. Following the manufacturing step, quality control measurements are
performed to ensure consistency of desired material properties.

The processes and equipment used during the fabrication step of articles depend on
nature and complexity of the article produced. For articles such as pipes or cables, an
extrusion coating process is used, while for articles like films film extrusion processes
are employed. Raw materials are usually received in bulk shipments in railcars or
boxes and conveyed to these unit operations (Fig. 1).

The radiations for modifying polymers can cover a wide range of particulate and
non-particulate radiations. The first observed form of crosslinking in polyethylene
were obtained with a 60 eV electron beam used in electron diffraction. In irradiation
work, energies are usually expressed in eV or electron volts. One eV per molecule
being equal to 23 kcal/ mole. From the standpoint of practical application, it is
possible to limit the usable radiation to those listed in Table 3. As an example, the bond
energy between atoms of organic molecules usually lies in the range 30—200 kcal/mol
which translate to 1.5-8.5 eV per bond.

High energy radiation like X-rays, y-rays and electron beams are capable of
penetrating specimens and creating excited and ionized atoms and molecules. This

\/ =,

l Extruder H Cooling !

Fig.1 Simplified manufacturing process from E-beam crosslinked wires
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Table 3 Radiant energy of

interest to processing Radiation Type sgp;;)rﬁlcr]lzte energy
Infrared Electromagnetic | 0.01-1.6 eV
Visible light Electromagnetic | 1.6-3.3 eV
Ultraviolet Electromagnetic |3.3-6.32 eV
Vacuum ultraviolet Electromagnetic | 6.2-310 eV
X-rays Electromagnetic | 0.0003- 1.5 meV
y-rays Electromagnetic | 0.008- 9 meV
a-rays Particulate 1-10 meV
p-rays Particulate 0.02-13
Accelerated electrons | Particulate 0.25-15
Neutrons Particulate

in turn leads to formation of free radicals which participate in crosslinking. The
implementation of any radiation-initiated process requires a convenient, efficient and
economic source of radiation energy. While in principle a broad series of alternatives
exist, the actual available practical sources are much more limited. In the area of
ionizing radiation practical choices lies between an electron beam or gamma rays.

Cobalt-60 is presently the major radioisotope source for radiation processing via
gamma rays. It is produced in nuclear reactors by addition of a neutron to naturally
occurring cobalt-59. The physical form of the target cobalt is usually small pellets,
wafers or wires. After irradiation these various forms are encapsulated to prevent
accidental leakage. The major advantage of the cobalt-60 as an isotope source is its
ready availability, reasonable cost and the ability to assemble easily into a variety
of geometric shapes. As the atoms of the radioisotope disintegrate, and thus give
off ionizing particles, the total number of them in a fixed source must necessarily
decrease with time. The output of energy of the source thus diminishes and is called
radioactive decay. Mathematically, the decay is first-order process, meaning that the
rate of decay is directly proportional to the concentration or amount of radioactive
material present in the source.

Thus,

—dC
— =AC
dr

where X is the decay constant, C is a measure of the amount of radioactivity for
a given source and t is a measurement of time. Integration of this expression with
respect to time is useful in determining the strength of a source after a given period
of decay:
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where Cj is the initial source strength and C; is the strength after the passage of time,
.

One of the characteristics of a first-order process is that a certain time is required
for the decay of exactly one half of the material in any given system. This is referred
to as the half-life. The decay constant can easily be calculated in terms of its half-life
using the following expression:

0.693
A=

1
12

In the case of the sources of gamma radiation from isotopes, there are two major
maintenance factors. One of these is the periodic replacement or augmentation of the
radiation source to make up for decrease in energy brought about by the radioactive
decay. The other relates to tasks directed at ensuring that there is no loose radioactive
matter. Other associated tasks related to safety involve maintenance of the shielding
environments.

There are a number of available types of electron accelerators all of which have
the common elements of a high voltage field established by different techniques
an evacuated accelerator tube and a source of electrons. One simple differentiation
among the various machines is on the basis of electron energy. Low voltage machines
in the range of 0.25-0.5 meV are excellent for surface treatment while a higher range
of machines from 0.75 to 10 meV are useful where various degrees of penetration
are required. The principal variables are beam current, beam energy, uniformity
of energy, continuous or pulsed. Among these variables, the most important is the
beam energy since it governs the depth of penetration in the target material. Several
techniques such as irradiation for multiple sides are employed to facilitate penetration
in thick articles [16].

This key step of the process consists of the following basic stages: a power supply,
an electron source, an acceleration section, a vacuum across the accelerator, a beam
sweep system if required, an opening through which accelerated electrons can pass
to impinge and penetrate the product, air or inert atmosphere of the curing zone, and
the shielding necessary to contain particles generated by the electrons.

The final step of the radiation process includes recovery of the crosslinked article
in its useable form. Immediately after crosslinking, the article may be heated and
expanded before it is cooled into its final shape. These articles are then collected and
packaged for commercial distribution. A few samples are checked for several key
properties to ensure consistency of quality.

Finally, the radiation crosslinking process offers a few advantages over the other
alternatives. These are briefly enumerated as follows:

1. Since the free radicals necessary in crosslinking are formed in a manner that
is relatively insensitive to temperature, this process is applicable industrially at
ambient as well as elevated temperatures.

2. This also facilitates the use of heat-sensitive additives such as metal hydrates.
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3. An attractive feature of this process is the fact that it is a relatively clean process
requiring no additives, initiators thus leading to no harmful by-products.

4. The modular nature of this process offers advantages from the standpoint of
improved quality control and also reduced scrap production.

5. Compared to conventional thermal processes which are limited by heat diffu-
sion, radiation process offers a faster rate of crosslinking thus offering higher
throughput.

There are also a few opposing points of view which needs to be mentioned when
considering this process.

1. The relatively high capital cost associated with setting up a commercial
manufacturing facility is a barrier for a lot of industries at all scales.

2. Extreme precautions need to be taken to protect operators from radiation.

3. The social aspects of setting up a large-scale facility utilizing radiation cannot
be ignored due to the negative psychology associated.

When polymers are exposed to energetic radiation, they generally undergo a
variety of crosslinking and chain scission reactions, which increase and decrease,
respectively, the molecular weight of the affected chains. If crosslinking predom-
inates over scission, such irradiation ultimately causes the formation of insoluble
gel, a main goal of this investigation. Charlesby and Pinner [17] obtained a simple
expression relating the sol fraction s to the irradiation dose D for a polymer.

Do 2
N + \/E = — +
qo0 qoMD

and
s = 1 — gel fraction

Where py is average number of chain scission per monomer and ¢ is average
number of crosslinks per monomer and M is the initial weight average molecular
weight for polymers having a Flory molecular weight distribution. This approach is
widely used analysis of the kinetics of irradiation crosslinking in the melt and solid
state. Sol—gel data after polymer irradiation can then be analyzed by plotting s +
512 versus 1/D, which should produce a straight line, whose intercept gives the ratio
Po/qo, while the slope is 1/goM. Since values for the sol fraction are restricted to
the range from O to 1, the expression above is similarly bounded by 0 and 2. At the
limiting case of s 4 s> = 2, where insoluble gel (polymer network) just begins and
gel formation can only occur if pg > 2q.

The process of gelation can be divided into three regions: (a) induction period
during which the seed of the gel is formed, (b) gel growth where rapid gel evolution
occurs and (c) plateau stage where a decrease in gelation rate is observed. This is quite
often represented by the ‘S-curve’ for crosslinking. While the ratio po/q dictates the
crosslinking kinetics, dependence of the gel content with radiation dose is often used
for process optimization purposes (Fig. 2).
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Fig. 2 Kinetics of radiation crosslinking

3 Peroxide Crosslinking

3.1 Reaction Chemistry

Thermal activation of peroxide is commonly used as a radical precursor for
crosslinking of olefinic polymers like polyethylene. Similar to the vulcanization
of rubber, crosslinking of polyethylene is accomplished by reacting polyethylene
with an organic peroxide. Hercules, Cabot and General Electric each claim the early
patent rights in this area. The first materials made by the Cabot process were carbon
black filled compounds. Early patents from Du Pont Chemical Company (Dow Inc.)
also cover the use of benzoyl peroxide as the crosslinking agent for polyethylene.

The first step is the initiation of the radical formation process which is achieved
through the thermolytic decomposition of the peroxide. The O—O bond of peroxides
(~150 kJ/ mol) is preferentially cleaved as opposed to the much stronger carbon-
hydrogen (~415 kJ/mol) or carbon—carbon (~350 kJ/mol).

ROOR — 2 RO

The alkoxy radicals (RO-) formed abstracts hydrogen from the polyethylene
substrate leading to the formation of the polymer bound radicals. These poly-
meric radicals are slightly electrophilic by nature and are principally secondary
carbon-centered —CH,: radicals.

RO 4+ PH — ROH + P

This step is exothermic with activation energy being close to 25 kJ/mol and thus
the hydrogen abstraction process occurs readily at elevated temperatures.

There are competing side-reactions of the alkoxy radicals that decrease the effi-
ciency of the initiation reaction. Important among these is the B-scission of the
alkoxy radicals themselves to yield a much lower energy hydrocarbon radical and a
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. + CH3
Fig. 3 Alkoxy radical fragmentation

carbonyl-containing species. The propensity of the side reactions to happen depends
on the structure of the radical itself. At low temperatures, this event is reported to be
slow. However, at high temperatures more than a quarter of the alkoxy radicals are
not available for hydrogen abstraction reactions and are lost to this side reaction. This
step does have a higher activation energy (~40 kJ/mol) than the hydrogen abstraction
step and hence higher the temperature higher proportion of the alkoxy radicals are
lost to this event (Fig. 3).

Branch points in olefinic polymers are common. These present unique structural
(entanglement points) as well as functional features (tertiary —CH-sites). The carbon-
hydrogen bond dissociation energy for these sites is low (~400 kJ/mol) and tertiary
radical formed as a result of hydrogen abstraction from these sites are quite stable.
They quite often undergo B-scission reactions resulting in reduction of molecular
weight. The degradation rate is controlled by peroxide decomposition kinetics and
has a first-order dependence on the concentration of radicals (Fig. 4).

Termination reactions of radicals can happen by two ways, namely combination
and disproportionation. During combination, radicals in close proximity terminate
by coupling to each other leading to a large increase in molecular weight and form
a point of covalent crosslink (Fig. 5).

During disproportionation, radicals containing a 8-hydrogen undergo a hydrogen
atom exchange leading to non-reactive species and no increase in molecular weight
(Fig. 6).

Termination occurs at the diffusion limit of radical-radical encounters. Being
bimolecular in nature, these processes are more sensitive to radical concentrations

;%‘/l\+ L

Fig. 4 p-scission of polymers

Fig. 5 Combination of .
polymer radicals M, N
—>
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Fig. 6 Disproportionation H
of polymer radical H

than previously discussed reactions, whose rates depend on radical concentration
to the first order. An important factor is relative frequency of the two modes of
termination-combination and disproportionation. Only radical-radical combination
has a direct effect on molecular weight, acting to increase the melt viscosity of a
polymer. The ratio of the rate constants for disproportionation to combination varies
with alkyl radical structure, with primary radicals preferring combination, secondary
radicals exhibiting a more balanced ratio, and tertiary radicals terminating mostly
through disproportionation.

3.2 Process

The crosslinking process, developed over time is optimized to maximize desired
reaction yields, minimize side reactions and provide a consistent end product. All
comments made previously regarding process discussed in the previous section on
radiation applies for peroxides as well.

Various factors are taken into consideration during selection of the organic
peroxide. These include but are not limited to:

Appropriate half-life time, #;,,
Initiator efficiency,

Reactivity or selectivity,

Ease of handling,

Low toxicity,

Fit with process window.

S

The half-life time, ¢, is the measure of the activity of commercial organic
peroxide initiators at a given condition. Under ideal conditions, the rate of homolytic
cleavage follows first-order kinetics and half-life can be calculated from the kinetic
data:

I — 2RO
d(/]
— = —kqll
o all]
0.693
hhyp=——

kq
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where I is the peroxide initiator, RO- is the alkoxy radicals, ¢ is time and ky(s~!) is
the peroxide decomposition rate constant.

The activity of commercial organic peroxide initiators at any given temperature
is related by three factors:

1. The relative stability of the radicals formed,
2. Steric effects,
3. Electronic/polar effects.

These factors are manifested in the pre-exponential factor (A) and activation
energies (AF) for the first-order reaction at a given temperature 7

AE
kg = Aexp RT

0.693 AE
t1/2 = T exp ﬁ

If we consider ideal reactions and terminations, it stands to reason that steady-

state approximations will apply and rate of formation of polymer radicals (P.) will
equal to the rate of consumption of radicals. This gives:

dpP:
— = 2alll- ke[ PT?
t

where k; is a combined rate constant for the rate of polymer radical formation and
k¢ is a rate constant for termination.
At steady state

ar
dr

L (kN
[P]—( i )

This provides a very simplistic kinetic framework to analyze and understand the
crosslinking process.

The role of small amounts of unsaturation which are present in polyethylenes
(LDPE) acts as points of reaction. Given the varying kinds of unsaturation present
in polyethylene a number of reactions can follow. In an oversimplified framework
we can hypothesize that the sterically unhindered unsaturation sites serve as points
of polymer radical attack leading to a crosslink (Fig. 7).

This reaction yields a crosslink and also gives rise to another polymer radical.
This lends ‘chain character’ to the crosslinking process and the above step can be
visualized as a ‘propagation’ reaction leading to desired crosslinks. The ratio of the
rate constant for propagation to that of termination is referred to as the kinetic chain
length of the process. This reflective of the number of crosslinks formed per radical
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Fig. 7 Vinyl group consumption during crosslinking

before it terminates. As is evident from the reaction, the propagation rate is first
order in radical concentration, while the termination events are second order. Hence
kinetic chain length is proportional to the inverse of radical concentration.

The peroxide crosslinking process is a first-order reaction that is initiated with
the thermally driven homolytic cleavage of the peroxide bond. The rate-determining
step is the peroxide cleavage. The crosslinking reaction results from the combination
of two radical bearing polymer chains resulting in increased molecular weights.
This is typically studied by monitoring the increase in torque over time when a
composition is held in a heated cone-and-plate geometry under an applied oscillatory
strain (Fig. 8). Although, the crosslinking reaction is intended to occur during the
cure process rather than during fabrication, some crosslinking, otherwise known as
scorch, will happen inevitably via thermal initiation of the peroxide bond cleavage
in the molten polymer (Fig. 9). Any stagnant spots, areas of low flow, or hot spots in
an extruder may experience even higher levels of scorch, which could lead to shorter
cable production runs before an unacceptable level of cable defects is encountered.
The overall kinetics of scorch is controlled by the amount and type of peroxide,
antioxidants and polymer architecture.

The unit operations involved depend on the article being fabricated and complexity
thereof. Typically, polyethylenes are extruded and shaped into articles for end use
such as pipes, wire coating and films. The facility would typically include an extruder,
aplasticating screw, a die, a curing zone followed by downstream cooling operations.

Fig. 8 Crosslinking kinetics 4
during cure of LDPE at
182 °C
3 +
2,1
g
71
1 +
0 T T T
0 3 6 9 12

Time(min)
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Fig. 9 Viscosity change 4
during fabrication of LDPE
at 140 °C
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The extruders are equipped with a number of barrel heating zones, a water-cooled
throat and other normal extruder machinery. Typical screw length varies from 24 to
32 L/D and from 60 to 150 mm. Most extruders today have either general purpose
screw. Dies design is a very important parameter in determining the quality of the
finished articles. The important considerations are proper streamlining, a good land
to gap opening and good drawdown. By the time the polymer exits the die, the article
is already shaped and ready to be cured.

The curing process involves the application of high temperature and pressure thus
activating the crosslinking process. Finally, the finished articles are cooled down to
room temperature. The cooling lengths are usually long and engineered to fit the
needs of the dimensions of the article and heat diffusion. Given below is an example
of a typical XLPE cable manufacturing process (Fig. 10).

] pressurized
; / CV tube water leg

take up
extruder DR

water trough

Fig. 10 Simplified peroxide cure continuous vulcanization process
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4 Silane Crosslinking

Reaction Chemistry

Moisture cure of silane copolymers (grafted or copolymerized) is a very popular
technology for manufacturing crosslinkable polyethylene articles. The curing step
involves exposure of the silane copolymer to water (or moisture) in a water bath, sauna
or just ambient humidity. It is no surprise that the rate of cure depends on the type of
catalyst used, the temperature of cure and the amount of water or moisture available.
The dependency on using high-temperature water baths for cure is reduced by intro-
ducing ambient curing catalysts like Bronsted acids and other selected organometallic
catalysts.

Silane crosslinking kinetics has been studied and documented well in the literature
in the context of ‘sol—gel’ [18], adhesives [19] and modifiers [20]. A lot of information
is available in terms of experimental [21] and computational [22] data for silane
hydrolysis and condensation in alkoxysilane systems. Significant fundamental work
on alkoxysilane cure in polymer systems is also available [23].

It is not within the scope of this discussion to deduce and report on the complexity
of structures possible through silane crosslinking and characterize them individually.
However, for the purposes of this discussion, it is possible to hypothesize a variety
of structures based on the degree of hydrolysis (Fig. 11). It is acknowledged that
a mixture of linear and cyclic siloxane units is possible through this mechanism
(Fig. 12). The structural evolution can be followed by studying small molecule as
model systems.

Figures 13 and 14 shows the temporal change of ATR-FT-IR spectra observed from
octyl triethoxysilane with different catalysts undergoing a water-crosslink reaction. It
is shown that the intense absorbances of ethoxysilane moiety at 1074, and 1101 cm™!
decrease with time, while new bands appear at 1000 and 1020 cm~! and grow in
intensity with time. Gazel et al. assigned new shoulder bands at 1048 and 1 120 cm™!
to single siloxane and multi-siloxane linkages, respectively [24]. For the purposes
of quantitative analysis, the height of the siloxane peak was used as a measure
of concentration relative to a baseline 1616-593 cm™!. The extent of alkoxysilane
consumed during this reaction was measured through the reduction in height of the
silane peak at 1074 cm~! relative to the same baseline [25].

Trialkoxysilanes undergo hydrolysis in dilute aqueous solution via a series of
consecutive reactions producing hydrolyzed monomers (Fig. 11). The kinetics of
ethoxysilane hydrolysis could be expressed as the decrease in concentration of

MeO/Sl\OMe — HO/SI\OMe — HO/S‘\OMe —»Ho/s‘\OH

OMe OMe OH OH

Fig. 11 Possible hydrolysis products during silane crosslinking
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Fig. 12 Possible siloxane structures during alkoxysilane crosslinking
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Fig. 13 Spectra evolution with time in the presence of DBTDL and H,O
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Fig. 14 Spectra evolution with time in the presence of sulfonic acid (SA) and H,O
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Fig. 15 Evolution of Si—O-Si peak and reduction of Si—O-C,Hs peak with time using different
catalysts

monomer in the reaction mixture as a function of time. In the system at 50°C, the
change of ethoxysilane concentration exhibited a typical exponential decay, which
suggested that the reaction followed the first-order law assuming enough water avail-
ability. Figure 15 depicts the consumption of alkoxysilane and formation of siloxanes
with time for two popular catalyst systems.

The rate expression for hydrolysis and hence alkoxysilane consumption can be
described as follows:

d[M]
— = —K,[M].
dr

In the above equation, [M] is the molar concentration of alkoxysilane and K}
denotes the hydrolysis rate constant. Integration of the above equation gives:

My A
In— =In— = Kt
M A
The above equation, ¢ denotes the reaction time, [M ]y and [A]y refer to the initial
concentration and initial absorption intensity of alkoxysilane, respectively. There-
fore, the initial slope of the In [A¢/A] versus time curve can be used to predict the
magnitude of Kj. Linear regression fitting was performed (Fig. 16) and based on
all measured data in Fig. 15. The acid-catalyzed systems have a higher value and
are consistent with ranges reported in the literature [26]. Organotin are slower than
acid catalyzed systems and are in the 10~ s~! range. This is consistent with the data
reported in the literature for methoxy systems [19].
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The cure rate of the silane copolymers and the resulting physical properties of arti-
cles fabricated from it depend on the kinetics of the reactions involving the alkoxysi-
lane. These two reactions involved, hydrolysis and condensation, have been widely
studied in the context of silicone polymerization and related work. There is abundant
literature on the kinetics and thermodynamics of these reactions in dilute aqueous
solutions [27, 28].

The selectivity of the reactions depends on the catalyst being used and cure condi-
tions. The sulfonic acids are very efficient proton donors and crosslink alkoxysilanes
under ambient conditions. The reaction involves protonation at the oxygen atom
followed by Sn2 type displacement at the silicon atom by water to produce the
silanol. The silanol (or alkoxysilane) is again protonated and a similar nucleophilic
displacement by another silanol gives rise to a siloxane and results in crosslinking.
The rate-limiting step is the condensation step to form the siloxane [28] (Fig. 17).

The other class of catalyst is the Lewis acid like alkyl tin-organic acid salts (e.g.,
dibutyltin dilaurate). These are slower catalysts when compared to proton donors
and are used to cure alkoxysilane functionalized polymers at higher temperatures in
water bath or in saunas, but are cheap and do not need inexpensive stabilizers. The
mode of reaction for this system involves hydrolysis of the tin salt to the hydroxytin
derivative which is the active catalyst. Once the active catalyst is formed, a two-
step Sn2 displacement reaction involving water attack on the silicon atom in a Sn—
O-Si bond produces the silanol. Further reaction leads to crosslinking through a
siloxane bond. The rate-limiting step for systems with this catalyst is the hydrolysis
of alkoxysilane to form the silanol (Fig. 18) [29, 30].

Figure 19 best describes the process of progression of crosslinking in the bulk
matrix. Chemically the crosslinking process can be monitored by measuring the
signal intensity of siloxane at 1026 cm~! with respect to an internal reference at
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Fig. 17 Bronsted acid-catalyzed crosslinking of alkoxysilanes
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Fig. 19 Evolution of network structure in silane polymer [31]

2021 cm™~!. The progress in crosslinking is characterized by an increase in the concen-
tration of the siloxane groups as indicated in Fig. 19. In tandem, the crosslink density
(v) also increases as more and more crosslinkable groups start participating in the
network structure.

The evolution of the siloxane network is also characterized by gel formation. The
gel content is measured as the insoluble fraction of the matrix. It should be borne in
mind that all crosslinking events may not lead to gel. So, siloxane networks may be
formed that give rise to oligomers and do not form gel of infinite molecular weight
[31].

Process

Silane-containing grades of polyethylene have been produced commercially for
decades by the radical copolymerization of ethylene and vinyltrialkoxysilanes and by
the post-polymerization modification of ethylene-based materials through radical-
mediated vinyl alkoxysilane grafting. Typically, the catalyst and antioxidant are
added directly (Monosil) or via a masterbatch (Reactor copolymer & Sioplas) to
the silane functionalized polymer to initiate the crosslinking reaction. Additional
masterbatches are also added to meet other critical performance requirements such
as flame retardant or weatherability specifications. This differs from peroxide cure
compounds which typically have all the additives compounded into one product.
The extrude thermoplastic blend onto wire at optimal line speed based on extruder
capacity and ancillary equipment. The crosslinking of insulation in high tempera-
ture/high humidity conditions found in a sauna or water bath or under ambient condi-
tions. Moisture cure differs from traditional peroxide cure process by decoupling the
curing process from the extrusion process. In most cases, the silane crosslinking
process starts by drying the ingredients. Typically, the moisture content is targeted
to be below 100 ppm. Otherwise, the moisture initiates premature crosslinking in the
extruder. The crosslinking of the fabricated articles happens in warehouses equipped
with saunas or under ambient conditions. The rate of crosslinking will depend on the
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Fig. 20 Ambient cure rate of silane copolymer and grafted silanes systems [32]

diffusion of moisture from outside toward the inner parts of the fabricated article.
It is important to note that the formulation of these systems is very specialized and
specific to the application. Depending on the type of alkoxysilane functionalized resin
technology utilized, various silanol condensation catalysts are available to achieve
desirably similar crosslinking times after article fabrication at given conditions of
temperature and humidity. This is depicted in Fig. 20 where the crosslinking rate of
copolymer and grafted silanes is compared with each other using different catalysts
that are compatible with them [32] (Fig. 21).

S Current Trends and Concluding Remarks

Utilization of Coagents for Peroxide Crosslinking

Peroxide cure offers a lot of advantages, but a key trend is to formulate of increased
efficiency of crosslinking to either consume less peroxide or to get higher crosslink
density at the same concentration of peroxide. This accomplished through the use
of coagents [33]. Fundamentally, there are two classes of these coagents: (a) addi-
tion (b) addition-fragmentation. The addition coagents follow the same mechanisms
discussed earlier. The difference is brought about by increase in available unsaturation
levels in the system. Alpha methyl styrene dimer (AMSD) is a popular addition-
fragmentation type coagent used in polyethylene crosslinking. These addition-
fragmentation coagents provide an excellent balance of scorch suppression and cure-
boost. This is in line with the mechanistic studies using ESR where crosslinking at
145 °C was suppressed and alkyl radicals added to the unsaturation in AMSD instead
of termination through combination. The resulting adduct radical has a heightened
propensity to fragment at cure temperatures, due to high activation energy of frag-
mentation, to leave a pendant reactive double bond on the main chains. This resulted
in cure boost or enhanced rate of cure at 180 °C [34].
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Fig. 21 Typical process for coating of cables with silane curable polyethylene

The overall kinetics of crosslinking is controlled by the amount of initiator, antiox-
idant, AMSD and other additives that may interact with alkyl radicals generated on the
main chain. The initiating species is the cumyloxy radical; derived from the homol-
ysis of dicumyl peroxide (Fig. 22). Although other pathways exist for consumption of
the cumyloxy radical, the most favored direction is hydrogen atom abstraction from
the polymer resulting in polymer radicals (M -). Steric and polar effects influence the
addition of polymer radicals (M ;) to the unsaturation in AMSD resulting in the inter-
mediate adduct radical (M,-). Fragmentation of this adduct radical is preferred over
bimolecular termination, leading to a structure that resembles an activated pendant
olefin (M3) on a PE backbone. The cure-boost effect is dependent on the kinetic chain
length of the ensuing process. This involves addition of polymer radical (M) to the
pendant olefin (M3) to form an intermediate adduct radical (PExy ). This radical can
be quenched by abstracting hydrogen from the surrounding polymer chains to form
crosslinks (XLPE). The number of times these abstraction events take place before
termination via combination or disproportionation per radical is defined as the kinetic
chain length. This means more crosslinks are derived on a per radical basis versus a
conventional non-cure boosted systems where it is only because of termination events
of two radicals. The result of this mechanism is a crosslinking process which provides
scorch suppression by engaging early radicals in the addition-fragmentation process
and then creating a cure boost effect via the favored addition to olefin pathway.
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Fig. 22 Coagent assisted cure for XLPE

Comparison of different crosslinking processes

There are multiple crosslinking technologies that have evolved based on material
needs and continue to add value by bringing along unique thermomechanical prop-
erties. They are formulated based on the specific application needs. The processes
employed are dictated by the article being fabricated. All these technologies are
adequate and have their own advantages and disadvantages. Table 4 summarizes
these technologies from the perspective of end user. There have been significant
advances in peroxide crosslinking and silane crosslinking. While polymer chain
architecture offers significant opportunities to improve crosslinking efficiency, new
coagent technology continues to evolve and improve efficiency of cure in peroxide
crosslinking.
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Table 4 Summary of the crosslinking processes for polyethylene

S. S. Sengupta

SI-LINK® | Monosil type | Sioplas type | Irradiation Peroxide
PE (reaction | (grafted) (grafted)
copolymer)
Customer e Reaction | Baseresin | Grafted * PL resin * Resin with
Purchases copolymer | ¢ Silane resin peroxide
* Catalyst * Peroxide * Catalyst * Mold resin if
MB « A/O MB mold cure
* Catalyst
Process used | Mix reaction | Mix all Mix grafted | Extrude resin | CV tube:
copolymer components in | resin and onto extrude resin
and catalyst | 30:1 extruder |catalyst MB | conductor. slowly
MB in PR in PR
extruder extruder.
Reactions XL in water | Graft in XL in water | XL using XL in CV tube
bath or sauna | extruder. XL | bath or sauna | e-beam OR XL in oven
in water radiation and remove
bath/sauna and recycle
mold material
Advantages * Only resin | ¢ Cures * Requires | Requires Well-established
to handle, rapidly conventional conventional | technology
no CV * Flexibility equipment equipment | Shelf stable
tube in base resin | * Cures * Flexibility |e Clean
* Low initial | selection rapidly in base resin | insulation
cost. Shelf * Flexibility selection * Mold cure:
stable in base * Fast faster
* Clean resin extrusion extrusion than
insulation selection rates CV tube
* Requires  Safety: no
conventional CV or
equipment silane,
e last peroxide
extrusion and
rates catalyst to
* Minimal handle
scorch
» Safety: no
CVor
silane,
peroxide
and
catalyst to
handle

(continued)
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Table 4 (continued)
Disadvantages | * Slightly . ¢ Material . o Initial
slower XL | Complicated| canscorch | Complicated | investment is
than technology easily technology high
Monosil or | * Requires ¢ Shelf life |+ Non- ¢ Slow line
Sioplas special less than 6 | uniform XL speed
* Requires extruder months of thick * Higher scrap
dryer and | ¢ Material can | « Requires sections rates than
cure scorch dryer and | e Often moisture cure
facility easily cure requires  Safety: high
* Slow line facility cure temperatures
speed * Residual accelerators and pressures
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Chapter 4 ®
General Awareness of XLPE Chack or
Manufacturers

Saurav S. Sengupta and Pieter Calon

1 Structure of the Industry and Trends

The crosslinking business consists of four major segments:

1.

Raw material producers supply the different grades of polyethylenes, initiators,
anitoxidants, etc. required to make a fully formulated product. Several compa-
nies are also upstream integrated because they also produce the intermediate
product that is crosslinkable; they include Dow Inc, Borealis AG, Lyondell
Basell among others.

Formulators or crosslinkable compound manufacturers primarily purchase the
raw materials and formulate the crosslinkable compound for use in various types
of applications. Formulators are a key step in the value-added chain, because
they are in direct contact with end users and are often very secretive about their
specialties. On an average three or more years of development work are often
required to develop suitable compounds for a specific application. Formulators
are key to improving final products and are instrumental in advising customers
on product selection. Several companies like the ones mentioned above are also
downstream integrated in that they also make the raw materials for use in the
applications.

Manufacturers of curing equipment, application equipment, and processes play
an integral role in ensuring quality of articles made. These include different
extruder, die and continuous vulcanization equipment manufacturers such as
Maillefer, Troester.
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RAW MATERIAL SUPPLIERS FORMULATORS
e Polyethylene e Compounded polyethylene

e Additives »| ® Pellets
e  Peroxides, Catalysts

FINISHED GOODS MANUFACTURERS
EQUIPMENT MANUFACTURERS e Cables

e  Extruder and associated equipments e Pipes, tubes
e Curing equipments »| ® Tanks
e Quality control related equipments e Foams

Fig. 1 Value chain of XLPE industry

4. Finished article manufacturers purchase the crosslinkable materials and fabri-
cate them for the end-use industries. These include industries such as wire and
cable, foams, tank, tubing (Fig. 1).

The evolution of intellectual property in this space is consistent with an active field.
Figure 2 depicts the number of filings from WIPO on a yearly basis for crosslinked
polyethylene over the last 10 years. The analysis of assignees shows a mix of finished
goods manufacturers and formulated compound suppliers. Figure 3 depicts the IP
owners with the most patent counts. The fact that the material continues to be used
in multiple applications is borne out in the different IPC classes that are covered by
the patents for crosslinked polyethylene.

It is interesting to note that number of patents related to wire and cable applica-
tions (HO1B) is comparatively more than the others such as pipes (F16L). It is also
interesting that compounds and formulations (CO8L) as well as processes of making
them (CO08J) are also being patented. Post-compounding fabrication techniques such
as molding, extrusion, joining (B29C) are also being pursued. The design of finished
articles made using crosslinked materials are also being patented (B32B). Figures 4
and 5 illustrate the evolution of the number of patents over time in this space.

| I I I
Y

Fig. 2 Crosslinked polyethylene patent count by year for time period 2011-2020
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Fig. 3 Crosslinked polyethylene patent count by assignees for time period 2011-2020
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Fig. 5 Crosslinked polyethylene patent count evolution of IPC class over time period 2011-2020

2 XLPE Compound Manufacturing

The process for making polyethylene compounds depends on the method of cure
and formulation to be used. As discussed earlier there are three major types of cure,
i.e., irradiation, peroxide and silane. It is important to realize that crosslinkable
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polyethylene is fully formulated materials and the process of making them will
depend on the formulation components. Based on the individual components and
process used, these materials also come specified with their own shelf lives and
unique packaging requirements.

2.1 Manufacture of Peroxide Crosslinkable Compounds

In practice, peroxide-containing polyethylenes consist of peroxides, stabi-
lizers/antioxidants, other additives along with the polyethylene [1]. The antioxidants
and stabilizers are compounded into molten polyethylene [2]. These compounders
are chosen based on throughput required and the state of dispersion needed.

In small-scale operations, the components are frequently blended by tumbling
them together [3]. The simplest apparatus is a drum which is approximately half filled
with the components and rotated end over end at specified revolutions per minute.
This method will generally give a satisfactory distribution of a small percentage
of dry powders with polyethylene for producing compounds by one stage process.
Mini mixing machines will tend to segregate one component if it varies in density,
shape, surface finish or size from another in other words such mixers will only mix
things which are physically similar it is difficult to achieve with continuous planting
machines the accuracy of control required particularly with those which attempt to
control the rate of feed volumetrically (Fig. 6).

Typically, the mixer/compounder is configured so as to raise the temperature of the
polymer/additives mixture to a temperature in the range of about 250 to about 360 °C.
This is done through work added to the mixture through viscous energy dissipation
during mixing and homogenization of the entering feed stream components.

Very early on in the 1950s for large-scale compounding the most widely used and
versatile equipment was the internal mixer, two examples of which were the Bolling
and the Banbury [4]. They consist of a jacketed chamber whose cross-section is in the
shape of a horizontal figure eight in which two cored specially shaped rotors counter
rotate at slightly different speeds. This induces a kneading action between the rotors
and a shearing action between the rotors and chamber. The chamber is closed below
by a sliding door and above by a compressed air operated ram which is also cored for
cooling and moves vertically in the hopper down which the polyethylene is charged
to the chamber of the mixer. These internal mixers are produced in a range of sizes.

In making the compound, half is placed in the chamber then the additives and
finally the remainder of the polyethylene is charged. If that additives are in liquid form
it is preferable to have them added slowly when the polyethylene has just melted.
The severity of the compounding process is varied by controlling the quantity of
cooling water passing through the jacket and cored moving parts. The material in
the internal mixer is heated entirely by the frictional work done on it. The shearing
forces are high and therefore the compounding is quite effective. Since the viscosity
of the melt decreases with increasing temperature the effectiveness of compounding
is increased by lowering the rate of rise of temperature by the external application
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Fig. 6 Banbury internal

batch mixer
Ram Cylinder

Hopper

Discharge door

of cooling. The internal mixer is discharged by withdrawing the sliding door when
the contents fall out leaving the chamber and rotors clean. The compounded material
is either deposited onto a mill after which it can be removed as a continuous strip
and fed to a granulator or is fed to an extruder which produces strand for subsequent
cutting into pellets.

In some cases, good dispersion may be achieved in a orthodox single screw
extruder by doing a considerable amount of work on the polyethylene [5]. The
basic functions for this kind of an equipment are solids conveying, melting and
pumping. Secondary functions constitute mixing and shear refining [6]. The single
screw extruder broadly consists of 3 zones:

a. Solids conveying section whose preliminary function is to prevent starving the
forward zones and conveyor pellets. (Fig. 7).

b. Melting section is where the primary melting of all components occurs. Usually,
the process of melting progresses down the length of the melting section and
occurs in both the thickness and cross-channel direction [7]. A very high-level
mixing may occur during the melting phase (Fig. 8).

c. Metering section controls the rate of the extruder and is always fully filled.
Stagnant regions should be avoided at all costs.
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Fig. 7 Single screw extruder operation

120
® Melt mSolid

100
8
6
4
2

0

10 11 12 13 14 15 16 17 18 19 20
Axial Position

percentage (volume)
o o o

o

Fig. 8 Progression of melting in a single screw extruder at different axial position diameters [7]

In some cases, dispersive mixing elements are employed (Fig. 9). For all practical
purposes the screw length to diameter ratios should be at least 15:1. A minimum
compression ratio of 2.5:1 should be used depending on the type of solid feed. It
is recognized that a single screw provides an excellent means of feeding granules,
raising them above their melt point and pumping them under pressure. Very little
mixing occurs on the microscopic scale unless mixing elements are employed [8].

AN'e==.\

Fig. 9 Mixing elements in a single screw extruder [7]
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Twin-screw extruders are the most common compounding systems providing high
output rates and excellent mixing performance at favorable economics and good
versatility [9, 10]. They are classified as co-rotating and counter rotating systems.
Both have different processing and mixing principles (Table 1). Co-rotating twin-
screw extruders provide good process control at intensive mixing and shearing. The
initial development of this self-wiping profile within a twin bore geometry was
described by Meskat and Erdmenger with the objective of mixing high viscosity
fluids which were already in the melt state [11]. Closely intermeshing and self-
cleaning conveyor and kneading elements are combined on screw shafts which allow
to address the process needs with an adapted screw design. From masterbatch and
compound production to reactive and direct extrusion various concepts and systems
of co-rotating twin-screw extruders are offered today. High shear rates and broad
shear rate spectrum are the big disadvantages of co-rotating twin-screws extruders
[6].

Counter rotating and intermeshing twin-screw extruders move the material in
closed cells along the extruder screws like a nut on a thread. The melting of the
polymers is generated by heat transfer and limited friction with the cylinder walls.
There is little sheer involved and the residence times are relatively short within a
narrow spectrum [12-14].

The process control parameters for a twin-screw compounding operation would
involve the following:

a. Throughput,

Table 1 Considerations for different twin-screpw designs [9, 10]

Co-rotating intermeshing | Counter-rotating Counter-rotating
intermeshing no-intermeshing

Practical 0.3-3 min 0.3-3 min 0.5-8 min
residence time
Residence time | Variable Variable/tighter Variable
distribution
Dispersion High High Good
Distributive Good Good Excellent
mixing
Heat transfer Excellent Excellent Excellent
Venting Excellent Excellent Excellent
Pumping Good Excellent Fair
Self wiping Excellent Good Fair
Zoning Excellent Excellent Good
Output rate High Moderate High
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Screw Speed,

Barrel Temperature,

Discharge Pressure,

Screw Configuration,

Throttle Position,
Formulation/Order of Addition.

@mo ao o

Typically, polymers and additives are added to the gravimetric feeders which
transfer the required dosage of materials to the feed port of the extruder. Materials
are then conveyed and mixed through the length of the extruder (Fig. 10). The state of
the components and level of mixing depends on the screw design. The design of the
screw configuration for a twin-screw extruder is complex and consists of a modular
assembly built of various individual screw elements. The nature of the materials
and the desired state of mixing dictates the choices of screw elements used, such as
conveying elements (forward and reverse), kneading elements for dispersive mixing
and mixing elements for distributive mixing (Fig. 11).

The melt is then forced through a die and pelletizers [16]. The usable form of
the product from the compounding step is obtained in pellet form. There are various
pelletizing technologies available for use based on production requirements [17].

The next step is the mixing of peroxide with the compounded polyethylene.
In practice, the peroxide is typically added to polymer compositions as a liquid.
The peroxide is typically sprayed onto the pellets although alternative forms of
application can be employed, e.g., immersion, splashing, etc. Once the peroxide and
any additives are absorbed into the pellet, the pellet is ready for packaging. This
step involves heating the thermoplastic intermediate to about 55 to about 85 °C;

Fig. 10 Simple layout of a twin-screw extruder
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Fig. 11 Components and functions of a twin-screw extruder [15]

after which the pellets are introduced into a spraying chamber where blending, and
coating is affected. The moving pellets, some partially coated with the crosslinking
formulation and other still dry pellets gravity flow inside the blending system. Pellets
are then stored to homogenize the composition of peroxide through the pellets [18,
19]. Mixing of peroxides can also be achieved through other processes. A turbo-
mixer (such as a LICO type device) can be used, to distribute liquids quickly over
the surface of the polyethylene granules [20]. The pellets are then cooled after which
they are ready for use, shipping or storage.

2.2 Silane Crosslinkable Copolymer

Vinylalkoxysilane homopolymers made via radical polymerization was accom-
plished in the liquid state with high purity monomers [21]. But the chemistry has
not been scaled up and the process is far from being commercialized. Currently ‘in-
reactor’ copolymers of alkoxysilanes and ethylene are made through radical initi-
ated high-pressure reactor process. This yields a low-density silane functionalized
polyethylene product.

The basic principles underlying the polymerization by high-pressure technique
are simple to outline but their operation is complicated, and a considerable amount
of ‘know-how’ is attached to any successful plant [22]. Research in polymerization
of polyethylene at high pressure (up to 2000 bar) was pioneered by ICI as early
are 1930s and 1940s. During development, ICI licensed the process to DuPont and
Union Carbide. By the late 1950s, ICI’s process had been licensed widely. Since then,
however, most of the original ICI licensees have developed their own proprietary
technology, either independently or jointly with ICI. Ethylene gas is polymerized by
subjecting the pure gas to high pressure and relatively high temperatures. In order to
attain suitable rates, suitable initiators are used.

The ethylene is first compressed in multistage compressors and initiators are
introduced. The gas is in highly concentrated form when the reaction takes place
permitting a relatively high rate of polymer production per unit reaction volume.
The operating conditions currently employed are high pressure >300 bar and high
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temperatures >100 °C. Polymer product properties are controlled by reactor pressure
and temperature profile across the reactor. Reactor control based on monomer feeds
and peroxide injection schemes [23]. The product is finally recovered in a pellet
or granule form. This kind of process limits the copolymerized silanes to LDPE
architectures only.

During the process of making articles of use such as cable and pipes, the silane
copolymers, catalyst masterbatches and additives are dried to ensure minimal mois-
ture in the system. This is done to ensure minimal crosslinking during fabrication
referred to as scorch (Fig. 12). Thus, conditions to avoid are as follows:

e Moisture,
e High Extrusion Temperatures (>210 °C),
e Low rpm—Gives Long Residence Time,
e Equipment Dead Spots.
Typical formulations include ~80% silane copolymer and the rest being catalyst
and additive masterbatches. Depending on the masterbatch and system used water
content can be as high as 5000 ppm, e.g., color concentrates (Fig. 13). This is a
very important variable to control for silane crosslinking processes. As such, the
catalyst and carbon black masterbatches should be dried in a dehumidified (—40 °C
Dewpoint) air dryer at 60—70 °C for four to six hours. Good distribution of the hot
air throughout the mass of the masterbatch is important to ensure thorough drying
of the entire batch. After the masterbatches are dried, they should be mixed with the
silane copolymer just prior to extrusion.

Conventional thermoplastic extrusion equipment may be used for processing the
silane copolymer. Dead zones in the extruder, breaker plate, head, and die should be
avoided. General guidelines include:

Use a well streamlined extruder/head assembly,
Operate at as low a temperature as possible,
Minimize residence time in extruder,

Avoid stagnant and no-flow situations,

Avoid stopping the extruder during processing.

In general, for such a process the following is needed:

, Moisture
/

/ Residence
{
SCORCH ¢ ot

N

\Tem perature

Fig. 12 Factors controlling scorch
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Fig. 13 Estimates of moisture coming into silane cure systems

e Extruder L/D 20-24/1,
o PE Screw recommended,

— Recommended Compression Ratio 3/1,
— Maddock Mixing Section recommended to promote dispersive mixing,
— Screw Cooling is possible but not needed (Fig. 14).

These copolymers bring some unique features of practical importance to fabri-
cators and manufacturers of finished goods. Shelf-life and storage stability is a very
important parameter for the silane crosslinkable materials. The outstanding shelf-life
stability of reactor copolymers is depicted in Fig. 15. This is well documented and
is a improved feature that current grafted materials cannot provide [24]. This also
enables the delivery of silane copolymer materials in bulk railcars, etc. [25].

The other feature is the stability of the compounding process related to the fabri-
cation step over a period of time. Typically, the copolymer technology is quite robust
and offers a very long process window compared to the grafted resins [24, 25].

Silane Copolymer, catalyst and additives

=Y . |
m - —— } Articles of use

Fig. 14 Silane copolymer process

Extruder
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Fig. 15 Demonstration of storage stability of reactor copolymer [26]

2.3 Silane Crosslinkable Grafted Polymer

Of the wide range of chemistry that may be brought to bear on functionalizing poly-
olefins, radical-mediated graft modification is most widely practiced technology.
The process is robust and relatively inexpensive reagents are used. Furthermore,
the chemistry is readily adapted for use in conventional polymer processing equip-
ment. The chemistry and engineering principles that support these reactions have
been reviewed recently by Moad [27] and by Russell [28]. The main disadvantage of
radical-based modifications is the molecular weight change that accompanies graft
addition. Functionalization requires polymer macroradicals to be produced in rela-
tively low yields, and while radical-radical combination is of little consequence in
small molecule systems, the coupling of polymer chains can compromise processing
characteristics by increasing melt viscosity. This is a serious issue for ethylene-rich
polyolefins [29].

The main reactions that underlie peroxide-initiated polyolefin modifications are
illustrated in Fig. 16. As with all chain processes, process designers are concerned
with initiation of radical intermediates, propagation that leads to graft addition, and
termination leading to non-radical products. The general objective is to maximize
kinetic chain lengths by establishing conditions that favor propagation over radical—
radical termination. In doing so, the number of required radicals is minimized along
with the yield of undesirable crosslinking and/or chain scission reactions [30].

Industrial reactive extrusion processes must be carried out above the melting
point of the polymer. This establishes a minimum operating temperature of 130 °C
for polyethylene. Given its close relationship to radical concentrations, the half-
life of an initiator at the processing temperature is a key reaction parameter. Long
half-lives adversely affect throughput, while very short half-lives give rise to high
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instantaneous radical concentrations, which increase the frequency of radical-radical
termination and reduce the kinetic chain length of graft propagation. Given that
reactive extrusion processes typically operate with residence times of at most a few
minutes, commercially relevant half-lives are of the order of 1 min.

Graft propagation involves a closed sequence of macro-radical attack on
monomers, and hydrogen atom transfer from the polymer to the resulting adduct. The
addition of a carbon-centered radical to an olefin is usually energetically favorable
as anew C—C o bond (~370 kJ/mol) is formed at the expense of a weaker C =C
bond (~235 kJ/mol). In the case of vinyl silanes, attack occurs at the unsubstituted
carbon due to steric effects. The hydrogen atom transfer component of propagation
occurs both intermolecularly and intramolecularly, thereby affecting the distribution
of grafts among polymer chains. Whereas inter-molecular transfer will introduce
functionality to a different polymer chain, 1,5-intramolecular hydrogen abstraction
promotes the repeated functionalization of a single molecule by placing grafts in close
proximity. Since a linear transition state is preferred for these abstraction reactions
only six- or seven-membered transition state allows such geometry.

Studies on polyethylene [31] indicated multiple single chain graft with graft
content increasing linearly with the amount of silane charged in the system. Wong
and Varral [32] performed grafting of vinyltrimethoxysilane onto different grades
of polyethylene using DCP (0.1 wt%). LLDPE exhibited a much larger increase in
free-radical-induced chain extension than LDPE or HDPE. Highly chain-extended
LLDPE could be turned into a high crosslink density network without requiring
much silane crosslinking. On the other hand, the less chain-extended HDPE or LDPE
required much more silane crosslinking, and therefore longer crosslinking times, to
achieve a satisfactory network structure. The relatively low level of silane grafting
and free-radical-induced chain extension together with the tightly packed lamellar
structure of HDPE rendered the resin difficult to crosslink rapidly to form a highly
crosslinked structure. In 1974 BICC and Maillefer [33] jointly patented the Monosil
process, where peroxide, silane and catalyst are directly injected into a single screw
extruder thus combining the grafting and compounding steps. It has the advantage
of bringing flexibility for resin architecture but increasing the process complexity
overall. This results in increased time to stable steady state operation and increased
scrap-rate during article fabrication [25]. Critical elements appear to be a 30/1 L/D
extruder to which silane/peroxide/catalyst solution is metered in and a barrier screw
which keeps solids pellets out of the grafting zone until melted (Fig. 17).

In 1968 Midland silicones patented the Sioplas process for crosslinking polyethy-
lene [34]. This two-step process (Fig. 18) involves the grafting of vinyl silane onto
polyethylene using an organic peroxide (n.b. peroxide concentrations are around
twenty times less than that used in the peroxide crosslinking of polyethylene). In
the second step, the grafted resin is re-extruded or fabricated with catalyst and other
additives into a finished article. In the first step, longer grafting extruders and consid-
erations discussed above are pertinent. In the second step standard PE extruders with
length to diameter ratio (L/D) of at least 20:1 and a compression ratio of about 3:1
is used.
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Fig. 18 Sioplas process for silane functionalization

3 Major Applications of XLPE and Related Processes

The following section discussed some of the considerations for use of XLPE in
applications. The section will describe briefly process and fabrication basics for a
few popular applications.

XLPE for electrical cables (peroxide cure)

LDPE is ideally suited to wire and cable insulation due to its outstanding electrical
properties and processability. It has a low dielectric constant, a low tan delta dissipa-
tion factor and a high resistivity. Being a semicrystalline thermoplastic, polyethylene
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softens and eventually flows at elevated temperature, rapidly losing its mechan-
ical performance and severely restricting its’ effective temperature of operation.
This disadvantage is overcome by crosslinking the polymer chains. Medium and
higher voltage power cable cores are typically composed of a stranded conductor
(aluminum or copper), semi-conductive conductor shield, crosslinked polyethylene
(XLPE) insulation, and a bonded or strippable semi-conductive insulation shield.
A typical peroxide cured cable is produces by the ‘triple-extrusion’ process. Here,
the cable is produced in a single pass and the layers are applied on after another
in a specialized die. Several configurations of the die are available, and the key
consideration is to minimize the exposure of extruded layers to the environment.
The production speed is controlled by the extruder outputs, the continuous vulcan-
ization operation and cooling. The continuous vulcanization (CV) curing process for
manufacturing of such peroxide crosslinked cable cores is well known.

Figure 19 shows a schematic of a catenary continuous vulcanization line. Of key
importance for the curing process is the CV tube, including both heating and cooling
sections. Key process parameters determining the temperature development along
the cable are: CV tube layout (length, diameter), heating zone-temperatures, atmo-
sphere and pressure, cooling medium and temperature, cable dimensions, line speed
(residence time), CV tube entry temperatures (i.e., conductor temperature, polymer
melt temperatures), assumptions on the energy transmission from the tube heating
and cooling into the cable (radiation, convection), and material parameters (heat
capacity, conductivity, density) including those of the conductor. The cure kinetic
data of the peroxide-containing materials are required to calculate the development
of crosslinking along the CV tube, based on the temperature calculations.

Typical Extruder Sizes for MY CCYV Line
Conduclor Conducitor shield extruder: 60 mm - 20 L/D

Insulation extruder: 150 mm - 24 L/D

Insulation shield extruder: 80 mm - 20 /D

Cleaner Continuous Yulcanizable Tube
Tube Length: 30 10 80 m
Tube Temperature: 200 - 300°C

Tube Pressure: 1 MPa

Pre Heater

Triple head/

Cooling Section
Cooling Length: 60 1o 150 m

Take-up Reel

Cable

Fig. 19 Schematic of typical CCV line
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As the cable core enters the CV tube, the temperature distribution within the
polymer mass is affected by heat flow into the polymer mass from the outside of the
cable, but also by interaction with the conductor.

e Transfer of heat from the heated tube surface to the cable core will depend on
radiation and convection through the medium (steam or nitrogen). The radiation
efficiency can be significantly affected by the emissivity factor of the tube inner
surface and of the cable (black body radiation at a certain efficiency, expressed by
the emissivity factor). The effective heat transfer will be affected by the surface
area, hence diameter of the tube and of the cable core. The latter is affected by
thermal expansion, thus density as a function of temperature. When cooling in
water, this will occur by convection mainly. When cooling in nitrogen, radiation
will also play a role.

e The conductor can be cold or pre-heated. The heat capacity of the conductor, being
either aluminum or copper, will be important. Conduction of heat in axial direction
will be relatively high through the metal conductor and can be an important factor
in the heat balance.

e The conduction of heat within the polymer mass will depend on its thermal
conductivity, but also on its heat capacity. The values of these parameters are
a function of temperature. When the peroxide in the polymer mass decomposes,
this results in some additional heat release.

XLPE for silane cure cable

In the production of low-voltage cables, the conductor is fed into the process by a
pay-off reel. Before passing into the crosshead and die, it can be straightened, pre-
heated and cleaned. After the coated wire leaves the crosshead, it passes through
cooling troughs. Water is normally used as the cooling medium. The cooling length
and water temperature are designed to prevent deformation of the coated wire in the
wind-up operation (Fig. 20).

Other operations after cooling may include air wipe, diameter and thickness
measurement, spark testing, capacitance testing and printing to mark cables. The
coated wire passes next through a capstan or belt puller to pull it through the line
and moves into a take up station [35, 36].

Qac
Equipment

Cooling tanks

heater
Capstan

Fig. 20 Typical wire extrusion line
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The majority of the extruders are 24 L/D and the most common diameter ranges
from 60 to 150 mm. Compounds are fed through the feed hopper into temperature-
controlled extruder. Four heating/cooling zones on the barrel are typical. In the cable
process selection of proper screw design is paramount. A typical extruder screw may
consist of a single flight square pitch screw with three sections feed, transition and
metering as discussed earlier for single screw extruders. Many screws may also have
a Maddock mixing head at the end. A typical compression ratio of 3 is used. The
wire coating process often runs with a screen pack which is supported by a breaker
plate. It provides a mechanical seal between the crosshead assembly and extruder. It
also changes the pattern of flow from rotational to longitudinal along the screw axis
(Fig. 21).

In the crosshead the wire passes through a mandrel and guider tip into the forming
die. The melt enters from the side wraps around the mandrel and rejoins on the far
side thereby coating the conductor or cable core. There is a weld line which may be
visible where the melt rejoins. The weld line can show up as a defect on the extruded
cable if the crosshead is not properly designed. To achieve bonding between the
polymeric layer and conductor the melt is applied over the wire by a pressure die.
In a pressure die the guider tip ends inside the die. In this set up the melt under
pressure is in direct contact with the conductor inside the die and moves through the
die around the conductor. In jacket or sheath coating where the core is much larger
it is difficult to prevent leakage of the melt into the guider tip under pressure. To
control this problem the tip is extended to the face of the die. This is the principle of
a tube die in which the melt exits the die as a concentric tube around the core coming
out through the center of the guider tip. A vacuum between the extruded tube and
the core can be applied to help the drawdown process. The tube die is used on cores
of irregular shapes to obtain a fairly uniform wall thickness and a smooth final cable
[37].

POLYMER MELT
_—

)

CORE

4/

il

Fig. 21 Crosshead assembly from cable extrusion
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XLPE for pipes

In the early 1960s polyethylene pipe has been introduced in water and gas pipe
applications. Since the mid-1970s the use of polyethylenes in piping applications
has been increasing. The use of polyethylene in these and other subsequent applica-
tions such as drip irrigation tubing, large diameter sewer and slurry pipe as well as
electrical conduits can attribute it to the favorable advantages of polyethylene pipe
or other piping materials such as cast-iron, steel. These favorable advantages are the
following.

Lighter weight,

Ease of installation,
Flexibility,

Chemical resistance
Corrosion resistance
Non-electrolytic

Low coefficient of friction
Abrasion resistance

Long service life

Toughness and weatherability.

Some limitations may include its low use temperature, lower pressure ratings and
susceptibility to mechanical damage. This is where crosslinked polyethylene closes
the gap and finds expanded use [38]. They offer benefits such as

Extension of maximum service temperature,

Improved chemical resistance against organic solvents or oils,
Better abrasion resistance,

Improved impact properties,

Improved creep and stress rupture performance.

Generally, these improved properties seem to be drastically increased at high gel
contents. Moisture crosslinking with vinyl silane has a lot of advantages, higher line
speed and low energy costs, number of process alternatives, less initial investment,
formulation flexibility, lower overall operating costs, uniform crosslinking, appli-
cable to a wide range of polymers, better mechanical flexibility [39]. The general
principles of extrusion described earlier in this chapter are relevant to the extruded
pipe fabrication process as well [40] 41.

The Pont A’Mousson process of making peroxide crosslinkable pipes follows
the cable process and crosslinking is achieved in a salt bath at elevated tempera-
tures. In the Engel process, the fabricated tubes are passed through heated dies for
crosslinking.

Other Applications

The crosslinkable formulations intended for molding applications are not too
different from those used for extruded products. These compositions are fabricated
using injection, compression or transfer molding. A good example is the use of
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crosslinked polyethylene in making tanks varying in sizes from a few to thou-
sands of gallons are being used in agriculture and industrial applications [42]. Heat
shrink tubing is also an area of XLPE applications owing to the elastic memory
effect after crosslinking [43]. XLPE is also popular in foams made through ther-
moforming process for applications in automotive, sports and leisure markets. The
science and technology of polyethylene foams based on crosslinked PE has been
reviewed recently by Rodriguez-Pérez [44].

4 Concluding Remarks

Crosslinked polyethylene continues to be a popular item of choice in selected applica-
tions and aripe area for innovation in academia and industries. The material combines
good chemical resistance with excellent thermomechanical properties for a variety
of applications. Compounding of formulation components through a variety of tech-
nologies have evolved with time and a range of options are practiced. For peroxide
crosslinkable polyethylenes the incorporation of peroxide is a key step in the process.
For silane crosslinkable polymer, both copolymers and grafted resins are used. The
fabricators of application and articles employ a variety of methods depending on
end-use, e.g., extrusion, molding, etc. The curing process for the fabricated articles
are thermally activated or moisture activated depending on the technology used.

A key feature of differentiation between the process lies in the physical state that
crosslinking happens. For peroxide cured processes most of the crosslinking happens
in the melt state and it can be safely assumed that the crosslinking events are random.
As the melt cools down to the solid state at the end of a fabrication process the polymer
chains start to crystalize. Crosslinked polymer chains or segments have a much
larger radius of gyration and tend to avoid being part of crystalline domains. This
results in disruption of crystallinity and reordering of the structure. Hence, it is often
reported that density decreases with increasing crosslink density for these systems
[45]. So the physical properties are largely dictated by the crosslink densities for
the peroxide crosslinked system. However, for silane cure systems the crosslinking
largely happens in the solid state after fabrication of the article. Beyond the first shift
there is not much change in the thermal properties, and it can be independent of the
level of cure [46]. Thus the physical properties tend to be largely dominated by the
properties of the starting material itself. As research in this area progresses newer
methods and strategies will develop to bridge differences between current processes
and increase industry efficiencies.
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Chapter 5
Physicochemical Properties of XLPE i

Kai Zhou and Yaping Wu

1 Structure of XLPE

1.1 Overviews of Polymer Structure

Macromolecule polymers refer to the compounds that are formed by a large number of
atoms or atomic groups and have a molecular weight of more than 10,000; meanwhile,
all the atoms and the atomic groups are mainly combined by covalent bonds [1].
Macromolecule polymers have repeating structural units and large molecular weight,
and they can be divided into two types: inorganic polymers and organic polymers.
The repeating structural units are called monomers and the basic structure of the
polymer chain unit is called the structural unit.

According to the geometry of polymers, polymers can be divided into two cate-
gories, namely linear polymers, branched polymers, crosslinked polymers, star-like
polymers, ladder-like polymers, etc., as shown in Fig. 1.

Linear polymers have more flexibility and are usually thermoplastic, and they can
be melted by heating and dissolved in a specific solvent. The processing technology of
linear polymers is relatively easy. Branched polymers are derived from some branch
chains of linear polymer so they have the same structural units as the main chain,
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Fig.1 Geometry of the
polymer chain. (a) Linear
polymers. (b) Branched
polymer. (¢) Crosslinked
polymer

(a) Linear polymers

(b) Branched polymer

(c) Cross-linked polymer

and they are also soluble and fusible. Due to the existence of the branch chain, the
distance between the molecules is increased, and the intermolecular force is reduced
to improve the elasticity and plasticity of the polymer. The branched polymers have
many properties similar to the linear polymers, while its physical and mechanical
properties are significantly different from the linear polymers. Crosslinked polymers
have a three-dimensional reticular structure [1], as shown in Fig. lc. As for high-
density polyethylene, linear low-density polyethylene and crosslinked polyethylene,
although they have the same main chains, their physical properties are quite different
due to the different condensed structures [1].

The solid structure of a polymer is an aggregated structure, which is also known
as the higher-order structure. The higher-order structure of the polymer directly
affects the performance of the material. The aggregated structure of the polymer can
be divided into two basic forms: crystalline form and amorphous forms. Polymers
that are predominantly amorphous or dominantly amorphous are called amorphous
polymer materials, and polymers with a crystalline structure are called crystalline
polymers.

Amorphous polymers have three different physical states: glassy state, rubbery
state and viscous flow state. These three physical states can be transformed each
other as the temperature changes. At the same time, the performance of the material
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will also change. For example, rubber is linear amorphous phase polymer with better
elasticity, while polyvinyl chloride (PVC) plastic is a semicrystalline polymer with
better hardness. That is because their physical states are different at room temperature.
Since the glass transition temperature (7'g) of PVCis at the range of 77-90 °C, it is at
glassy state at room temperature, while rubber is at rubbery state at room temperature.
When heated to a certain temperature, the plastic will transform from glassy state
to rubbery state and lose the original physical properties. When the temperature
continues to rise to a certain level, it will further transform from the rubbery state to
the viscous flow state. For the rubber, if the temperature is reduced to a sufficiently
low level, it will transform from the rubbery state to the glassy state. The elasticity of
rubber will be lost and the rubber will become as hard as plastic [1]. Therefore, when
applying polymer synthetic materials, the temperature range must be considered in
order to exert its material properties.

Crystalline polymers have very regular internal molecular arrangement, and they
present large intermolecular forces, so their heat resistance and mechanical strength
are higher than those of amorphous polymers, while their melting enthalpies are
relatively low. Crystalline polymers (such as polyvinyl chloride and isotactic propy-
lene) at melting state can be also considered as the most disordered amorphous state,
and this state can be also called as the amorphous state. To study the crystallization
behavior of crystalline polymers often starts from their melting state. Quenching a
crystalline polymer from its melting state to a certain temperature, such as the glassy
transition temperature 7'¢, may let the polymer transform into amorphous glassy state,
or it may lead to a partially crystalline polymer with relatively low crystallinity. The
disordered state of the amorphous part will be different from the amorphous state at
this time, and then the crystallization behavior can be studied from the amorphous
glassy state or the partially crystalline state.

In summary, to understand the basic properties of polymers (high elasticity, plas-
ticity and mechanical strength, hardness, etc.), we need to analyze the polymer
composition, molecular weight, molecular structure, aggregation state and other
several aspects. The reason why plastic is difficult to deform and has good mechan-
ical strength is because of its linear or bulk structure, and its molecular chain and
chain segment cannot move at room temperature. The reason why rubber has good
elasticity is because it is a highly linear polymer with low crosslinking degree, which
makes the molecular chain harder to move at room temperature, while its movement
in segment is relatively easy.

1.2 Structure of XLPE and Water Tree Retardant

Polyethylene, which is solid at room temperature, has linear macromolecular struc-
ture, but as the temperature rises to the softening point, relative displacement will
occur between the molecular chains, so its service temperature is limited. To improve
the temperature resistance grade of polyethylene, crosslinking methods are adopted
[2]. As each polyethylene molecular chain is independent to varying degrees, through
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the crosslinking, different polyethylene molecules can be aggregated together. In
other words, the polyethylene molecular chains are connected by branching connec-
tion after the cross linking, which makes the macromolecular structure become
a three-dimensional network from linear structure, and transforms the material
from thermoplastic polymer to thermosetting polymer, as shown in Fig. 2. After
crosslinking, polyethylene not only improves its mechanical strength, heat resis-
tance, anti-creep and anti-cracking performance, but also maintains its original low
dielectric loss and other good electrical properties.

Compared with polyethylene (PE), crosslinked polyethylene (XLPE) has the
following advantages [3, 4]:

1.  XLPE inherits the high breakdown strength, low dielectric loss, moisture
resistance, aging resistance and other properties of PE;

2.  XLPE has better heat resistance: as the polyethylene molecule changes from
linear structure to network structure during the crosslinking process, its heat
resistance has been significantly improved. The long-term allowable working
temperature of polyethylene before crosslinking is only 70 °C, while this value
reaches 90 °C after crosslinking, and working current capacity of XLPE has
been significantly improved;

3. XLPE has better environmental stress crack resistance and cold flow resistance,
and it also improves chemical stability, heat aging and solvent resistance;

4.  Airbubbles are eliminated during the production process of XLPE, which makes
the insulation resistance of the cable be improved.

Crosslinked polyethylene is formed by physical or chemical changes of polyethy-
lene. This kind of change is called crosslinking. There are a variety of crosslinking
methods. Common crosslinking methods are mainly peroxide crosslinking, radiation
crosslinking and silane crosslinking. Crosslinking methods can be also divided into
the wet-type crosslinking and the dry-type crosslinking. The wet-type crosslinking
results in higher water content and large microporous size. For this reason, the wet-
type crosslinking method is mainly used for low-voltage cables. In the dry-type
crosslinking, nitrogen and molten salt are always used as the pressure medium for
chemical reactions, the reaction is under electric heating or heating with silicone oil,
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Fig. 2 Crosslinking of polyethylene molecules
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molten salt, etc. The water tree retardancy of cable was greatly improved after the
application of the dry-type crosslinking procedure.

Originally, the cable insulation is consisted of non-crosslinked polyethylene.
However, the mechanical properties of the polyethylene are poor and it is prone
to initiating water trees, which results in the remarkable reduction of their service
lives. In order to improve the ability of resisting water trees [5—7], the industry
adopts the crosslinked polyethylene for cable insulation which is known as XLPE.
After crosslinking, the mechanical properties of the cables are significantly improved.
The probability of water tree initiation and the propagation rate of water trees are
reduced [8—10]. Later, a new water tree retardant cable is produced, which is further
improved by changing the molecular structure of polyethylene or adding some addi-
tives into XLPE. In order to water tree initiation of XLPE, the following principles
are considered [11]:

1. Polar additives or molecular chains with strong polarity which can absorb and
prevent the migration of water under high electric fields to inhibit the growth of
water trees.

2. Inhibit water tree by adding low molecular weight additives.

3. Mix other polymers which can increase the plasticity of the material.

1.3 Molecular Chain Movement in XLPE

Structure of material is the basis of the physical and mechanical properties. Different
materials have different structures, and their properties are different. Even if the
materials with the same structure also can show different physical and mechanical
properties due to different molecular chain movement. Therefore, it is necessary
to understand the molecular chain movement of polymers in order to establish the
relationship between structure and performance. Molecular movements have three
characteristics: the multiplicity of motion units, the time dependence of molecular
movements and the temperature dependence of molecular dependence.

1. The multiplicity of motion units

Due to the long-chain structure of the polymer, the molecular chain not only
has large molecular weight, but also has polydisperse. In addition, it also has
different side groups, plus branching, crosslinking, crystallization, orientation,
copolymerization and so on, which make the motion units have multiple prop-
erties. The motion units of a polymer can be polymer chains, a side group,
branched chains, chain elements, chain segments, etc. The movement modes
include vibration, rotation, and translation.

The overall movement of the polymer chains: the polymer chain as a whole has
a mass center, and the movement of mass center needs to be completed through the
coordinated movement of the segments. The macro-feature of this movement is the
circulation or the solution of the polymer melt or the permanent deformation of the
polymer material.
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Segment movement: while the polymer chain maintains its mass center, part of the
segments moves by single bond rotations. The movement of the polymer segments
can cause macromolecules to stretch or to curl, and these kinds of conformational
changes have an important impact on the material. The macro-feature is the transition
of the polymer from the glassy state to the rubbery state, such as the stretching and
retraction of the rubber.

Movement of chain elements, branched chains, side groups, etc.: the movement
of small units requires less energy than the movement of chain segments, which can
occur at the glassy transition temperature.

Crystal zone movement includes: crystal form transformation, crystal wafer slip,
accordion movement of folding chain in crystal zone, etc. Customarily, the move-
ments of polymer molecules are divided by two units with different size, which are,
the movements of the entire macromolecular chain called large Brownian motion,
and the movements of the chain segments or the movements of some smaller units
below chain segments’ size called micro-Brownian motion.

2. Time dependence of molecular motion
Small molecular substances will immediately respond after receiving external
effects, while the polymer chain has a large structure and responds relatively
slowly to external effects. Under external effects, the material transforms from
a balanced state through molecular motion to adapt to the outside world, and
the process is called the relaxation process, which makes the equilibrium state
from old to new, and the time required to complete the relaxation process is
called the relaxation time. For polymers, the relaxation process can be very
long, from a few days to years. Different motion units have different degrees of
time dependence. The larger the motor unit, the longer the relaxation time will
be.

3. Temperature dependence of molecular motion
Temperature has two effects on the movements of polymer molecules: the first
one is that the kinetic energy of the movement unit increases and make it
active. The second is that the temperature will increase and the volume will
be expanded, and this kind of change will provide free space for the movement
unit to move, which accelerates the relaxation process and shortens relaxation
time.

In general, the relationship between relaxation time and temperature is consistent
with the chemical rate process theory (Arrhenius formula):

T = roeAE/RT (D)

where:

Tp  constant,
AE  the activation energy required for the relaxation process,
R constant
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Amorphous polymers exhibit three different physical states as temperature
changes: glassy state, rubbery state, and viscous flow state. Three physical changes
correspond to three mechanical states. At the glassy state, the material is rigid and
solid, and only small deformation occurs under the external forces. In other word,
material has larger module value at this state; the deformation capacity of rubbery
state materials increases significantly, and the material becomes a soft elastomer; the
viscous flow state materials have larger deformation, and irreversible viscous flow
will occur. When the crosslinking density is not high, the motion of the segments
will not be affected, and there will be a large range of elastic deformation. When
the crosslinking density is high, as the crosslinking degree increases, the movement
of the chain segments becomes more and more difficult, and the glass transition
temperature becomes higher.

Without applying external forces, the polymer’s macromolecular chains are
always entangled each other and appear as random clusters, as shown in Fig. 3a.
When subjected to external forces such as shear stress or tensile stress, the polymer’s
macromolecular chains, segments or crystallites will be ordered along the direction
of the external force, resulting in different degrees of orientation and forming an
oriented state structure, as shown in Fig. 3b. The orientation state of the polymer
is thermodynamically non-equilibrium. When the external force is removed, the
thermal motion of the molecules always makes the ordered structure tend to be
disordered, which we call de-orientation. As a result, the orientation degree depends
on the external force (should be below the fracture stress) and the thermal move-
ment of macromolecules. Therefore, if the orientation needs to be maintained, the
temperature must be quickly reduced below the glass transition temperature after
orientation to freeze the movement of macromolecules and segments.

External Force Direction (alignment direction)

C 1
RERRRRREITERRERE v zgggzgaazzgzza — esion
%&\ Amorphous \Amorphous
m Region &2 2 2 m &e 2 2 3_2_2 Region
(a) No external force (b) Applying external force

Fig. 3 Orientation of polymer under external force. (a) No external force. (b) Applying external
force
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2 Physical Properties of XLPE

2.1 Electrical Properties

The electrical behaviors of dielectrics mainly reflect their conductivity properties,
dielectric properties, and electrical strength under the operation. They are represented
by four main parameters, which are electrical conductivity (insulation resistivity),
dielectric constant, dielectric loss factor tan § and breakdown strength.

Dielectrics will appear electrophysical phenomena such as polarization, conduc-
tance, and dielectric loss under the electric field. However, the polarization, conduc-
tance, and dielectric loss of gas media are very small and generally can be ignored.
Therefore, those characteristics are only need to be noted in liquid and solid media.

1. Polarization

Dielectric polarization is the phenomenon in which the charge of molecules
and atoms inside the dielectric is elastically deformed and the orientation of
the dipoles corresponds to the direction of the electric field. At this time, the
displacement of the charge is mostly microscopic and within the range of atoms
or molecules, and an electrical moment (dipole moment) is generated. The most
basic types of polarization are electron polarization, atomic polarization, and
dipole polarization [12].

Electron polarization: under the external electric field, the orbit of the electrons
in the atoms of the medium will be elastically displaced relative to the nucleus.

Atomic polarization: each nucleus in a molecule or group is displaced relative to
each other under the action of an external electric field.

Dipole polarization: under the electric field, the intrinsic dipole moments of the
molecules in the medium will be aligned along the direction of the electric field.
The vector sum of all dipole moments is not zero, and the medium will generate
macroscopic polarization intensity.

2. Conductance
No dielectric can be an ideal insulator, and they always have more or less
charged particles (carriers) inside them, such as movable positive and negative
ions, as well as electrons, holes, and charged molecular groups. Conductivity is
a parameter describing the movement difficulty of charge in a substance. The
standard unit of conductivity ¢ is Siemens/meter (abbreviated as S/m), which
is the inverse of resistivity p, thatis, o = 1/p.

The factors that affect conductivity are: temperature, degree of impurity,
anisotropy and so on. Conductivity has a great correlation with temperature. The
conductivity of metal decreases with the increase in temperature, whereas the conduc-
tivity of semiconductor increases with the increase in temperature. At a certain
range of temperature, the electrical conductivity can be considered approximately
proportional to the temperature. In order to compare the electrical conductivity of
a substance at different temperature conditions, a common reference temperature
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Table 1 Diclectric loss The dielectric tan 8 (1073) e

factors and dielectric constant

of common cables at 50 Hz Impregnated paper 2-3 35

[13] Polyethylene 0.2-0.4 22-23
XLPE 0.3-0.5 2.3-24
EPR 1.8-3 2.6-2.7

must be set. The correlation between electrical conductivity and temperature can
often be expressed as the slope of the conductivity versus the temperature line graph.
The doping level of the solid-state semiconductor will cause a large difference in
the conductivity. Increasing doping level will cause the conductivity to increase.
The conductivity of the aqueous solution depends on the concentration of its solute
salt content or other chemical impurities that will decompose into electrolytes. The
electrical conductivity of water sample is an important indicator for measuring the
salt, ionic, and impurity components of water. The purer the water is, the lower the
electrical conductivity it will be (Higher resistivity).

3. Dielectric Loss

There is no ideal dielectric without energy loss under electric field. In fact,
there will always be a certain amount of energy loss while a dielectric is under
electric field, those energy losses include losses caused by conductance and
losses caused by some certain loss polarizations (such as dipole polarization,
interface polarization, etc.), they are collectively called dielectric loss. Dielectric
losses of some cable material are shown in Table 1, and their losses are generally
low and are made of unipolar material.

Dielectric loss refers to the energy that is converted into thermal energy under
the alternating electric field. Dielectric loss can be mainly divided into relaxation
loss, resonance loss and conductivity loss according to the formation mechanism.
The relaxation loss and the resonance loss are related to relaxation polarization and
resonance polarization, while conductance loss is related to the conductance of the
dielectric. The relaxation loss refers to the change in the degree and direction of the
dielectric polarization as the alternating field E changes its strength and direction. If
the dielectric is composed of polar molecules (polar dielectric) or contains weakly
bound ions (such dipole polarization and ionic polarization are caused by thermal
motion, which are called dipole and thermionic respectively) and it takes a certain
time (relaxation time) for orientation polarization or displacement polarization, the
phase difference between the dielectric polarization and the electric field will occur,
which can generate the dielectric relaxation loss W . If the relaxation time 7 of the
polar molecules and thermionic that make up the dielectric is much larger than the
period T of the alternating electric field, these particles will have no time to establish
polarization, and the dielectric relaxation polarization will be very small. At low-
frequency electric fields, the relaxation time of particles is much shorter than 7', but
the dielectric relaxation loss is also very small because the number of changes in
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direction per unit time is very small. When the relaxation time is equal to the period
T of the alternating electric field, the dielectric loss has a maximum value.

Relaxation polarization occurs in liquid and solid dielectric with polar molecules
and weakly bound ions. For polymers with polar groups, relaxation polarization in the
form of orientation polarization can also be produced by polar groups or chains with
a certain length. The relaxation loss of liquid dielectrics is related to viscosity. For
polar dielectrics with very low viscosity, such as water and alcohol, the relaxation
loss occurs at the range of the centimeter band. The relaxation loss is related to
temperature and electric field frequency.

The resonance loss and the conductance loss refer to the elastic displacement
polarization of electrons and ions. The dielectric can be regarded as a collection
of many oscillators, which are forced to vibrate under the action of electric field
and finally consume the energy in the form of heat energy. When the electric field
frequency is much higher or much lower than the oscillators’ resonance frequency,
little energy is consumed. Only when the electric field frequency is equal to the
natural frequency of the oscillators (resonance), the loss of energy is the largest, so it
is called dielectric resonance loss. For the electron elastic displacement polarization,
it is in the ultraviolet frequency band. While for the ion displacement polarization,
it is in the infrared frequency band.

4. Breakdown strength
Under a high electric field, the current passing through the polymer increases
non-linearly with the electric field. When the electric field continues to increase,
the current surges, and the polymer changes from an insulated state to a non-
insulated state, which is called insulation breakdown. Insulation breakdown is
an irreversible phenomenon of insulation failure. Polymer breakdown is divided
into electrical breakdown, thermal breakdown and electrochemical breakdown.

(a) Electrical breakdown

In the low electric field, the carriers in the polymer get energy from the elec-
tric field. These energies are consumed in the collision of carriers with other
carriers, molecules and atoms around them. When the carriers get energy from
the electric field again, they can continue to move. Therefore, the polymer
has stable conductance. But when the electric field strength reaches the crit-
ical value, the carriers gain enough energy from the electric field, and the
carriers collide with polymers to produce electrons or ions. These new carriers
get enough energy to collide with polymer and generate new carriers. This
process is repeated periodicity, and the number of carriers increases rapidly,
the current rises sharply. Eventually, polymer breakdown will happen, which
is called electrical breakdown.

The breakdown strength of the polymer under uniform electric field is only related
to the chemical composition and properties of the polymer, which is often referred
to as electrical strength or electrical intensity.
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(b) Thermal breakdown
Under the action of strong electric field, the polymer will undergo dipole polar-
ization. Atthe same time, the energy generated by overcoming the viscous resis-
tance will be dissipated in the form of heat. If the polymer does not conduct heat
quickly enough, the temperature inside the polymer gradually increases. With
the increase in temperature, the internal conductivity in the polymer increases
gradually, the dielectric loss is larger, more heat is released, and the tempera-
ture increases further. As a result, the polymer is oxidized, melted and coked,
resulting in breakdown. The thermal breakdown occurs in the places where the
heat dissipation is the worst and has the following characteristics:

1. Thermal breakdown usually occurs in high-temperature areas.

2. The breakdown voltage decreases rapidly with the rise of ambient temperature.

3. The breakdown voltage is related to the waveform, frequency, pressure time
and boost speed of the applied voltage.

4.  Thermal breakdown has nothing to do with the electrical properties of the
material.

5. With the increase in sample thickness, the heat dissipation is difficult and the
breakdown field strength decreases.

Thermal breakdown is different from electric breakdown. Thermal breakdown
usually occurs in the high temperature region, while electrical breakdown usually
occurs in the low temperature region. Moreover, electrical breakdown voltage has a
short acting time and is less affected by the ambient temperature.

(¢) Electrochemical breakdown

Electrochemical breakdown occurs when the polymer is subjected to high
voltage over a long period of time. During operation, due to thermal, chem-
ical and mechanical effects, the insulation performance gradually deteriorates
and the insulation ages. Under the high electric field, ionization of local air
gap occurs on polymer surface or in defects, which produce ozone or nitrogen
oxides, etc. The ozone and nitrogen oxides make the polymer age and increase
the conductance, resulting in the breakdown of the insulation. There are many
factors influencing cable breakdown, including voltage action time, electric
field uniformity, temperature, moisture and cumulative effect.

Voltage action time: if the voltage action time is very short, such as less than
0.1 s, electrical breakdown usually occurs at this time, and the breakdown voltage
is of course also very high. With the increase in the time of voltage application,
the breakdown voltage will drop. If the applied voltage is low, the cable will break
down after several minutes to several hours. At this time, the effect is usually thermal
breakdown. However, it is difficult to distinguish between thermal breakdown and
electrical breakdown, and it is often a dual role of thermal and electrical breakdown.
After the voltage is applied for a period of several years, the cable breaks down. At
this time, the electrochemical breakdown usually occurs.

Electric field uniformity: the breakdown voltage of the solid medium in the
uniform electric field is generally higher, and the breakdown voltage increases
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linearly with the increase in the thickness of the solid medium. In an uneven electric
field, the breakdown usually occurs at the points with field distortion.

Temperature: the breakdown of solid medium in a certain temperature range is
electrical breakdown. When the temperature exceeds a certain temperature, the higher
the temperature is, the lower the breakdown voltage is. For this situation, it is thermal
breakdown. Therefore, the solid medium works in the local high temperature, under
the working voltage, and there will be the risk of thermal breakdown.

Moisture: after solid media is moistened, conductivity and dielectric loss greatly
increased, and breakdown voltage can be sharply reduced. Therefore, it is necessary
to pay attention to moisture-proof during the operation of the cables.

Cumulative effect: under a non-uniform electric field or a low amplitude over-
voltage, though the medium does not break down, but some traces such as local
carbonization inside the solid medium will be left. After multiple effects of voltage,
the local damages gradually accumulate, which lead to a decrease in the breakdown
voltage of the solid medium.

2.2 Mechanical Properties

Mechanical properties are the basis for the excellent physical properties of polymers.
The mechanical properties of materials represent the ability of materials to undergo
reversible or irreversible deformation under stress and to resist damage. It is required
that the polymer used as cable insulation material has certain strength and toughness.
The most important mechanical properties of polymers are their high elasticity and
viscoelasticity [1].

1. High elasticity
High elasticity refers to the large reversible deformation under the action of
stress, which is caused by the change of internal conformational entropy, also
known as entropy elasticity. The reason for the high elasticity of the polymer
is the flexibility caused by the conformational change of the polymer chain, as
shown in Fig. 4. A polymer material with high elasticity is called elastomer or
rubber.

The difference between high elasticity and ordinary elasticity is: its elastic defor-
mation is large for the high elastomer, and the high-elastic deformation can reach
1000%, whereas ordinary deformation is not more than 1%. The elastic modulus is
very low, and the elastic modulus of high elasticity is only 10° N/m?, and the elastic
modulus of metal is as high as 10'°-10'" N/m?. Rubber materials get hot when they
are stretched quickly, while metal materials absorb heat when they are stretched
quickly.

The characteristics of high elasticity are related to the flexibility of polymer molec-
ular chains. The macromolecules of high polymer have long chain structure, and the
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Fig. 4 High-elastic deformation of polymer molecules

molecular chains have great activity, which can stretch or curl rapidly. Thus, it can
be seen that amorphous polymers have high elasticity only when the temperature is
higher than the glass transition temperature.

The factors that affect the flexibility of the polymer chain will affect the high
elasticity of the polymer: the higher the molecular weight of the polymer, the longer
the molecular chain, the more the conformation of the molecular chain, and the
more flexible the molecular chain. The greater the force is between the chain and
the chain, the more difficult it is to slip between the macromolecules, so the higher
the elasticity of the material is. The better the flexibility of macromolecules, the
better the elasticity of rubber and the better the cold endurance. The appropriate
crosslinking degree widens the material’s high-elastic temperature and increases its
strength to prevent the flow creep in use. Reducing the crystallinity of the polymer
and the arrangement of the molecules is beneficial to improve the high elasticity of
the material.

2. Viscoelasticity
High elasticity means that the deformation and the external force act at the
same speed, that is, the stress and strain reach a balance in an instant. For
example, if an external force is applied to the rubber band, the rubber band
is stretched instantly. When the external force is removed, the rubber band
rebounds immediately, which is called ‘balanced high elasticity,” as shown in
Fig. 5a. Unlike the balanced high elasticity, some high-elastic deformations
lag behind the force, as shown in Fig. 5b. The reason for the delay of high
elastic deformation is the difficulty of chain movement. The stiffer the segment,
the lower the temperature, and the more serious the deformation delay. The
viscoelastic features of polymers are creep, stress relaxation, hysteresis and
internal friction.

Creep: the phenomenon that an object deforms under the action of external forces
and the deformation continues to develop slowly with time is called creep.

Stress relaxation: it makes the polymer deform rapidly and produces a stress inside
the material. The phenomenon that the stress gradually weakens with time is called
stress relaxation.
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Fig. 5 Relationship between stress-strain and time of two high elastic bodies [14]

Hysteresis: the hysteresis is internal friction. When the change speed of macro-
molecule conformation lags behind the change speed of profit, the deformation will
lag. This phenomenon is called lag. As shown in Fig. 6, the stress-strain curve of
rubber is shown during the process of shrinkage after one-time tensile.

The stress-strain curve changes along ACB during stretching and along BDA
during retracting, and the deformation during retracting is larger than that during
stretching. Since the stretch and the retraction are not same way along the same
stress-strain curve, the absorption and release of energy in the material during a
stretch and retraction cannot be offset. The area enclosed by ACBDA is called the
hysteresis ring, and the hysteresis ring area represents the net absorbed energy of
rubber during a stretch retraction. This energy is converted into heat, called internal
friction, which causes the rubber to age.

Fig. 6 Stress-strain curve of c A
rubber during one-time
stretch and retraction [2] B

A



5 Physicochemical Properties of XLPE 103

2.3 Other Properties

Heat resistance

During the operation of cables and electrical equipment, the polymer material
is always working at a certain temperature. If the temperature changes, the
polymer will soften, deform or decompose. The processing process of the plastic
or rubber will also be affected by the heat, so the heat resistance of polymer
material is very important. Therefore, it is of great significance to increase the
working temperature of the polymer dielectric for improving the capacity of
electrical products, prolonging their service lives and reduce the production
investment (Tables 2 and 3).

The changes of polymers after being heated can be divided into physical change

and chemical change. The physical change refers to whether the material appears
softening, deformation, melting and other phenomena under high temperature, or
the change of the performance of the material under hot state. The chemical change
is cyclization, crosslinking, degradation decomposition, oxidation, hydrolysis, etc.
Due to the different uses of polymers, the indicators of these changes are different.
There are many kinds of heat-resistant indicators of polymers, such as softening
temperature, decomposition temperature, working temperature and heat-resistant
grade.

2.

Flame resistance

Most of the materials used in power cables are flammable materials, such
as polyethylene, polypropylene, polystyrene and so on. Only a few polymers
(such as fluoroplastics and fluororubber) have high flame resistance. When the
polymer is heated, chemical destruction and the generation of volatiles will
occur and leave porous residues. For this reason, the oxygen in the air is easy to

Table 2 Glass transition temperature Ty and melting temperature Ty, of some polymers [2]

Polymer T (glass transition temperature)/°C | T, (melting temperature)/°C
Linear polyethylene —80 137

Polypropylene —18 176

Polyvinyl chloride 87 212

Polystyrene 100 112

Polymathic methacrylate | 105 -

Teflon 126 -

Nylon 6 50 215

Table 3 Heat resistance grades (International) [2]

Heat resistance grades Y A E B F H C

Working temperature/°C 90 105 120 130 155 180 >180
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penetrate and cause further oxidation reactions in the solid matrix. The residues
are usually composed of carbon residues, which increase the absorption of heat
from the surrounding radiation and further the accelerate pyrolysis of the mate-
rial. In this way, the accumulated temperature rises, and finally the volatiles
ignite to form a flame. The ignition can be caused by an external flame or spon-
taneously. If the heat produced by the combustion can continuously provide the
necessary heat for the thermal cracking of the matrix to maintain the combus-
tion, such materials are called combustible materials; on the other hand, if the
heat generated by the combustion is not enough to provide heat to cause the
continuing combustion of the material, and not enough to produce volatiles at
a sufficient rate to ignite, the flame will extinguish, such a material is called a
self-extinguishing material.

The combustion characteristics of polymers can be characterized by the following
parameters:

Specific heat capacity: it refers to the heat required for every 1 °C rise of unit mass
substance, and the unit is J/kg K. If the specific heat capacity is larger, more heat
will be absorbed in the heating stage. Combustion heat: it refers to the heat generated
when 1 kg polymer is fully burned. The decomposition reactions of polymers are
exothermic reactions, and the combustion heat is an important factor to maintain
combustion and delayed combustion. Flash point and spontaneous combustion point:
when the polymer is decomposed by heat to release combustible gas, which can
just be ignited by a small flame outside, then the minimum temperature of the air
around the sample is called the flash temperature of the material, and it is called flash
point for short. When the polymer is heated to a certain temperature, it will burn or
explode without external ignition source. At this time, the lowest temperature of the
surrounding air is called the spontaneous combustion temperature of the material,
which is referred to as the spontaneous combustion point for short. Decomposition
temperature: the combustion of polymer is decomposition combustion, which is only
possible above the decomposition temperature. If the decomposition temperature is
low, the possibility of combustion is high. Oxygen index: the minimum amount of
oxygen required to keep a candle-like specimen burning at a temperature in a mixture
of oxygen and nitrogen. The higher the oxygen index, the more difficult the material
is to burn.

The combustion characteristics of polymer are also characterized by thermal
conductivity, combustion rate, etc. For different polymers, different standard
parameters can be selected according to the actual situation.

3 Chemical Properties

Crosslinked polyethylene (XLPE) has become the insulating material of power cable
because of its excellent dielectric, physical and chemical properties. The cable will
be affected by various factors such as electricity, heat and mechanical stress for a
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long-time during operation, which will lead to accelerated aging of the cable insu-
lation material. In order to increase the service life of XLPE insulation material,
its performance needs to be further improved. Generally, the methods to improve
the performance of XLPE insulation materials mainly include copolymerization,
blending and using additives, among which method of using additives are widely
used, such as adding antioxidant, light stabilizer and voltage stabilizer. Additives have
along history, dating back to the 1960s. The main function of additives is to improve
the performance of insulating materials by inhibiting thermal oxygen degradation,
photooxidative degradation and electrical aging. According to the survey report of
American Electric Power Research Institute, 83.33% of companies that make cable
materials in the USA use additives. Most additives are derived from various additives
in the plastics industry and are widely used because of their low cost and the need
to introduce insulating materials without additional processes and equipment. This
section will introduce the effect of additives on XLPE insulation from two aspects:
polymer degradation mechanism and additive action mechanism.

3.1 Thermal Oxidation Resistance

XLPE will contact with air during processing, storage and application. At a certain
temperature, XLPE reacts with oxygen in the air and degrades, which is called
thermo-oxidative degradation. In the thermal oxygen degradation process of XLPE,
automatic oxidation reaction is the core reaction of thermal oxygen degradation.
When XLPE is subjected to heat or light, free radicals will first be triggered on the
molecular weaknesses. Free radicals react with the polymer to form ROOH, which is
the main cause of automatic oxidation. Thermo-oxygen degradation is divided into
three stages: initiation reaction, propagation reaction and termination reaction.

In the initiation reaction, free radicals are triggered on the weakness of XLPE
molecule at a certain temperature, which react with oxygen quickly to form peroxide
radicals.

RH—> R +H 2)

R +0, — ROO 3)

In the propagation reaction, ROO™ will capture the hydrogen atom in the polymer
to generate ROOH. When enough ROOH is available, it will decompose into new
free radicals and participate in the chain reaction. In XLPE, ROOH will form irreg-
ularly on the chain. Therefore, in the early stage of auto-oxidation, single-molecule
decomposition is mainly, and single molecules will split to produce RO’ and HO' radi-
cals. As the concentration of ROOH increases, bimolecular decomposition begins
to occupy a dominant position. Bimolecular will split to produce RO’, ROO" and
HO' free radicals. These free radicals continue to interact with XLPE molecules to
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generate more free radicals to accelerate the oxidation process.

ROO +RH — ROOH + R’ 4)
ROOH — RO’ + HO' (5)
2ROOH — RO’ + ROO" + HO' (6)
RO +RH — R +ROH 7
HO +RH — R + H,0 8)

In the termination reaction, after the free radical collides with each other, the
double base coupling terminates and the free radical disappears.

ROO" + ROO" — ROOR + O, 9)
ROO" + R" — ROOR (10)
R+R - R—R (11)

Figure 7 shows the automatic oxidation chain reaction process of thermal oxygen
degradation. It can be seen from the figure that each time the thermal oxygen cycle

RH

¢ heat or light

R 0O,
ROH

P ROO °

H,0 RH RH

RO °

ROOH
B 00

Fig. 7 Automatic oxidation chain reaction [15]
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is carried out, an initial alkyl radical will generate at least three R, which will lead to
higher and higher concentration of alkyl radicals in XLPE, and the thermal oxygen
reaction speed will be accelerated. Finally, the automatic oxidation reaction will be
formed, and XLPE will accelerate the degradation.

The above analysis describes the mechanism of thermal oxygen degradation
in XLPE. For the polymer, its saturated degree, branched structure, substituent,
crosslinking bond and crystallinity will affect its thermal oxygen stability, that is,
changing the structure of the polymer can change the thermal oxygen stability of the
polymer. However, for XLPE, the method to change its structure is obviously not
feasible. Therefore, in order to improve the thermo-oxygen stability of XLPE, the
method widely used at home and abroad is to add thermo-oxygen stabilizer, namely
antioxidant, to improve its thermo-oxygen stability. The selection and use of antioxi-
dants depend on the properties of the polymer, the conditions of manufacture, storage
and application.

Antioxidants can be divided into two categories according to their different inter-
ventions in the process of automatic oxidation chain reaction. One is the main antioxi-
dant, also known as free radical catching agent (mainly phenolic antioxidants), whose
role is to stop the free radical chain reaction, i.e., to stop R" and ROO'. This kind of
antioxidant forms stable free radical compounds by providing hydrogen atom, which
reacts with ROO" to form hydroperoxides ROOH. The other class is main antiox-
idant, which can also be called preventive antioxidant (mainly sulfur antioxidant).
This kind of antioxidant can decompose hydroperoxides into stable product ROH in
a non-free radical way, thus eliminating the main initiation point of chain reaction.
The mechanism of action of the two antioxidants is shown in Fig. 8.

0,
RH
R" chain ROO °
termination
RH REH \ main antioxidant
H,O
RO * +HO
RH
ROOH
7/
stable product auxiliary
(ROH) antioxidant

Fig. 8 Action principle of antioxidant [15]
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3.2 Photo Oxidation Resistance

The mechanism of photooxidative degradation of polymers is very similar to that
of thermo-oxidative degradation. The reaction process is also carried out in three
stages: initiation reaction, growth reaction and termination reaction. It is different
from thermo-oxidative degradation in that the initiator of photooxidative degradation
is more than thermo-oxidative degradation. During the laying and operation of the
cable, due to the limitations of the existing technology, micro-defects will inevitably
be left in the XLPE insulation, and electrical branches may be caused during the
operation during the defect to cause insulation breakdown. C. Laurent and S. S. Bamji
proposed the theory of photodegradation induced by electric dendrite by studying the
electroluminescence phenomenon of electric dendrite during the incubation period
[16]. The theory is that under the action of AC voltage, electrons will be trapped by
traps in the polymer during the negative half cycle as the polarity of the AC voltage
is reversed, when it is in the positive half cycle of the AC voltage, the electrons in
the deep trap will be difficult to fall off due to the different depths of traps in the
polymer. Electrons that cannot be trapped will emit photons after recombining with
the injected holes, and the emitted photons can generate visible light and ultraviolet
light. With the increase in the applied voltage, some local states will change from
trap states to composite centers, which will produce shorter wavelength light, that
is, the intensity and energy of ultraviolet rays generated by higher voltages will be
greater.

Generally, polymers containing only single bonds do not absorb or hardly absorb
ultraviolet rays in principle and are relatively stable. However, materials such as
catalysts and additives are added during the manufacturing and processing of XLPE
insulation materials. These materials contain chromophore groups. The chromophore
is easily excited by absorbing ultraviolet light. These excited substances will become
photo-initiators and cause the C—C bond in XLPE to break to generate alkyl radicals
R'. These free radicals R™ react with oxygen to produce ROO’, ROO" capture the
hydrogen atom in the XLPE molecular chain to generate the hydroperoxide ROOH,
and the photooxidation reaction begins. The hydroperoxide ROOH can absorb ultra-
violet light and cause a photochemical reaction to break the O-O bond, and the
hydroperoxide ROOH all splits into alkoxy radicals RO with HO", alkoxy radicals
can take hydrogen atoms from XLPE to generate alkyl radicals R" alkyl radical R’
reacts with oxygen to produce peroxide radicals ROO'. The photooxidative degra-
dation chain reaction starts, which will accelerate the degradation of XLPE. It is
worth noting that in the initial stage of photodegradation, in addition to generating
hydroperoxide, carbonyl group C=0 is also generated. The carbonyl group can also
be used as a photo-initiated source of photooxidation to generate alkyl radicals. The
mechanism of photo-oxygen degradation is shown in Fig. 9.
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Fig. 9 Mechanism of photooxidative degradation [16]

Light stabilizers are a general term for a class of substances that can inhibit or elim-
inate photochemical processes in polymers. According to the mechanism of photoox-
idative degradation of polymers, radiation shielding, absorption and conversion of
radiation, quenching processes, and elimination of free radicals and decomposition of
hydroperoxides make the polymer have light stability. Therefore, according to these
methods, light stabilizers can be classified into light-shielding agents, ultraviolet
light absorbers, excited state quenchers, radical scavengers and hydrogen peroxide.
Light-shielding agent is a substance that is opaque to ultraviolet light. It can prevent
ultraviolet light from entering the polymer material. There are mainly inorganic and
organic pigments, including carbon black, zinc oxide and so on. Ultraviolet light
absorbers can absorb harmful substances. The ultraviolet light converts the energy
of ultraviolet light into fluorescence or phosphorescence that is not harmful to the
polymer or heat energy that is not harmful to the polymer, including salicylates,
benzophenones, benzotriazoles, etc. The excited state quencher can accept the energy
of the excited state of the chromophore and emit it in a form that is not harmful to the
polymer. It can avoid the reaction of the polymer’s molecular chain break, mainly
the organic complex of nickel.

Light-shielding agents, ultraviolet light absorbers and excited-state quenchers
are all three types of light stabilizers that provide stability to the polymer from
the perspective of preventing photo-initiation. Free radical scavengers are different
from these three in that they are free from scavenging. The method of radical and
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cut-off automatic oxidation chain reaction achieves the stability of the polymer.
The radical scavenger has the same effect as the antioxidant in Sect. 3.1, that is,
the radical scavenger is actually an antioxidant under photooxidation conditions.
Hindered amine light stabilizer (HALS) is currently recognized as a highly effective
light stabilizer at home and abroad. From the perspective of chemical structure,
HALS light stabilizers are mainly piperidine derivatives with steric hindrance, so
this type of stabilizer is also called hindered amine or hindered piperidine. This type
of stabilizer was created and produced by Japan’s Sankyo Company in the 1970s
and has received widespread attention and attention since its inception. According
to the stabilization mechanism of HALS, it can be known that HALS is oxidized
to nitroso radicals, which is extremely stable. It can capture alkyl radicals to form
alkoxy hindered amine compounds, which continue to react with peroxy radicals to
form an unstable hindered quaternary ammonium salt compound, which will produce
stable ketone and alcohol products after decomposition, and finally generate stable
nitroso free radicals.

4 Test Methods of Electrical Properties

4.1 Polarization and Depolarization Current Method (PDC)

The principle of the polarization-depolarization current method is to apply a DC
voltage to a dielectric and the polarization current is measured. After a period of
time, the polarization voltage is removed and the depolarization current is measured
[17-19]. By measuring, recording and analyzing the polarization current and depo-
larization current in this process, the dielectric characteristics are analyzed. When an
external electric field is applied, the positive and negative charge centers within the
dielectric are shifted and no longer coincide, and they move in opposite directions
along the direction of the electric field, breaking the original equilibrium state and
appearing as a polarization phenomenon on a macro-scale. The particles contribute
to macroscopic polarization due to: the distorted polarization of the electron cloud
outside the nucleus, which is the electron displacement polarization; the relative
displacement polarization of the positive and negative ions in the molecule, which
is the ion displacement polarization; the orientation polarization (or dipole) of the
molecule’s inherent electrical moment; interlayer polarization occurring at the inter-
face of the medium, and space charge polarization caused by charge movement. The
schematic diagram of polar media polarization is shown in Fig. 10.

When the external electric field is no longer applied to the dielectric, the elec-
tric dipole moments of positive and negative charges tend to cancel each other out
under the action of thermal movement, return to the equilibrium position, and appear
to be weakened or even completely eliminated in the macroscopic view. For the
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Fig. 10 Schematic diagram of polar dielectric polarization. a When no electric field is applied
b When an electric field is applied

depolarization process, it can be seen that depolarization is a completely opposite
phenomenon to polarization.

It can be seen from the above that the polarization-depolarization process is a
change process in which the dielectric responds under the action of an applied
electric field. Different dielectrics have different internal structures and different
molecular structures. During the polarization-depolarization process, the positive
and negative charges move differently, and the displayed macro-characteristics are
naturally different. When there are impurities, moisture or aging in it, XLPE insu-
lation’s structure must be different from the new XLPE insulation of good quality.
Under DC voltage, there will be different degrees of orientation polarization, sand-
wich polarization and space charge polarization, but different poles. The types of
settling time and energy loss are different, so the polarization-depolarization process
will have corresponding differences. By measuring the polarization-depolarization
current, the current data during the entire polarization and depolarization process are
recorded, processed and analyzed, and parameters can be extracted and identified.

The basic circuit principle of polarization-depolarization current method for
power cable insulation detection is shown in Fig. 11, and the PDC device is shown
in Fig. 12.

The two resistors in Fig. 11 are current-limiting protection resistors, which limit
the circuit current and protect the electronic device in the circuit. At the same time,
they can reduce the current value and extend the polarization-depolarization time,
which is convenient for measuring and recording experimental data. At ¢ty = 0, switch
the switch to the polarization loop, apply voltage to the cable through the DC power
supply, enter the polarization phase, and the polarization current is iy, (f). After a
certain polarization time ¢, switch the switch to the depolarization loop, discharge
through the current-limiting resistor, and enter the depolarization phase, and the
depolarization current is igepol(t). Measure the polarization-depolarization current
through a picoammeter located at the low voltage end, and send it to the upper
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Fig. 12 PDC test device. a Schematic diagram. b Physical diagram of device

computer is used for analysis. It should be noted that in order to avoid the impact
caused by the switching, a small piece of data at the beginning of the depolarization
current should be ignored.

For an ideal capacitor model, both the charging current and the discharge current
follow an exponential relationship. If Uy is the initial voltage, R is the current-limiting
resistor, and ¢ is the time, the polarization current i, and depolarization current igepol
of the ideal capacitance, as shown in Eqs. 12 and 13:

ipol = Upe /R /R = ige™"/RC (12)
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idepot = —Uoge "RC /R = ige™"/RC (13)

Logarithmic transformation of Eqgs. 12 and 13 gives the result:

t Uy
Ini=—-——+1In[ — 14
ni RC+n(R> (14)

It can be seen from the formula that the natural logarithm of the polarization or
depolarization current of an ideal capacitor is a linear function about time ¢ with a
slope of —1/RC. Where R is the resistance of the current-limiting resistor and C is
the ideal capacitor. The value of —1/RC determines the rate of the polarization or
depolarization process. The larger the value of R times C, the slower the polarization-
depolarization process.

The above is the polarization-depolarization process for the ideal capacitor.
However, the polarization-depolarization process of the actual XLPE dielectric is
not exactly the same as the ideal capacitor, as shown in Fig. 13.

Where ip, is the polarization current, igepol is the depolarization current, iq. is
the DC leakage current. It can be seen from the above figure that even after a long
enough time of polarization, the polarization current ip, does not tend to 0, but there
is a DC component, that is, the DC leakage current iq.

Assume that the XLPE dielectric is isotropic and its dielectric constant is . When
an electric field E is applied, the electrical displacement is:

D=¢gE+P (15)
where P is the polarization intensity.

According to Maxwell’s equation, the full current density in an ideal XLPE
insulation satisfies:

. . . . <
Polarization-depolarization
current curve of an actual \

cable ‘.‘
b lpo[(t)
= L
o %
T 7
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oD JE 0P

J—O’()E+¥—(T()E+80¥+E (16)
where g is the vacuum dielectric constant (g = 8.842 x 10E—12 F/m), o is the DC
conductivity of the XLPE insulation layer. The first term on the right side of Eq. (16) is
an electrically conductive current, the second term is a vacuum displacement current,
and the third term is a polarization current that includes fast polarization and slow
polarization processes. At the same time, the polarization intensity can be expressed
as:

P = ¢e9(eso — DE + g9 / f@OE@® — t)dr (17)

—00

where ¢, is the high-frequency component of the dielectric constant of the XLPE
insulation, and its value is equal to the square of the optical refractive index of
the XLPE material. The first term on the right side of the equation is the instanta-
neous displacement part, and the second term is the relaxed polarization part. f(¢)
is a response function that reflects the slow polarization behavior of the insulating
dielectric.

Since the insulating medium is f(¢#) = 0(¢ < 0), therefore:

P =¢9(e0o — DE + &9 / f@OE@ — t)dr (18)
0

Substituting Eqs. (18) into (16), we can get the full-current expression:

J=0o0E + dE + d jf(t)E(t )d (19)
= 0y E0€x0 ar 0] ar 7)art
0

When the applied voltage is U (), full current i (¢) can be expressed as:

du(t)

. &)
i(1) = Co[—U@) + e
&0 dt

+ % / f@OU@ —1)dr] (20)

Applied voltage U(¢) = d - E(t), d is the XLPE insulation thickness.

If the XLPE material is completely discharged before charging, + = 0 external
DC power at all times U.. At this time, the polarization current passing through the
test object can be expressed as:

ipol = CoUo[:—s +eaed(t) + f(r)] Q1)
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In the formula, §(¢) is the impact function. Because the impact change of the
current amplitude during the fast polarization of the insulation is difficult to accurately
measure in practice, it is generally not considered, and then formula (21) can be
expressed as:

. 00
Ipol = COU0|:g + f(l)] (22)

When ¢ = ¢ (t.: Charging time), the XLPE material is shorted to ground, and the
current flowing through the insulation layer is the depolarization (relaxation) current.
According to the superposition theorem, it can be equivalent to ¢ = ¢, apply voltage
to XLPE insulation from moment to moment —U,, and the depolarization current
expression can be obtained:

idepol = —ColUolf () — f(t +1c)] (23)

Due to f(¢) is a monotonically decreasing function, when z. is larger, the second
term on the right side of the above formula (23) can be ignored. At this time, it is
approximately considered that the relaxation current of the cable is proportional to
the dielectric response function of the insulation, that is:

_idepol (t)

f@) = Cols

(24)

From Egs. (22) and (24), it can be known that the polarization current can be
considered as the sum of the depolarization current and the conduction current. If
the DC conductance part of the polarization current is small relative to the dielectric
response function f(¢), the polarization current can also be expressed in the form of
(24).

When the test time is long enough, (22) and (24) can calculate the DC conductivity
of XLPE insulation:

[&0] ipol(t) + idepol(t)] (25)

~ 50 [
= CoUs

where Cy is insulated vacuum capacitor (or geometric capacitor), &g is a constant,
for a specific type of test object PDC experiment, the polarization voltage U, can
be set to a fixed value. Therefore, the DC conductivity of XLPE o only with the
average value and capacitance of the polarization depolarization current Cy relevant.
For a particular test subject, due to &g, Uy, Cy it is a fixed value, so the difference
between the DC conductivity and the average value of the polarization depolarization
current is directly proportional. The difference of the average value of the polarization
depolarization current will directly determine the magnitude of the conductivity,
which can reflect the insulation performance, and the difference. The larger or the
greater the conductivity, the more severe the insulation aging.
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XLPE material is widely used in the insulation layer of power cables. Similar
to polyethylene material, XLPE is easy to initiate water trees under the action of
electric field, moisture and internal defects of the material, causing the reduction in
insulation performance of the material. The non-linear conductivity characteristic
is analogous to the absorption ratio of the insulation resistance, so a non-linear
coefficient (DONL) is introduced to evaluate the degree of non-linearity of the cable
insulation. The definition of DONL is shown in Eq. (26):

U, =2kV
DONL = 202 =2kV) (26)
O’Q(Uz = lkV)

In the formula: DONL is the non-linear coefficient of the DC conductivity of the
cable insulation, and its value is equal to the ratio of the DC conductivity with a polar-
ization voltage of 2 kV to the DC conductivity with a polarization voltage of 1 kV.
The polarization can be appropriately increased in engineering applications voltage
to obtain more obvious non-linear characteristics. Under normal circumstances, the
non-linear coefficient should be equal to about 1. The non-linear coefficient can intu-
itively reflect the degree of non-linearity of the cable insulation. At the same time, the
non-linear coefficient can be used to detect some non-linearities such as micro-holes
and water trees in the cable insulation.

Through the PDC test results, the low-frequency dielectric loss (0.1 Hz dielectric
loss factor) of the material can also be extracted. When the dielectric response func-
tion f(¢) of the XLPE insulating dielectric obeys the ‘Curie-von Schweidler’ model,
the Fourier transform can be used to perform simple conversion from time domain
to frequency domain. Whether the dielectric response function f(¢) is an analytical
function or a two-dimensional array expressed numerically, it can be Fourier trans-
formed. Existing research shows that this conversion method is ideal for calculation
in the low-frequency band. Then, performing Fourier transform on Eq. (20) can
obtain the current expression in the frequency domain:

f(w) = CO[?U(@ + joesU(w) +ij(w)U(w)]
0
= U(w)[?co + jwCo(eo + F(w))} 27)
0

Due to F(w) is the dielectric response function f(¢) Fourier transform, the
repolarization rate is:

x(@) = F() = x'(®) — jx"(w) = / (e /“'dt (28)
0

Therefore, Eq. (27) can be rewritten as:
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[of

[(w) = U(w)[gé’ Co+ joColes + X' (@) — jx”(w))} (29)

The frequency domain expression of full current is:

00

[(@) = joCoU(w) [80 + X' (@) — j(sow

+ x”@))] = jwCotU(w)  (30)

Therefore, the relationship between the total loss factor of the cable insulation
medium and the frequency can be obtained:

8”((0) B ;;_(()U +X//(w) 3 ;(7)_(20 X//(w)

tan §(w) = 7@ et ) T g+ X' (@) oo+ x'(w)

€2y

In the formula, the first term on the right side of the equation is the conductivity
loss, and the second term is the polarization loss, and the sum of the two is the total
dielectric loss. o can be solved by Eq. (25), and x'(w) and x”(w) are the real and
imaginary parts of the polarizability, respectively, so the depolarization current can
be solved by using Egs. (24) and (27).

If the DC conductance part of the polarization current is small compared to the
dielectric response function f(¢), the time domain to frequency domain conversion
can also be performed by using the polarization current, so as to obtain the relationship
between the dielectric loss factor of the cable insulation and the frequency as formula
3.

Because dipole polarization and interface polarization inevitably accompany
energy loss, and the process is relatively slow, it usually takes seconds or minutes,
or even longer, so the ultra-low-frequency dielectric loss can more effectively reflect
the overall aging of the dielectric insulation. And it is more sensitive to cable insu-
lation moisture or water tree aging. Figure 14 shows the relationship between the
low-frequency dielectric loss and the frequency of the aging sample of a laboratory
long cable. According to Eq. (31) and Fig. 14, it can be known that the dielectric loss
factor consists of two parts, which are the conductivity loss and polarization loss,
respectively. At low frequencies (such as 0.1 Hz), the order of gow at I0E—11 is
much larger than o (good XLPE insulation material is at the order of I0E—15 S/m).
At this time, the dielectric loss of the insulating medium is mainly polarization loss,
almost negligible conductance loss. When the frequency is lower than 0.1 Hz, as the
frequency decreases, the polarization loss increases because the dipole steering can
keep up with the frequency change. Referring to the IEEE Std 400™-2001 standard,
at 0.5-1.5U,, when the dielectric loss factor is less than 0.6 x 1073 at ultra-low
frequency 0.1 Hz, it indicates that the cable is well insulated; it is greater than 0.6
x 1073 and less than 1 x 1072 indicates that the cable insulation may have a slight
aging phenomenon, which needs further follow-up and diagnosis; when it is greater
than 1 x 1073, itindicates that the cable insulation has deteriorated severely. Judging
from the results in Fig. 14, it shows that the water tree has developed more severely
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Fig. 14 Curve of the relationship between the low-frequency dielectric loss and the frequency of
the cable sample

after accelerated aging, which is consistent with the results we observed on the water
tree slice in the experiment.

4.2 Dielectric Loss Factor Measurement

The parameter reflecting the dielectric characteristics is the dielectric loss factor tan
8, it is the ratio of the active current component /, to the total capacitor current /. of
the dielectric. The dielectric loss factor is used to identify the aging degree of XLPE
insulation.

Under the action of a high voltage and strong electric field, the free ions inside
the insulating material undergo polarization and conductance processes. Due to the
hysteresis effect of this process, electrical conduction current and polarized current
both generate energy loss inside the dielectric. The degree of loss generally uses
unit time. The energy of internal loss is also called dielectric loss factor. Under DC
voltage, the dielectric does not undergo periodic polarization and cannot reflect the
loss caused by polarization current, which is not included in the concept of dielectric
loss. In AC, the dielectric will have a polarization current at the same time /. and
electrical current I, (Fig. 15)

A large amount of electrical energy is consumed inside the insulator due to the
presence of dielectric loss, and the insulator will accumulate a large amount of thermal
energy. If the heat cannot be dissipated in time, it will cause the performance of the
insulating material to deteriorate. As the aging degree increases, it will eventually
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O

Fig. 15 Equivalent circuit and phasor diagram of dielectric under AC voltage. a Equivalent circuit.
b Phasor diagram

lead to the total loss of insulation performance, the index for judging the energy loss
is the power loss of the medium

P =UI cos go:UIrzUICtan8=U2a)Cptan8 (32)

Where:

o AC voltage angular frequency w = 2n f,
¢ Power factor angle,
8  Dielectric loss angle

There are three main methods for measuring dielectric loss factor angle: reso-
nance method, voltammetry method and bridge method. Among them, the resonance
method only works well under low-voltage and high-frequency conditions, but it
is powerless for measurement of high-voltage equipment; voltammetry is widely
used because of its poor anti-interference ability, large measurement error and high-
harmonic. The suppression ability is poor, and its use has certain limitations; the
bridge method has relatively high measurement accuracy and high sensitivity. It uses
the bridge comparison principle, and the most representative is the Schering Bridge.

With the development of measurement technology, digital dielectric loss testers
are widely used, which can effectively detect the overall moisture deterioration of
electrical equipment insulation, as well as local defects. The measuring circuit of
the instrument includes the standard circuit (C,) and the test circuit (C,). The stan-
dard circuit consists of a built-in high-stability standard capacitor and a measure-
ment circuit. The test circuit consists of the test object and a measurement circuit.
The measurement circuit consists of a sampling resistor, a preamplifier and an A/D
converter. The current amplitude and phase of the standard circuit and the test circuit
are measured by the measuring circuit. The capacitance value and the dielectric loss
factor of the test object can be obtained by the single-chip computer using the digital
real-time acquisition method and vector operation. However, because of the large
capacitance of the cable, the conventional power frequency dielectric loss meter is
often difficult to measure the data due to the output capacity limitation. Meanwhile,
be affected by the field interference, its measurement repetition rate and accuracy are
low. Table 4 lists some typical dielectric loss factor of the cable at power frequency.
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Table 4 Typical values of Dielectric Standard (%) Determination
normal and aged cables tan &
[20] Dielectric loss tangent |tan § < 0.2 Normal
(tan 5) 0.2<tan § <0.5 | Needed attention
tan § > 5 Severe aging

4.3 Breakdown Experiment

This part focuses on the electrical breakdown of XLPE insulation. The power

frequency breakdown voltage test is an intuitive indicator for measuring the electrical

strength of the insulating medium. The step-to-step power frequency breakdown

voltage test is designed for the characteristic that the weak point of the insulation

will first break down under the action of voltage. The power frequency breakdown

voltage test is performed on the crosslinked polyethylene sheet as shown in Fig. 16.
The main steps are as follows:

(a) The slice sample is placed in the center of the electrodes in the standard oil
cup. The electrodes are ball-ball electrodes with a diameter of 11 mm. To
avoid surface flashover, the oil cup contains transformer oil, and the sample is
immersed in the transformer oil.

(b) Apply 8 kV AC voltage to the slice sample through a protective resistor using
a power frequency boost circuit for 1 min.

(c) Ifthe slice sample does not break down under 8 kV AC voltage, then take 1 kV
as the increment, each stage voltage lasts for 1 min until the chip sample breaks
down. Record the duration of the last stage voltage.

(d) Use Ross Function and Weibull distribution to process the data.

According to a large number of studies, the probability distribution of the break-
down voltage of insulating materials obeys the two parameters Weibull distribution.
Referring to the national standard GB/T 29310-2012 guide for statistical analysis of

Fig. 16 Step-by-step power u A
frequency breakdown
voltage test

Ui

-~y



5 Physicochemical Properties of XLPE 121

electrical insulation breakdown data, according to Weibull probability statistics, the
probability F of the breakdown of insulating materials under the voltage U is:

()
FU,a,B)=1—exp —<;> (33)

In formula (33): U is the breakdown voltage of the tested object, «(kV) is the
scale parameter of Weibull distribution, and g is the shape parameter of Weibull
distribution.

Take logarithm on both sides of the formula (33):

1
In In =fInU-8Ina (34)
1—-F
Set Y = In lnﬁ, X =In U, C = —8 In «, we have the following
relationship:
Y=8X+C (35

According to the national standard GB/T 29310-2012 guide for statistical analysis
of electrical insulation breakdown data, the Ross distribution function is used to
calculate the Weibull distribution data point probability values:

| —0.44
Fi.n) ~ ’JFW % 100% (36)
n .

In formula (36): i is the sample number; 7 is the total number of samples.

When the breakdown voltage value of the sample is numbered from small to large,
the formula (36) represents the failure probability of the sample at the breakdown
voltage under the corresponding number.

5 Conclusions

Crosslinked polyethylene (XLPE) is a semicrystalline polymer, which is consisted
of amorphous and crystalline regions. This chapter introduces the structure of XLPE
and its chain movement. Secondly, detailed introduction of various physiochemical
properties of XLPE is given.

1. The physical properties consist of electrical properties (such as polariza-
tion, dielectric constant, dielectric loss, breakdown voltage), and mechanical
properties (such as high elasticity and viscoelasticity), and other performances.

2. The chemical properties mainly represent the abilities of anti-oxidation, thermal
oxidation resistant and anti-corrosion.
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The test methods are introduced for several important properties, which are
divided into two units: physiochemical property tests and electrical property
tests. In this chapter, each method is described from aspects of its basic principle,
data processing, the results and the range for application.
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Chapter 6 ®
Morphology, Structure, Properties e
and Applications of XLPE

Khaled Aljoumaa and Abdul Wahab Allaf

1 Introduction

Polyethylene is widely produced under different grades by polymerization using
different catalysts such as transition metal (Ziegler-Natta) catalysts [1]. The three
major PE grades: high-density polyethylene (HDPE), linear low-density polyethy-
lene (LLDPE) and low-density polyethylene (LDPE). Crosslinked polyethylene
XLPE is created by introducing various crosslinking into the polyethylene different
grades chains. Scheme 1 illustrates the different structures of PE grades.

It is well known that crosslinking of polyethylene polymers can be carried out
under a controlled manner to yield materials that are extremely useful in many appli-
cations. The creation of a crosslink network between individual polymer chains leads
to restriction in chain movement that makes the network structure hard to deform
and some of the properties (e.g., dimensional stability, impact strength, creep and
abrasion resistance) are retained at high temperatures. Moreover, the crosslinking
of low-density polyethylene produces XLPE that is resistant to heat and mechani-
cally durable as well as providing a high level of electrical insulation, which makes
crosslinked polyethylene a material of choice for wire and cable coating, hot water
tubing and heat shrinkable [2—4]. Table 1 shows the changes of physical properties
for some different polyethylene grades.

XLPE can be produced either by chemical or physical methods [6]. The chemical
processes of XLPE crosslinking can be done by silane crosslinking [7—12], peroxide

K. Aljoumaa ()

Industrial Irradiation Division, Department of Radiation Technology, Atomic Energy Commission
of Syria, P.O. Box 6091, Damascus, Syria

e-mail: ascientific @aec.org.sy; kaljoumaa@aec.org.sy

A. W. Allaf
Organic Synthesis Division, Department of Chemistry, Atomic Energy Commission of Syria, P.O.
Box 6091, Damascus, Syria

© Springer Nature Singapore Pte Ltd. 2021 125
J. Thomas et al. (eds.), Crosslinkable Polyethylene, Materials

Horizons: From Nature to Nanomaterials,

https://doi.org/10.1007/978-981-16-0514-7_6


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0514-7_6&domain=pdf
mailto:ascientific@aec.org.sy
mailto:kaljoumaa@aec.org.sy
https://doi.org/10.1007/978-981-16-0514-7_6

126 K. Aljoumaa and A. W. Allaf

b _::_:E_M
LDPE XLPE

R o

Scheme 1 Schematics of major polyethylene grades. Lines indicate hydrocarbon chains and
intermolecular crosslinks are indicated with dots

Table 1 Some polyethylene grades parameters [5]

Property Units HDPE LLDPE LDPE XLPE
Breakdown strength, Ep kV/mm 100 75 75 50
Dielectric constant, &, 23 23 22 2.4
Volume resistivity, p Qcm 5% 107 |5 107 |5x 107 1016
Dielectric loss, tan § (1 MHz) 1073 1073 2x107% |1073
Crystallinity % 80-95 70-80 55-65 40-702
Density g/em® 0.95 0.93 0.92 0.92
Melting point °C 130 120 110 90-110%
Tensile strength Mpa 25 15 13 31

4Melting point and crystallinity related to crosslinking density (discussed later in the chapter)

crosslinking [13-16], but Dicumyl Crosslinking Peroxide (DCP) is considered to be
one of the most common substances to crosslink polyethylene by a peroxide process
and generate primary radicals that attack the radicals in the polymeric chain. However,
these crosslinking techniques involve high costs and risks of pre-curing during
peroxide crosslinking [15]. Silane crosslinking is performed by grafting of vinyl-
triethoxysilane (VTES) or vinyltrimethoxysilane (VTMS) in polyethylene, followed
by hydrolysis and condensation reaction to generate silanol groups [17]. While, the
physical processes are produced using ionizing irradiation such as gamma rays and
Electron Beam [18, 19].

During the process of fabrication, XLPE crystallization polymers display a
strongly influenced behavior by cooling temperatures [20]. According to that, the
morphology and the structure produced are dependent on crystallization [21, 22].
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Moreover, crystalline structure formations are also inhibited by crosslinking and
depend mainly on the crosslinking densities [23, 24].

Many additives were added to XLPE in order to improve its properties. Antioxi-
dants are responsible of reducing the amount of aging, in particular chemical aging
[25, 26]. Voltage stabilizers or water tree retardants that are added for wet designs
as underground cables are chemical specimen’s type materials which have the capa-
bility of absorbing the energy of high-energy electrons and reducing the electrical
treeing process [27]. Pereira de Melo et al. [28] studied the effect of adding the
coagent crosslinking at same time with silane and catalyst for increasing the distance
between the linear chains, reducing crystallinity of grafted material which leads an
improvement in the thermal degradation resistance and elastic modulus.

For different high-voltage cables applications, many limiting factors can affect
the properties of XLPE insulation as the temperature in the cable core created as the
result of joule heating that similarly occurs for hot pipes applications. The heating of
polyethylene will cause polymer melting [29], while XLPE material will never melt
and might become soft slightly, since the introduced crosslinks will retain stability.

In this chapter, the relation between the morphology, structure, properties and the
application of XLPE will be discussed for essential applications.

2 XLPE Applications

Crosslinked polyethylene has a number of properties, which makes it suitable for
several industrial applications at high and medium voltage insulation, tubing and
piping, medical (hip replacement), auto components and other industrial appli-
cations. The crosslinking process converts thermoplastic polyethylene to a ther-
moset crosslinked polyethylene (XLPE) providing it with many enhanced properties,
such as low-temperature impact strength, abrasion resistance, environmental stress-
cracking resistance, tensile strength, flexibility, longevity as well as non-corrodibility.
Moreover, XLPE is much less labor-intensive work and very low cost, which make
it suitable for many interior and exterior applications such as insulation of high-
voltage power cables plumbing due to easiness and cheap installation. The non-toxic
and hypoallergenic nature of XLPE foams facilitates medical industrial applica-
tions; due to its light-weighting, this encourages the automotive sector to use XLPE
in manufacturing vehicles.

In the upcoming paragraphs, the application will be discussed from a morphology
point of view including XLPE structures and properties.
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2.1 Cable Insulation

Electrical insulation in any high-voltage cable is the most considered important parts;
these parts are used for expensive and important power cables. The type of insulation
and its quality plays a major role to confirm the trustworthiness of cables.

Several layers of insulation with various functions and properties surround a
typical high-voltage cable are the main concern. Figure 1 represents a simple
schematic version of cable with more containing layers [30]. The conductor is made
of copper or aluminum to obtain good conductivity in addition to good mechanical
properties, the two layers of semiconductors action are to smooth surface around the
layer afore and to prevent local field that results in the defect of conductor surface
[31]. However, sometimes the second semiconductor layer usually is made of small
copper wires or lead barrier especially for high-voltage submarine cables and having
sealed layer to prevent water penetration [32]. The outer layers are often made of
polymers such as PVC or polyethylene, providing good mechanical resistance at a
low cost.

The uses of crosslinked polyethylene XLPE as the insulation material for high-
voltage AC cables are growing in comparison with the commonly used oil or impreg-
nated papers insulations [30], as shown in Fig. 2. Nevertheless, mass impregnated
cables are recently still more suitable in particularly for high-voltage direct current
(HVDC) cables due to its high direct current, DC reliability [33], the reason for that
is due to space charge accumulates in the XLPE insulation and lowering the DC
withstand characteristics. Recently, new DC-XLPE insulating material was devel-
oped with excellent DC characteristics that succeeded in its practical application and
start to gain ground [34-37].

Nowadays, crosslinked polyethylene (XLPE) is used as the main insulation mate-
rial for HVAC power cables due to its simplicity of manufacturing by extrusion, good
electrical including stability of thermal and mechanical properties.

Conductor —_
Conductor Screen .
XLPE Insulation —
Insulation Screen —
Semi-conductive Tope
Copper Wire Screen

Serni-conductive Tope
Moisture Barrier —
PE Quter Sheath —

Fig. 1 Schematic of a typical single core XLPE insulated cable high voltage
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2.1.1 XPLE Cable Production

The manufacturing of high voltage cable is based on extruding the layer insula-
tion around the conductor core. The process of crosslinking of polyethylene (PE)
in order to produce XLPE material is performed by different chemical or physical
techniques as described in the introduction. The crosslinking will change the thermo-
plastic polyethylene and transfer it to XLPE, which have a network, related the chain
of polymer that improve the heat resistance. At, high voltage cable, the conductor
temperature increases with the current transmitted through the cable, thus more power
can be transmitted through XLPE cables compare with the non-crosslinked ones.

As aforementioned, the most widely method used for crosslinking polyethylene in
the cable industry is by peroxide additives. The high temperature during the extrusion
triggers the decomposition of peroxide into free radicals. These free radicals react
with polyethylene molecules forming radicals on the polymer chains that will react
with other radicals on the chains to create a crosslinking among chains.

Two typical manufacturing processes for crosslinked polyethylene (XLPE) of high
voltage cables are usually used: a vertical continuous vulcanization (VCV) process
line or a catenary continuous vulcanization (CCV) process line [39, 40]. The differ-
ence between these two processes is due to the physical location of cable. In a VCV
production line, the cable is positioned vertically, whereas in a CCV production line
the cable is positioned horizontally with a slight downward slope. Figure 3 presents
the typical schematic of production stages, which starts by extruding the polymer onto
a metal conductor, followed by crosslinking stage that can be achieved at different
temperatures above the polymer melting point, the last stage is cooling the cable to
room temperature by circulating water or gas around the cable. Gulmine and Akcelrud
[41] studied the variation of the processing parameters (crosslinker concentration,
cure time, and temperature) on the morphology of XLPE produced. They found also
the suitable temperature, time of curing and high crosslinking density.
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Fig. 3 Schematic of power cable manufacturing processes with its most important parts [42]

The cooling process is very important and is often considered a problematic manu-
facturing stage as it involves partial crystallization, besides that, the residual stresses
influence both mechanical and electrical properties of the cable. It is known that
mechanical stress affects the electrical breakdown strength which is also influenced
by the presence of defects as voids (Fig. 4). Moreover, the residual stress may cause a
problem at level of cable joints and also at termination joints due to the phenomenon
called shrink-back which is regulated by an international standard IEC (2004) [43].

Fig. 4 Typical defects found in extruded cables [38]
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2.1.2 Morphology, Structure and Properties of XLPE for Cable
Insulation

Crystallization Morphology of Crosslinked Polyethylene

XLPE is usually made from LDPE and used for high voltage cable insulation. The
crosslinking process results in creating a single large interwoven molecule (XLPE).
As known, the polyethylene is crystalline, and the XLPE insulation properties will
be influenced by the amount of crystalline and amorphous phases present. More-
over, chain branching, molecular weight and molecular weight distribution have also
influences on the physical properties of cable.

LDPE is usually used for cable insulation because it contains short chain branches
on the chain backbone that disrupt chain folding and thus reduce the degree of
crystallinity to 40-60% in comparison with other type of polyethylene (70-90% for
un-branched PE). This will lower the melting point, 7T, and lays it between 105
and 115 °C (around 135 °C for un-branched PE) and occur over a wide temperature
range that starts at 70-80 °C, and the density is lowered to 0.912-0.935 g/cm®
(0.960-0.970 g/cm? for un-branched PE).

During the process of XLPE curing, a wide interval of crosslinking degree can be
obtained that depends on the process and the material. In LDPE, the common base
material for high voltage cables and gel content is between 70 and 80%. Gulmine and
Akcelrud [41] studied the variation of gel cotenant with crosslinking temperatures
and time at different concentration of dicumyl peroxide (DCP). They found that
the gel content reached a maximum over the temperature of 160 °C at different
peroxide concentrations (Fig. 5). While a 5 min curing time was sufficient to obtain
the maximum gel content (Fig. 6).

It is well known that crystalline structure in the semicrystalline PE is spherulites
and consists of both crystalline lamellae and amorphous phase that are interconnected
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by amorphous regions as seen in Fig. 7, and spherulites which is developed from an
initial central lamellae and subsequent branches leading to form the spherulite. By
the way, the calculated density of a pure PE crystal is 1.00 g/cm?, whereas it is about
0.855 g/cm? for an amorphous phase. The cooling rate is essential for the formation
of crystalline structure.

Several research reports studied the relation between the crystallinity of the XLPE
[21-24, 45, 46] during the processing along with its relation with the morphology.
Figure 8 shows the XRD pattern of LDPE and XLPE at different temperatures and
the characteristic crystallization peaks (110) and (200) of polyethylene [47].

At slow cooling, rate lamella and spherulite structures are created while at
fast cooling rate more amorphous structure with less ordered crystalline struc-
tures are obtained [46]. Moreover, it was reported that crystallization process was
decreased with an increasing crosslink density and the fully developed spherulites
is not preserved in XLPE, and the sheaf microstructure developed is smaller than
spherulites. Figure 9 shows the change in the morphology of crystalline structure with
the increase of peroxide concentration leading to increase the crosslinking density
[48].

The development of crystal in XPLE stops before reaching fully developed
spherulites, and that depends on the degree of crosslinking change. Whereas, high
degree of crosslinking increases the nucleation of lamellar bundles while decreasing
the crosslinking density forming the lamellae sheaf structures [22], as shown in
Fig. 10.

Numerical simulation was used extensively to study the nucleation and growth of
crystal using the simplest approach that homogeneous nucleation of crystals will be
in the amorphous melt [49, 50]. Molecular simulation had some limitations, which
are related to assumption, linearity and branched polymers structure. Recently, the
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Fig. 7 a Schematic representation of spherulite structure [44], b electron micrograph showing
infilling process by the growth of secondary lamellae in a banded spherulite of non-crosslinked
polyethylene, T ~ = 103.4 °C [22]
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Fig. 8 XRD scanning spectrum for LLDPE (a), XLPE (b) with temperature [47]

groups of Paajanen et al. [24] have been using Molecular Dynamics (MD) simula-
tions to study the crystallization of linear and crosslinked polyethylene with varying
crosslink density. They performed the analysis in order to investigate the crystal-
lization rates, final degrees of crystallization, behavior of crosslinks and last the
properties of the un-crystallized material, they found that, the crosslinks are rejected
from the crystals and accumulated in the amorphous inter-crystalline phase, Fig. 11.
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Fig.9 Scanning electron micrographs of XLPE samples showing the change in spherulite size and
structure and the appearance after crosslinking with DCP

XLPE Mechanical and Thermal Properties

During installation of the XLPE high voltage cables, it will be exposed to tensile and
radial compressive forces. Moreover, there is also heat generation inside the metallic
core of the cable. As known, the XLPE insulation is a critical component due to its
relative low mechanical strength and thermal properties. Therefore, it is significantly
important to investigate both thermal and mechanical time dependency behaviors.

During the last stage of cooling XLPE cable fabrication process into room temper-
ature, secondary crystallization process takes place inside the insulation and residual
stresses may develop into the final product. This may cause problems for loosing
insulation around conductor; also a shrink-back of insulation in axial direction on
the conductor at cable terminations will be appeared.

It is emphasized that, the XLPE cable has excellent anti-aging properties and a
good heat-resistant deformation at working temperature lower than 90 °C [51]. Mo
et al. [51] found that XLPE cable mainly experiences one stage of heat loss, due
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Fig. 10 An enlarged portion of a banded artifact developed in XLPE, T ~ = 103.8 °C (a). Electron
micrograph of enlarged banded sheaves of XLPE-2, T. = 103.8 °C; S-shaped lamellae are indicated
by arrows (b) [22]

to additives, making the XLPE cable material starting from 400 °C thermal weight
loss stages. The cable absorbs heat, generating free radicals and a large amount of
hydrogen chloride gas. During thermal decomposition observed on DSC curve at
550-690 °C, the interaction between XPLE cable material and various additives will
be accompanied by some reforms of structure, Fig. 12.

The manufacturing process influences clearly the thermal history and affects the
radial profile of XLPE insulation due to the thermal gradient in the cooling process
stage. Dissado et al. [52] found that the DSC thermal analysis of the crystallinity
changes between the inner and outer surface and no variation of melting temperature
as a function of the radial position was observed (Fig. 13).
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Fig. 11 Visualization of semicrystalline crosslinked system using stick representation of cova-
lent bonds. Amorphous chain segments are shown in gray, crystalline segments are colored, and
crosslinks are shown as red dots. The inset on the right shows a thick cross-section of the system,
where crosslinks have accumulated to the amorphous inter-crystalline phase [24]
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Fig. 12 TGA-DSC curve on XLPE cable material [51]
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Fig. 13 DSC graphs for specimens taken from peels close (2 mm) to the inner semiconductor
screen (A) and to the outer semiconductor screen (B) [52]

Nilsson et al. [48] show a decrease in elongation, melting point 7', recrystalliza-
tion point T, and crystallization degree X after crosslinking and the crosslinking
density increased, due to the restraining effects of the incorporated crosslinks, as
seen in Fig. 14.

Li et al. [47] studied the mechanical properties and the effect on tempera-
ture between LLPE and XLPE. They reported that the mechanical modulus was
decreased with the temperature increasing, because the thermal motion of polyethy-
lene molecules increases with the temperature rising, and the material became
gradually soft, Fig. 15.

Many scientific researchers reported the predicting residual stresses in cable insu-
lation to improve the production process [42, 53, 54]. Several models were used to
calculate stress based on the change in density during cooling process. As crystalline
regions grow during cooling, the elastic modulus changes influence the development
of the residual stresses. Figure 16 shows the changes in the volumetric strain via
the diameter of the XLPE insulation, which show the shrinking of cable during the
cooling process.

The models used to calculate the residual stress are depending on thermo-elastic
approach [53], or heat transfer approach [56]. While the effect of the relaxation of
XLPE during cooling on the residual stress continues to be large, it is proof that the
viscoelastic model gives an accurate prediction of residual stress. Figure 17 shows
an example of the change in residual stress predicted by viscoelastic model.
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Fig. 14 Decrease in thermal and mechanical properties with the increase of crosslinking densities
[48]

XLPE Electrical Properties

XLPE high voltage cables must have a good electrical stability during its lifetime
service. Therefore, the electrical properties of XLPE are very important to cable
insulation, and many research focused on studying the variation of XLPE electrical
properties with manufacturing process and temperature. The relation between the
morphology of XLPE and its electrical stability [44, 47] is crucial as it contributes
to breakdown of the insulator through the phenomena called electrical treeing which
will be discussed in details later on in this section.
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Fig. 16 Volumetric strain of the cable insulation at different radii during the cooling process [55]

Geng et al. [57] studied different electrical parameters as permittivity and current
leak with temperature variation. They found that the real part of the complex permit-
tivity begins to show a significant increase with a noticed decrease in electric
field frequency for temperature above 140 °C, Fig. 18. This can be explained by
the increase of the carriers in XLPE insulation at high temperature causing inter-
face polarization. Moreover, the imaginary part of the complex dielectric constant
increases with the increase of temperature.
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Fig. 17 Stress components in the insulation at the end of the cooling process calculated by the
viscoelastic model [55]
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Fig. 18 aFrequency dependence of the real part of the complex permittivity, ¢’, and b the imaginary
part of the complex permittivity, ¢” under different test temperature

Geng et al. [57] also studied the variation in AC leakage current spectrum at
different temperatures. They have shown that the AC leakage current is highly depen-
dent on temperature and frequency due to its effect on the free charge and electric
dipole movement. The active part of the leakage current increases with the increase
of temperature at low-frequency range and tends to flatten. The reactive part of the
leakage current increases significantly with the increase of frequency, but it is very
little affected by the temperature (Fig. 19).

The measurement of breaking voltage on polyethylene crosslinked by silane
showed that a 20% decrease and an increase of 30% on the leaking current were
observed after three months of service (Figs. 20 and 21). This can be improved
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by using irradiation technique to enhance the crosslinking properties of XLPE as
determined by Aljoumaa and Ajji [6].

Electrical treeing is a degradation phenomenon developing in dielectric insu-
lation exposed to high electric fields [58]. Partial discharges initiate formation of
a tree-like structure and cause the tree to propagate and eventually cross the entire
insulation thickness, thereby short-circuiting it. Electrical trees can have shapes such
as bush and branch depending on the electrical field intensity [59, 60] and applied
voltage frequency [61]. The electrical tree can be initiated from contaminants, voids
or cracks, and structure defects. It is a complicated electro-erosion phenomenon
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Fig. 21 Normalized leakage current (left), breaking voltage (right) of PE/Silane irradiated by
gamma and annealed for 90 days at 80 °C

and a consequence of several processes including charge injection extraction, colli-
sion ionization, oxidation decomposition, partial discharge, partial high temperature,
electro-mechanical stress, physics deformation, chemical decomposition, etc.

The process of electrical treeing can be described by three different stages: initia-
tion, propagation and termination. The initiation process begins with the injection of
space charge at high electrical field exceeding 100 kV/mm [31, 62, 63], where charge
carriers can be injected or subtracted from the material near the stressed area and
create local avalanches in the degraded area and the treeing begin to grow. The prop-
agation of treeing continues via the ions produced in the avalanches which create
positively charged bands and neutralize the injected electrons and forming a tube
that extracts trapped electrons from the polymer at the tip of the tube, making the
tree propagate into all directions by creating back avalanches [64]. Li et al. found
that the polar groups, short branches, double bonds and impurities lying in crys-
talline and amorphous domains play an important role in acting as electron traps
[65]. The created branches continue to grow in all directions by extracting electrons
[66], Fig. 22.

As the tree propagates, the field at its tip will increase and the growth speed will
begin to increase, to create a termination of treeing, the breakdown is prompted due
to the polymer weakening. After this, a full short circuit of the insulation is created
[67] (Fig. 23).

Many reports confirmed the relation between the crystalline morphology, cavities
or voids, residual stress and the electrical failure of the insulation [68—71], where a
network of cavities throughout the insulation layer represents a good pathway for
the formation of electrical treeing that consists of consecutive discharges between
the cavities.

According to Dissado and Fothergill [67], the other form of treeing is water treeing,
which develops in the presence of an electrolyte at lower threshold electrical field at
1.9 kV/mm. Water trees are also initiated from deformations or contaminants in the
material into two different forms: vented trees that are created by deformations at the
edge of the insulation, and bow-tie trees which are created by contaminants inside the
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Fig. 22 Branch type electrical tree growth: a L, = 60 pm, r =2s;b L,, =500 pum, r =7s;¢c L,
=670 um, t = 15 s; and d L,, = 780 wm, r = 25 s. Applied voltage = 12 kV. L,, = Maximum
axial tree length [60]

insulation, Fig. 24. There are a lot of factors which affect water treeing significantly:
applied frequency (affects both initiation and propagation), degree of crosslinking
[72, 73], morphology of the polymer matrix [74], magnitude of the applied electric
field [75] and electrolyte’s chemical content.

Furthermore, water trees take place on a micrometric through connecting the
micro-voids in the structure of XLPE and reduce the breakdown strength during
leading changes in the dielectric and viscoelastic responses. After a period of time,
water trees give rise to electrical trees which in shorter time will lead to breakdown
of insulator via arc discharge through electrical trees or via thermal breakdown if the
tree is enough conductive, Table 2.

Sarathi et al. demonstrate that only XLPE thermal characteristics are altered due
to electrical treeing and no new phases were observed in the electrical treed zone [70].
Zheng and Chen [69] studied the effects of the residual mechanical stress and the large
crystal spherulite on the propagation of the electrical tree and they found that they
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Fig. 23 Electrical treeing sample subjected to a full and irreversible breakdown [68]

Fig. 24 Water trees growing from the inner (bottom) and outer (top) semiconductive screens [38]

have a significant influence. Figure 25a shows electrical tree propagation along the
mechanical stress region and Fig. 25b shows the propagation around the boundary of
the large crystalline spherulite. Ciuprina et al. [76] concluded that crosslinking plays
a role in limiting water trees initiation due to the improvement of stress-cracking
resistance of crosslinked polyethylene, while the crosslinking does not influence
water tree propagation. Ciuprina et al. found that chemical crosslinking is not a
retarding factor for water tree growth [77].

Undoubtedly, the micropores, inhomogeneous crystallization and the residual
mechanical stress are the three important factors that cause the electrical tree to grow
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Table 2 Propagation processes of the double structure electrical tree [69]

Phase Item

The structure change of Characterization
electrical tree

In the process | In the end

1. Branch initiation process ‘/I

(1) Charges injection and
extraction to insulation
from needle, then electrical
tree is initiated

(2) Single branch structure]
initiating

2. The electrical tree stagnant a (1) Charges injection and
extraction to insulation

% |
O
phase
from conducting tree
P \ (2) Dense and black tree[] or
vy bush branch[ electrical

tree L] appears

3. The double structure 0 Pine-branch tree initialization,
electrical tree appearing Crown of bines-branch tree
phase appears and grows rapidly

The insulation would been
broken down soon

(@ (®)

Fig.25 Theresidual mechanical stress and uneven crystalline in sample taken by using the polarized
microscope [69]

and raising a crucial problem that needs to be solved in manufacturing ultrahigh
voltage XLPE cable with ultra-thick insulation [69].

Many reports mentioned that the electrical failure of XLPE cable insulation is
caused by the growth of electrical treeing starting from weak points like contami-
nants, protrusions and voids (CPVs), therefore, the cable insulation has been recently
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XLPE Water Tree TR-XTLPE Water Tree
Length 0.604 £+ 0.182 mm Length 0.324 £ 0.026 mm
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o

|

Material Water Tree Growth Characteristics
Per ASTM D6097-97

Fig. 26 Water tree growth patterns in XLPE and tree retardant-XLPE [82]

improved by manufacturing perfect and cleaner XLPE. Additives were used as
voltage stabilizer [78], water tree retardant [79] to reduce the number and size of
water trees in cable insulation, as seen in Fig. 26. Dong et al. [80] demonstrated that
adding of 1-(4-vinyloxy) phenylethenone (VPE) can greatly improve the AC break-
down strength and the electrical tree initiation voltage, similar effect was found by
adding Thioxanthone derivatives [81].

2.2 Hip Arthroplasty

Crosslinked polyethylene has many applications in the medical sector; the most
important is the total Hip Arthroplasty that is the treatment for degenerative arthritis
of the hip by replacement surgery of joint with an implant capable to recreate the
articulation functionality. Several materials were used in order to combine biocom-
patibility and fatigue resistance, stiffness, toughness, withstanding static and dynamic
loads, and finally high resistance to mechanical and chemical wear [83, 84]. Polyethy-
lene (UHMWPE) was introduced for joint replacements since 1962 by Charnley for
its potential properties [85], Fig. 27 shows some design of the designed acetabular
cups. Nevertheless, the sterilization process by irradiation that created XLPE showed
an oxidation-induced embrittlement.

Later, the modification in the treatment process has emerged to increase wear and
oxidation resistance of the polymer. There are different treatments used to improve
the mechanical and physical properties of the XLPE using irradiation and melting,
irradiation and annealing, sequential irradiation with annealing, irradiation followed
by mechanical deformation and irradiation and stabilization with vitamin E [86—89]
or blending with tocopherol [90, 91]. Moreover, XLPE showed good mechanical
properties (toughness, stiffness and hardness) material for hip bearing better than
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Fig. 27 Some of the designs that are achieved with XLPE for the acetabular cup [85]

conventional polyethylene (UHMWPE) [92-95]. However, the free radicals gener-
ated by irradiation through the process of crosslinking cause a problem of forming
oxidized species that must be eliminated [96], where the correct level of irradiation
to create XLPE should be regulated and thermal annealing must be used to remove
the free radicals [89, 97]. Muratoglu et al. [98] and Puppulin et al. [99] studied the
oxidation in the XLPE acetabular liners and assumed that lipids react with oxygen
and provoke free radical generation via extracting hydrogen for polymer. Moreover,
it is found that oxidation process in XLPE affects mechanical property through the
oxidative chain scissions, which leads to variation in properties of acetabular liners
[100, 101].

Atwood et al. [88] simultaneously evaluated the oxidative stability, fatigue crack
propagation resistance, and wear resistance in ultrahigh polyethylene treated by
different methods; they found that a trade-off among them as explained in Fig. 28.
Where, the polymer behavior depends on both treatment (radiation, heating), radia-
tion induce crosslinking causing an increase in wear resistance and decrease fatigue
resistance while annealing reduce fatigue resistance.

Takahashi et al. [102] show that the percentage of the crystalline phases are rapidly
changed within the first 35 pm from the surface articulating and a constant trend
of crystallization in the depth while the lowest crystallinity at the surface due to
surface finishing performance at the end process of manufacturing (lathe grinding,
polishing) (Fig. 29). This confirms the existence of two structures in XLPE total hip
replacement: anisotropic surface and isotropic bulk (Fig. 29), which is responsible
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Fig. 28 Schematic showing P~
the trade-offs in fatigue crack Fatigue Crack Pr
propagation resistance, wear Resistance

resistance, and oxidation
resistance. The vertices of
the colored triangles on each
axis represent the relative
performance in that category
[88]

Oxidation” Highly cross-linked Wear
Resistance and re-melted Resistance
= - 5

TT— —

for wear and creep resistance. Crystallinity of the crosslinked UHMWPE depends on
the irradiation dose and the thermal treatment [ 103—105], whereas irradiation process
causes smaller chain with augmented mobility leads to changes in crystallinity, while
heat treatment increases the mobility of polymer chain yielding higher crystallinity
that depending on the temperature reached. Nevertheless, during the cooling process
with the presence of crosslinking, the crystallinity decreases and the wear resistance
improves [104].

The morphology of UHMWPE changes due to mechanical movement, through
a process called wear, which is an adhesive/abrasive that leads to the formation of
micro-particles [106]. This process depends on the crystalline structure of XLPE
causing plastic deformation of the articulating surface due to cyclic tension [104,
107]. The surface conditions of the femoral head component (roughness, hardness)
affect the adhesion/abrasion wear mechanism, whereas the hardness should be higher
than those of the acrylic bones and the head should be as smooth as possible.

After crosslinking, polyethylene showed a reduction in the abrasive and in the
adhesive wear in several vitro joint simulation studies [93, 108]. Muratoglu et al.
[93] found that wear rates decrease with increasing the irradiation dose and reach the
saturation at dose around 150 kGy (Fig. 30). However, crosslinking procedures affect
also the polymer structure and its mechanical properties as strength, ductility, elastic
modulus, fracture toughness, and crack propagation resistance [88, 94, 109-113].

Therefore, researches revise the first generation for XLPE total hip replacement
and develop the XLPE material to produce almost ‘zero’ wear [114-116]. The
first generation produced had improved wear resistance in comparison with basic
UHMWPE and a reduction in volumetric wear was noticed [108, 117, 118]. Affatato
et al. [94] show the internal surface of treated XLPE acetabular cups that crosslinked
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Fig. 29 Depth profiles of crystalline phase fraction collected in the as-received XLPE hip and
knee components, schematic of XLPE microstructure consisting of anisotropic layer and isotropic
random structure [102]

by different methods (Fig. 31), and the effect of wear on the surface. They found
that, XLPE EtO-sterilized has less affected by wear.

Takada et al. [119] and D’antonio et al. [120] Compared the wear behavior in
the two XLPE generations: the remelted (first-generation) and the annealed (second-
generation). They found a better wear resistance in the second generation compared
with the first one.

Nevertheless, a decrease in toughness, tensile strength and fatigue crack prop-
agation resistance was noticed in acetabular liners [121-123]. Ansari et al. [124]
studied the propagation of fatigue crack and its relation to stress intensity and showed
that fibrillation and rippling on the fracture surfaces diminished due to crosslinking
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Fig. 30 Wear rate as a function of radiation dose

Fig. 31 Visual appearance of the center of the acetabular cups analyzed by Raman spectroscopy:
a PE GUR1020 g-irradiated; b PE GUR1020 EtO sterilized; ¢ PE GUR1050 g-irradiated; d XLPE-
RT GUR1050 EtO-sterilized; e XLPE GUR1020 EtO-sterilized [94]

(Fig. 32). While Oral et al. [125] and others [109, 110] showed the relation between
the irradiation doses, post-irradiation melting and the morphology of the fatigue
crack propagation resistance that decrease with the increase of irradiation dose and
with the decrease of the crystallinity. Cybo et al. [111] show that higher molecular
weights are more advantageous and the irradiation results in improvement in wear
resistance and young modulus.

Recently, different methods are developed to improve the properties of the second
generation of highly crosslinked UHMWPEs. Diffusing vitamin E in irradiated
UHMWPE to stabilize the free radicals was first clinically used in hip implant in
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Fig. 32 SEM images of fracture surfaces for cracks growing outside the notch-affected zone and
notch-plastic zone. UHMWPE samples demonstrate greater ductile features (rippling, criss-cross
features) than both RXPLE

2007 [126]. However, these processes led to a decrease in the reactivity of the radi-
cals and break the oxidation cycle and gave origin to the third generation hip implant
XLPE [126-129].

2.3 XLPE Foam

The structure of foamed polymer consists of two phases: gas and polymer. Foaming
can be produced by chemical or physical methods. In chemical methods, a chemical
nucleation agent is added to the melting polymer and the gas is generated by the
decomposition of the nucleator. While in physical foaming, external gas called the
foaming agent is used. The growth of the foam cell is controlled by the gas pressure
and the heating temperature [130].

Crosslinking technology is practical to polyolefin foaming, which can stabi-
lize bubbles during foam expansion, enhance the thermal resistance, the mechan-
ical properties (anti-creep, weather ability, impact, absorption, etc.) [131]. LLDPE,
LDPE, HDPE foams are usually crosslinked during the manufacturing process [132].
Crosslinked polyethylene foams (XLPE foam) properties depend on the crosslinking
process (chemical or physical) and on the blowing process (chemical or physical)
[133, 134].
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Fig. 33 Cell structure
comparison of XLPE foam at
similar gel content and
density, a 0.75 phr DCP,
69.2% gel content,

62 kg m~3 and b 0.25 phr
DCP with 0.5 phr TAC,
69.9% gel content,

64 kg m—3 [135]
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Sims and Sipaut [135] studied the effect of dicumyl peroxide (DCP) as a chem-
ical crosslinking agent with triallylcyanurate (TAC), a crosslinking promoter on the
properties of obtained XLPE foam. They found that TAC increases the crosslinking
density more than DCP alone, which resulted in a higher nucleation density in the
foam, as presented in Fig. 33.

Moreover, Sims and Sipaut [135] demonstrated that it is not possible to predict
foaming characteristics using gel content alone, particularly when crosslinking
promoters are used.

Zhou et al. [136] prepared crosslinked HDPE foam using DCP as a chemical
crosslinking and CO, as a physical blowing agents, respectively. They studied the
effect of DCP content on the morphology of the foam cell and demonstrated that using
SEM micrographs for the fracture surface of HDPE foam that DCP content affects
the cell structure as shown in Fig. 34. Where good cell structure in x-HDPE foam
was obtained for particular concentration of DCP, and the cell structure deformed
to oval to pyritohedron with specific concentration, but the excessive DCP limit the
foaming behavior of HDPE.

Physically crosslinked polyethylene foam can be prepared by two methods: treat-
ment of pellets by irradiation followed by screw extrusion [137], or extruding
followed by irradiation [138]. Xing et al. [138] studied the effect of the irradiation
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Fig. 34 SEM micrographs for foams of various HDPE samples (400x) 1: O phr, 2: 0.05 phr, 3:
0.10 phr, 4: 0.15 phr, 5: 0.20 phr, and 6: 0.25 phr

doses on the morphology of foaming using the two methods of preparation with CO,
as a physical blowing agent. The crystallinity of prepared XLPE foam decreased with
an increase in irradiation dose as seen for other type of XLPE. The fracture surface of
the XPLE prepared foam using the two methods produced at 105 °C showed similar
uniformly closed-cell structure (Figs. 35 and 36), with mean cell diameter less than
10 wm and cell density more than 10° cm=3.

Moreover, Xing et al. [138] studied the effect of high temperature on the prepa-
ration of XLPE foam and observed the cells fusion and the breaking up of cell walls
at foaming temperature of 130 °C for unirradiated LDPE which is due to weak elas-
ticity modulus and stiffness of LDPE that cause cells collapsing during the depres-
surization. While the cells in crosslinked LDPE foam remained intact (displayed an
impinging polygonal closed-cell structure as shown in Fig. 37), which demonstrated
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Fig. 35 SEM micrographs for the SB series (irradiated after foaming) of LDPE foams produced
at 105 °C and at different doses (kGy): a 25; b 50; ¢ 75; d 100 [138]

Fig. 36 SEM micrographs for the SA series (irradiated pellets) of LDPE foams produced at 105 °C
and at different doses (kGy): a 50; b 75; ¢ 100 [138]
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Fig. 37 SEM micrographs for three foaming specimens foamed at 130 °C a unirradiated (S0),
b irradiated pellets at 50 kGy (SAS50) and ¢ irradiation at 50 kGy after foaming (SB50) [138]

that irradiation treatment increases foaming temperature range for LDPE due to the
increase in melting strength and viscosity.

Furukawa [139] showed changes in morphology of the foaming cells that are due
to the type of crosslinking (physical or chemical) as seen in Fig. 38. They obtained
intact cells when a physically crosslinked foam was prepared (XLPE foam).

Closed-cells XLPE foam preserve good mechanical properties that make it suit-
able for various applications as Insulation/protection for pipes, air ducts, vessels and
process equipment to prevent condensation, save energy and block sound propaga-
tion (Fig. 39). Moreover, the mechanical and the thermal properties can be ensured
by using aluminum sheet to cover the foam that will be suitable for roofing insulation.

However, close-celled foam is not fit for applications that require a high perme-
ability of gas or vapor, selective osmosis, and/or the absorption and dampening of
sound, while the open-celled XLPE foam exhibits these properties and can be more
suitable for applications as filters, separation membranes, diapers, etc.

There are many strategies to obtain open-celled foam, the basic one was to induce
a hard/soft melt structure with crosslinking and to foam this non-homogeneous melt
structure. The hard structure formed by the crosslinking maintains the shape of the cell
while the soft section opens up the cell walls during the cell growth. The composition
of the polymer and the additives must be optimized to obtain this structure [140].
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Fig. 38 Cell structure of two type of XLPE foam, physically crosslinked (left) and chemically
crosslinked (right): (magnification 150x) [139]

Fig. 39 Some application of XLPE foam

2.4 Pipes

Crosslinked polyethylene used for many hot- and cold-water pipe systems is typically
produced from HDPE (Fig. 40). In literature, the abbreviation PEX is well known in
this application instead of XLPE. Crosslinking of polyethylene into PEX for pipes
results in improved properties such as elevated temperature strength and performance,
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Fig. 40 PEX pipes

chemical resistance, and resistance to slow crack growth, toughness, and abrasion
resistance.

Irradiation technology was largely used for crosslinking of polyethylene pipes
and used for the production of large diameter up to 450 mm with wall thickness
up to 40 mm [141]. De Melo and Marques [142] studied the effect of crosslinking
by peroxide (DCP) on the different properties of PEX, they found that adding a
crosslinking coagent for the preparation of PEX improved the mechanical prop-
erties, increased modulus, and outstanding oil resistance properties, which make it
suitable for oil pipes application. Samburski et al. [ 143] studied the oriented peroxide-
crosslinked PE pipes by drawing process. The PEX pipe produced by this method
had increase in melting temperature, degree of crystallinity and elastic modulus.

Crosslinking and stretching along the circumferential direction of the molten
polyethylene during extrusion is one way of creating pipes with a predomi-
nantly circumferential molecular orientation. Higher degree of crystallinity and
higher crystal thickness were found in oriented pipe material in comparison with
conventionally crosslinked polyethylene, as shown in Fig. 41 [144].

Sun et al. [145] observed the variation in the crystalline morphology in XPE
tubes, and they found, as seen in Fig. 42, that the anisotropic structures consisting
of crystallites and lamellae stacked in parallel perpendicular to the crystallites,
which is called shish-kebab morphology [146]. Moreover, the evolution of crys-
talline morphology caused by the different rotation extrusion rates was noticed,
and mechanical properties were affected by the molecular orientation and degree of
crystallinity.

Recently, Hiles et al. [147] proposed and developed a new methodology to classify
different PEX pipe formulations and compare between them using the characteristic
infrared (IR) spectroscopy absorbance peaks.

3 Summary

This chapter primarily demonstrates the up-to-date technology of polyethylene
crosslinking manufacturing in general with emphasizing on the crosslinkable
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Fig. 41 Micrograph (AFM) showing the crystal lamellae texture from inner wall of oriented PEX
[144]
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Fig. 42 XPE internal crystalline morphologies of (az, by, c2, dy) tubes with different mandrel
rotation rates [145]

polyethylene compounds (XLPE) by investigation the morphology, structure, prop-
erties and applications of XLPE. The chapter explores also the XLPE applications
starting from cable insulation. The different processes of production of XLPE cable
insulation that alters the properties of final product were also discussed, in addition to
that, an overview on the relation between crystallinity and crosslinking density and
the morphology of crystallization after crosslinking have been considered. Mechan-
ical and electrical properties of XLPE were argued widely showing the types of
electrical failure inside the insulation.
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Moreover, the XLPE for hip arthroplasty application has an essential part in this
chapter, by going away through hip replacement fabrication using conventional or
irradiation techniques and investigate the relationship between oxidation and wear
resistances with fatigue crack propagation resistance.

In another paragraph, the application of XLPE foam was debated by explaining
the factures affecting the properties and the process of production that alters the
formation of different types of foaming cells.

At the end, the productions of XLPE pipes and its thermal and mechanical
properties are also covered in this fundamental chapter.

The chapter is supported by many interesting references covering all the raised
points, which might help the readers for referring to them for more details.
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Chapter 7 ®)
XLPE: Crosslinking Techniques oo
and Recycling Process

Nithin Chandran, Anjaly Sivadas, E. V. Anuja, Deepa K. Baby,
and Ragin Ramdas

1 Introduction

Polyethylene is the most popular plastic in the world. It has a very simple structure,
the simplest of all commercial polymers. The long chain of CH, group represented
as (-CH,—CHj;-) is called linear or high-density polyethylene (HDPE). However,
ethylene molecules attach as short branches on (-CH,—CH;-) backbone leading to
low-density polyethylene (LDPE). In fact, wide range of application of PE, such as
shop bags, packaging, households, electronic devices protectors, medical field and so
on [1]. The fundamental way to enhance material properties such as impact strength,
chemical resistance and thermal characteristics is via crosslinking. Crosslinking of
polyethylene (XLPE) in the early 1970s was a milestone in the field of plastic industry
[2]. XLPE has a large market share due to its high properties related to other plastics.
Several methods have been developed to crosslink polyethylene including: peroxide,
silane, radiation, etc. [3]. These different crosslinking methods are generally classi-
fied to chemically and physically. In chemical process, a chemical initiator is required
to induce links in polymer chains. Silane- and peroxide-based crosslinking belongs
to this category. Radiation process is a physical method of crosslinking which involve
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exposure to ionizing radiation from either radioactive sources or highly accelerated
electrons, to liberate free radicals for crosslinking.

1.1 Chemical Process

Crosslinking is activated by chemical reactions.

Peroxide method: this is a peroxide initiated crosslinking method. The crosslinked
PE is known as PEX-A (European standards).

Silane method: Crosslinking of PE via silane- or moisture-based vinyl silane
crosslinking. Crosslinked PE by this method is known as PEX-C (European
standards).

1.1.1 Peroxide Method

The peroxide method involves the decomposition and creation of peroxide at higher
temperature between the carbon bonds in the PE chains and the crosslinking occurs
in the molten stage. The Engel process (German scientist Thomas Engel in the late
1960s), the granulated mixture of PE, peroxide and stabilizers are sintered together
at high pressure; crosslinking occurs during extrusion through a long-heated die.
An organic peroxide is a carbon-based chemical which includes a minimum of
two oxygen atoms bonded together (-O-O-) [4, 5]. The general representation is:

R!'-0—0-R?

where R! and R? can be aryl, alkyl or acyl groups. There are also peroxides with a
second —O—-O-bond and three R-groups. Based on the chemical structure, different
families such as Alkyl, aryl, acyl peroxides and peroxyketals are considered as R
groups. The alkyl peroxides such as dicumyl peroxide (DCP) (contains one —O—O—
group) and 1,3-1,4bis(tert-butylperoxyisopropyl) (contains two —O—-O- groups). The
peroxide crosslinking reaction contains three steps:

First step: the addition of heat causes peroxide thermal decomposition. One
unpaired electron remains in each oxygen atom and promotes the formation of
peroxide radicals.

Second step: each peroxide radical reacts with the PE molecule, i.e., abstracts
a hydrogen atom from the polymer chain, becoming a stable ROH species. The
abstraction of hydrogen causes the formation of polymer radicals.

Third step: PEX is formed by the reaction between two polymer radicals.

DCP decomposes into two cumyloxy radicals Ph-C(CH3),0" of equal reactivity.
Alkoxy radicals are strong hydrogen abstracting agents and they quickly react with
the polymer chains, releasing two macromolecular free-radical initiators —-CH,—CH-
CH,— (Route A) [6], alternatively, a cumyloxy radical can undergo decomposition
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Fig. 1 Stages in dicumyl peroxide decomposition and radical crosslinking of polyethylene

through a B-scission reaction, leading to the formation of acetophenone and a methyl
radical, CH; (Route B) (Fig. 1).

A free-radical macromolecule is produced by the reaction between the polymer
and the methyl radical (a strong hydrogen abstracting agent). Considering the high
reactivity of the alkoxy radicals, it is reasonable to expect that two macroradicals
will be formed close to each other and upon recombination generate a crosslink [7].
The limitation of using peroxide, especially, DCP is formation of unwanted, low
molecular weight and volatile by-products such as water, methane, acetophenone,
cumyl alcohol and a-methyl styrene [6, 8—10].

A novel technique to surface crosslink consolidated UHMWPE/vitamin-E blends
by diffusing two different organic peroxides into the polymer at moderate tempera-
tures [11]. They characterized the surface crosslink density and wear rate of surface
crosslinked UHMWPE/vitamin-E blends. The addition of the antioxidant vitamin-E
led to higher oxidation resistance. Three synthesized reactive (graftable) antioxidants,
r-AQO, with hindered phenol and hindered amine antioxidant functions, were exam-
ined for their grafting efficiency in polyethylene and their retention and stabilizing
performance in peroxide-crosslinked polyethylene pipe material [12]. The diffusion
of emulsified DCP into vitamin E-blended ultrahigh-molecular-weight polyethylene
(UHMWPE, 0.1 and 0.3 wt% vitamin-E) with subsequent thermal decomposition
in situ to obtain surface crosslinking with the objective of achieving surface wear rate
equivalent or lower than that of current clinically available materials [13]. Various
vitamin E (0.1-1.0 wt% and peroxide concentration (0.5-1.5 wt%) combinations
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changes in crosslink density, wear rate, mechanical properties, and oxidative stability
in comparison with radiation crosslinked UHMWPE [14].

Low-density polyethylene (LDPE) was chemically crosslinked with of DCP. The
crosslink density, determined by Flory—Rehner theory, showed an increase with
various amounts DCP. The crystallinity, melting point, crystallization temperature,
and elongation at break decreased with the increase in DCP. However, the maximum
tensile stress increased with the increase in DCP, and the crosslinked samples showed
arubber-like behavior with no flow [15]. PEX-a pipes which were mixed with several
stabilizers were tested to evaluate the effects on crosslink degree and the oxygen
induction time and the effect of chlorine aqueous solution by the performance of
the long-term hydrostatic pressure test and the long-term hydro-dynamic pressure
test [16]. Influence of commercial phenol antioxidants Irganox 300, 1010, 1035
and 1076 on peroxide-cure reaction of low-density polyethylene (LDPE) was eval-
uated through isothermal dynamic rheological and nonisothermal differential scan-
ning calorimetry (DSC) testing [17]. The phenol antioxidants could reduce storage
modulus of LDPE completely crosslinked at 175 °C while they have a neglectable
effect on gel fracture and activity energy of crosslinking reaction. The different by-
products formed during the crosslinking reaction [acetophenone, a-cumyl alcohol,
and a-methyl styrene (aMS)] were identified and quantified by Sahyoun et al. [8].

1.1.2 Silane Method

In silane method, crosslinking is activated by silane coupling agents. The organosi-
lane moieties react with the polymeric chains, via typical organic chemistry reac-
tions. The organic moieties of silanes have a central silicon atom (Si) bounded to
two different categories of groups (vinyl and alkoxy), which exhibit different reac-
tivity. Silane grafting on the PE main chain can be ensued by the vinyl group. The
hydrolysable alkoxy groups in the presence of water or moisture react (via condensa-
tion and hydrolysis) and generate a three-dimensional network of siloxane linkages.
There are two main processes for crosslinking PE with moisture-cured vinyl silanes.

In this process grafting of alkoxysilane onto the polyethylene chain takes place
through radical formation [7, 18] (Fig. 2). The recombination of the radical molecules
can be avoided by controlling the reaction conditions of the radical grafting. More-
over, the DCP produced free radicals readily react with vinyl group of silane reactants
[7].

Afterward, the incorporated alkoxy groups —(CH;),—Si(OR),OR are hydrolyzed
in the presence of water and a catalyst to release silanol groups —(CH;),—Si(OR),OH
and ROH, which in a last step react with each other in a condensation reaction leading
to the formation of a crosslinked polymer network (Fig. 3) [7, 18, 19].

The low mobility of water through PE makes the crosslinking of thick insulation
and layers a slow process. Apart after crosslinking, it is necessary to remove water
and ROH molecules from the polymer mass through a degassing step. So, the long
processing times and the release of volatile by-products prevent the use of silane
crosslinking.
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Monosil (One-step) process, which involves a continuous feeding of liquid silanes
during extrusion.
Sioplas (Two-step) process,

(I  To prepare crosslinkable PE: a mixture of silane and peroxide are blended with
PE by melt and formed into pellets.

(I) To create the final product: the pellets are combined with a catalyst master-
batch, is extruded and cured in a high-temperature water bath, to reach the
desired crosslinking level.

LDPE crosslinked with reduced graphene oxide (rGO) functionalized with
vinyltrimethoxysilane (VTMOS) [20] produce a 3D network composed of LDPE
and VTMOS-rGO resulting enhanced tensile properties.

To fulfill the requirements of automotive industry, crosslinks were introduced
in a high molecular weight polyethylene (HMWPE) grade through grafting of
vinyltrimethoxysilane (VITMOS) onto the polymer chain, promoted by DCP [21].
Crosslinked UHMWPE prepared by catalyst-free silane method by adding an addi-
tive (CaC,04-H,0) to generate water inside the materials [22]. To incorporate
the functional group —O-C,Hs, vinyltriethoxysilane functionalized with CNT and
melt blended with PE resulting increase in melting temperature [23]. Composite
prepared by the addition of aluminum (Al) particles and carbon fiber (CF) in
Silane crosslinked polyethylene (XLDPE) for enhancing thermal conductivity for
the thermal conductive pipes and semi-conductive products [24].

The crosslinked UHMWPE with excellent shape memory properties from the
silane-grafted UHMWPE mixed with water-carrying agent by compression molding
[25]. The samples incorporating more Si—O—-Si crosslinking points have higher shape
recovery ratio and faster shape recovery speed. Water treeing is one of the main dete-
rioration phenomena observed in the polymeric insulation of extruded crosslinked
polyethylene (XLPE) cables, which can affect the service life of power cables [26].

1.2 Radiation Method

Crosslinking of polyethylene wires and cables impart improved mechanical proper-
ties. They are having marked wear resistance. Several methods are currently utilized
to bring about crosslinking in PE. These include chemical crosslinking with peroxide
chemistry and ionizing methods such as an e-beam or gamma-radiation. The degree
of crosslinking is affected by the amount of peroxide, level of ionizing energy,
and whether the polymer is remelted or annealed to remove free radicals, and the
environment. Peroxide crosslinking results in unwanted by-products and has to be
removed by degassing for a long period of time at high temperature [10]. The volatile
peroxide decomposition products impose considerable health hazard, which requires
well-equipped work environment. Silane crosslinking chemistry requires water as
an initiator and is not suitable for high-voltage insulation [27]. However, electron
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beam irradiation offers good control of the radiation dose but is limited by a short
penetration depth, which is insufficient for thick high-voltage cable insulation.
Gamma radiation of polyethylene readily penetrates thicker samples of polyethy-
lene. It allows a crosslinking which produces products such as H, and low molecular-
weight hydrocarbons, which would simplify the degassing process. Gamma radiation
crosslinked LDPE is suitable for high voltage insulating material [28]. Radiation
crosslinking is one of the effective methods that it requires low temperature. The
flame retardant of polyolefins can be improved either by adding additives or by reac-
tives. LDPE formulations were crosslinked by gamma-radiation in the presence of
crosslinking agent. The formulations can be done by using various combinations
of retardant fillers namely, zinc borate and aluminum trihydroxide A1(OH); [29].
In addition, the formulations can be blended with ethylene-vinyl acetate (EVA) to
improve the compatibility of the various fillers with LDPE. Gamma radiation in
air and subsequent aging have detrimental impact on the structure and mechanical
properties of the polyethylene and gamma radiation performed in an inert environ-
ment induces crosslinking and is beneficial to the wear behavior [30]. The Charles
by—Pinner equation was used to determine the value of gel dose. It is given by

S+.S=P/Q+2/quD )

where S is the soluble fraction of polymer, D is the radiation dose in Mrad, g is the
proportion of crosslinked units, p is the ratio of main chain breaks to chain units, and
u is the weight average of the initial degree of polymerization [31]. When additives
such as multifunctional monomers are used, gelation occurs at lower doses because
these additives play the role as a center for crosslinking, and therefore gel dose is
highly reduced [32].

2 Radiation Crosslinked Ultra-High-Molecular-Weight
Polyethylene (UHMWPE)

Ultra-high-molecular-weight polyethylene (UHMWPE) is a semicrystalline polymer
that has been used for over four decades as a bearing surface in total joint replace-
ments [33]. UHMWPE is a member of the polyethylene family of polymers with the
repeating unit [C,Hy],. The International Standards Organization defines UHMWPE
as having a molecular weight of at least 1 million g/mole, resulting in a minimum
degree of polymerization of n & 36,000 [33]. The UHMWPEs used in orthopaedic
applications typically have a molecular weight between 2 and 6 million with a degree
of polymerization between 71,000 and 214,000.
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Crystalline lamellae

Fig. 4 A transmission electron micrograph (a) and schematic (b) depicting the semicrystalline
morphology of UHMWPE (reproduced with permission from Elsevier)

3 Structure of UHMWPE

UHMWPE possess a composite structure with well-ordered crystalline lamellae
embedded in a randomly oriented amorphous matrix (Fig. 4). Due to its high molec-
ular weight, typically on the order of 2—6 million g/mol, it has high crystallinity
(50-60%) and shape memory [34].

4 Purpose of Radiation Crosslinking in UHMWPEs

Its high mechanical strength under load and its favorable fatigue resistance are
attributed to its composite structure, where, in addition to the crystalline content
and associated strength, the mobility of the chains in the amorphous phase provides
ductility and plasticity to the polymer. Increased plasticity allows the chains to be
oriented in the direction of the applied stresses and weakens the material in the
transverse direction, leading to the breakup of particles, especially under the multi-
directional motion of the joints. Radiation crosslinking by high dose irradiation was
proposed to increase the wear resistance of the polymer in general. Crosslinking
of the polymer chains, which only occurs in the amorphous phase in polyethylene,
introduces junctions between the polymer chains, reducing the mobility. Thus, it was
hypothesized that wear would be reduced through a decrease in plasticity and thus
orientation of the polymer.

Crosslinked UHMWPEs are of two generations. The first generation of highly
crosslinked UHMWPEs has resulted in clinically reduced wear; however, the
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mechanical properties of these materials, such as ductility and fracture toughness,
are reduced when compared to the virgin material. Therefore, a second generation of
highly crosslinked UHMWPE:s is being introduced to preserve the wear resistance
of the first generation while also seeking to provide oxidative stability and improved
mechanical properties.

5 First-Generation Crosslinked UHMWPEs

First-generation crosslinked UHMWPEs were developed as a substitute to gamma
sterilized UHMWPE, which had high wear and also displayed high oxidation in vivo.
Induced radiolytic cleavage of the polyethylene produces C and H free radicals. As a
result of the high molecular weight of UHMWPE, recombination responses along the
spine are supported constraining chain scission. The decay of the staying free radicals
is through recombination of the free radicals on various chains to frame cross-joins.
Some free radicals get trapped in the crystalline region of the lamellae for prolonged
period of time [35, 36]. These free radicals migrate along the polymer chains to
the crystalline/amorphous domain and undergo reaction with diffused oxygen over
time. Highly reactive peroxy free radicals are produced by the combination of primary
alkyl and allyl free radicals with oxygen. The stabilization of these peroxy radicals
is occurred by the abstraction of hydrogen from nearby polymer chain and getting
converted into hydroperoxides. The abstraction of hydrogen from polymer chain
produces new primary alkyl free radicals which leads to further degradation and
subsequent formation free radicals. This oxidative reaction of the free radicals is the
reason for the embrittlement via oxidation through the local re-crystallization of the
newly formed degraded short chains.

6 Second Generation of Crosslinked UHMWPEs

Second generation of highly crosslinked UHMWPE was developed by stabilizing the
residual free radicals with the help of a chain-breaking antioxidant, i.e., vitamin E.
The peroxidation of lipids is hindered by vitamin E similar to irradiated UHMWPE.
Radiation cross-connecting of UHMWPE has been an incredible development in
absolute joint arthroplasty bearing surfaces and shows guarantee in diminishing the
event of osteolysis identified with the wear of UHMWPE.

There are two methods that can be used to incorporate vitamin E in UHMWPE;
the first is by blending vitamin E, a viscous liquid with UHMWPE resin powder
and consolidating them together before molding. The second is to diffuse vitamin
E in molded and radiation crosslinked UHMWPE. The advantage of blending is
the ease of obtaining a uniform concentration of vitamin E. The disadvantage is
that the crosslinking efficiency of UHMWPE is reduced in the presence of vitamin
E with increasing vitamin E concentration [37]. The advantage of this UHMWPE
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over conventional, gamma sterilized UHMWPE is both its wear and oxidation resis-
tance. By using vitamin E stabilization, the crystallinity of the radiation crosslinked
UHMWPE is retained and the fatigue properties of this UHMWPE are improved
over irradiated and melted UHMWPE [38, 39].

7 Applications of Radiation Crosslinked UHMWPE

The main domains which utilize these kinds of radiation crosslinked polyethylenes
are follows.

7.1 Biomedical Field

Extensively crosslinked ultrahigh-molecular-weight polyethylene (HXPE) was
prepared by compression molding of GUR 1050 UHMWPE bars [40]. Annealing of
these bars conducted above melt temperature after exposing to electron beam irra-
diation of 90, 100 or 110 kGy. 100 £ 10 kGy is the processing limits of nominal
processing dose for the clinically available Longevity material. The specimens after
compression molding were sterilized by gas plasma. The wear properties of HXPE
are better than that of conventional molded ultrahigh-molecular-weight polyethy-
lene (UHMWPE) which is sterilized by 37 kGy of gamma radiation (Fig. 5). The

Fig. 5 Scanning electron micrographs of conventional UHMWPE (A) and HXPE (B) wear debris
(white particles) generated in a hip simulator wear test (reproduced with permission from Elsevier)
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HXPE is free from free radicals and they exhibit high resistance to oxidation. This
lower sensitivity to oxidation of HXPE helps to preserve the wear advantage in clin-
ical application. The strength and J-integral fracture toughness of UHMWPE were
reduced by accelerated aging but the mechanical property of the HXPE was not that
much affected by accelerated aging.

UHMWPE which is crosslinked with gamma radiation in different dosages
in combination with aluminum head exhibits variation in properties like creep
deformity, hardness, etc. After radiation process, UHMWPE displayed slight
hydrophilicity with increase in hardness according to increase in radiation dose.
There observed a slight reduction in creep deformity and a visible hike in the fric-
tional torque of radiation crosslinked PE [41]. Radiation crossconnected UHMWPE
brought about decreased rigidity and crack durability as a cost of sensational incre-
ment in the wear obstruction. First-generation crosslinked UHMWPE acetabular
components exhibited clinical rim fracture due to neck-liner impingement. The
second-generation, vitamin E blended highly crosslinked UHMWPE possesses
the improved impingement resistance [42]. Radiation crosslinked UHMWPE (X-
UHMWPE) powder was prepared by g-ray irradiation under inert nitrogen atmo-
sphere with a dose of 50-200 kGy at a dose rate of 7 kGy/h and further annealing in
vacuum at 120 °C for 4 h. A composite was prepared by mixing X-UHMWPE and
pristine UHMWPE with 0-25 wt% filler. An improvement in wear resistance was
observed with 25 wt%, 150 kGy dose X-UHMWPE. These kind of composites are
potentially useful for artificial joint replacement and engineering devices [8].

7.2 Nuclear Reactor Field

Pristine, thermally-aged and gamma radiation-aged commercial crosslinked
polyethylene (XLPE) was used for the quantitative analysis of antioxidant poly
(1,2-dihydro-2,2 4-trimethylquinoline) (pTMQ) for nuclear power plant applications
[43]. The polyethylene-based cable insulation materials are aged at temperatures
60, 90 and 115 °C, with gamma radiation exposure dose rates of 0, 120, 300 and
540 Gy/h for 15 days. The pristine XLPE is composed with 60% polymer matrix,
decabromodiphenyl ether, octabromodiphenyl ether, etc. as the flame retardants, zinc
sulfide as the white pigment, poly(1,2-dihydro-2,2,4-trimethylquinoline) and 1,3,5-
Triazine-2,4,6(1H,3H,5H)-trione as the crosslinking booster. Isothermal aging was
associated with decrease in quantity of antioxidant and oxidation induction time with
increasing radiation dose.

7.3 Voltage Stabilizers

A theoretical study on the atomic and molecular level of benzophenone-initiated reac-
tion mechanisms in the polyethylene UV radiation crosslinking process showed that
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aromatic ketone voltage stabilizer and hindered phenol antioxidants molecules can
be bonded to polyethylene chain during the polyethylene UV radiation crosslinking
process [44]. Hot electrons bombarding C—C bond of XLPE matrix under the local
high electric field can be prevented by the adulterant molecules benzophenone,
voltage stabilizer, antioxidant, and by-product in XLPE insulation composite product
with carbonyl or phenyl groups. This mechanism can be optimized to design voltage
stabilizer real applications.

7.4 Disposal of Radiation Crosslinked PE

UV irradiation of high-density polyethylene (HDPE) and biodegradable polyethy-
lene (PE-BIO) films of dimensions 40 x 50 mm with a thickness of 0.5 mm. were
conducted using UV-B BYTEK lamp model Ultraviolet Multiprom Eraser in a 320—
280 nm range wavelength at different exposure times, 0—60 days. Photo-oxidation
of polyethylene which follows Norrish Type II mechanism is observed [45]. The
photooxidation changes the molecular structure of polyethylene by forming the
infrared bands.

Recently, researchers are focusing on the crosslinking of functionalized polyethy-
lene resins by ring-opening reactions known as click chemistry, curing of polyethy-
lene resins bearing various functional groups promises to be an appealing alternative
[8, 46, 47].

7.5 Crosslinking with Epoxy Ring-Opening Reactions

The scope of PE-based materials is improved by the production of by-product-
free curing process will considerably expand. Clock-chemistry type’s reactions,
especially epoxy ring-opening methods are used to produce crosslinked polyethy-
lene which involves a statistical ethylene-glycidyl methacrylate copolymer, p(E-
stat-GMA), [48] which is commonly used as a compatibilizer for polymer blends
[49, 50]. Maleimide/furan adduct as a crosslinking agent for the preparation of
thermally reversible crosslinked polyethylene was prepared via Diels—Alder (DA)
and retro Diels—Alder(rDA) reaction [48]. To improve network structure develop-
ment of an ethylene-epoxy copolymer, thermally crosslinked with an amino acid
(11-aminoundecanoic acid) [51].

7.5.1 Recycling
Recycling of crosslinked polymers is a serious and difficult problem in the recycling

of plastic waste and it is a threat due to irreversible covalent crosslinking in the
network [52]. Crosslinked polyethylene (XLPE) was widely used as an insulation
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material for wires and cables. XLPE has low fluidity and poor moldability; it is rarely
recycled, though its recycling is of crucial importance. Most of the industrial wastes
were buried in landfills or removed by incineration. The current topic covers some
of the efficient methods for the recycling of XLPE.

8 Chemical Recycling or Feedstock Recycling of Polymer
Wastes

Chemical crosslinking endows a thermosetting polymer with admirable thermome-
chanical and solvent resistance properties. However, in comparison with those of
thermoplastics, the re-processability and recyclability of these polymers are sacri-
ficed because of the irreversible covalent bonds in the network [52, 53]. Feedstock
recycling also known as chemical recycling or tertiary recycling aims to convert
waste polymer into original monomers or other valuable chemicals.

9 By HDPE Vitrimers

Introducing exchangeable covalent bonds into the crosslinked network is an effective
method for addressing the above challenges. Leibler and coworkers introduced the
term vitrimers for crosslinked polymers which have the ability to rearrange their
covalent bonds and they have made great efforts for recycling the thermosetting
polymers. They introduced a novel method to prepare dioxaborolane-based vitrimers
[54] which enabled polymers with backbones made of carbon-carbon single bonds
to be reprocessed by extrusion or injection molding similar to thermoplastics. The
stress relaxation property of vitrimer has been applied to the reprocessing of shape
memory polymers (SMPs), liquid crystal elastomers and other functional materials
[55, 56]. For SMPs, the exchangeable bonds enable topological rearrangement of the
networks to occur in the solid state, which means that various permanent shapes can
be achieved through secondary processing.

Polyolefins are composed of a large number of carbon—carbon single bonds as
backbones, so it is difficult to alter the topology of crosslinked polyolefins. To
achieve the high-value utilization and recycling of crosslinked polyolefins, intro-
ducing dynamic exchange bonds into the crosslinking system of polyolefins is an
effective method. A simple way to prepare HDPE-vitrimers by triple shape memory
effect. By melt-grafting of epoxy monomers, the functional monomers were incor-
porated into HDPE chains and served as active crosslinking sites. Therefore, the
hydroxyl-ester transesterification reaction was enabled by the carbonyl group in
the monomers during the post-processing step. Hydroxyl-terminated polytetrahy-
drofuran (HTPTF) and polycaprolactone (PCL) were chosen as crosslinkers. By this
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reaction, polyethers and polyesters were introduced in the structure. The transesterifi-
cation reaction in the HDPE vitrimers can be studied at different temperature by stress
relaxation behavior at different temperature. This novel strategy of preparing HDPE
vitrimers may be useful for the high-value utilization of crosslinked polyolefins [57].

10 By Y Radiation

Low-density polyethylene (LDPE) self-reinforced composites in which the fibers
were irradiated with gamma rays prior to compression molding. The tensile tests of
the single fibers revealed that the hot air-assisted melt-spun fibers had better mechan-
ical performance than the same LDPE matrix material. The irradiation crosslinked
fibers, which made it possible to widen the temperature window of the film-stacking
method applied for composite production. The effect of irradiation on the mechan-
ical properties of fibers themselves and the composites reinforced with these fibers
were studied. Based on the mechanical and crystalline properties obtained, the fibers
irradiated with an absorbed dose of 200 kGy were chosen as reinforcement for the
composites [58].

11 By Ultrasonic Decross-Linking

The ultrasonic batch reactor and ultrasonic extruder were used to decross-link various
rubber vulcanizates and XHDPE. The analysis of the gel fraction-crosslink density
relationship of various ultrasonically devulcanized rubbers showed that the ultra-
sound may induce a preferential breakage of crosslinks [59]. This mainly arises
due to the difference in bond energy of main bonds and crosslinks. The type of
bond breakage during the ultrasonic decross-linking of XHDPE revealed the struc-
tural factors governing this process and also leads to the possibility to obtain the
decross-linked XHDPE with superior mechanical properties [60].

The increase of the barrel pressure with the degree of crosslinking is a result of the
increase of viscosity. The decrease of the barrel pressure with the ultrasonic amplitude
is due to both the thixotropic effect such as the shear thinning and permanent effect
including the decrease in viscosity caused by the decrease of the gel fraction and
crosslink density. The melting temperature, crystallinity and tensile properties of
decross-linked XHDPE are significantly affected by the type of preferential bond
breakage during decross-linking of XHDPE. The tensile properties of the decross-
linked XHDPE are superior to those of the XHDPE.
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12 By Supercritical Decross-Linking Extrusion Process

Supercritical fluids can act as a reaction medium for the depolymerization reac-
tion of several condensation polymers and decross-linking reaction of XLPE [61,
62]. It is observed that the irradiation crosslinked, the silane crosslinked, and the
peroxide crosslinked PE could successively be decross-linked into the thermoplastic
PE using supercritical methanol [63]. The decross-linking reaction rate was observed
as linearly proportional to the gel content [64]. The peroxide crosslinked PE was
successfully decross-linked through reaction in supercritical methanol in a contin-
uous multiscale single screw extrusion process [65]. XLPE was in contact with
supercritical methanol for shorter than 2 min retention time in the continuous super-
critical extruder and was successfully decross-linked at the methanol feeding rate.
The decross-linking efficiency of the continuous supercritical extruder is expected to
be improved through the optimization of extruder design to accept further methanol
feeding rate and provide longer retention time. The depolymerization and decross-
linking reactions using supercritical fluids were performed in the batch reactors.
The batch process is time-consuming and cost-inefficient. To establish the recy-
cling process at industrial scale, continuous supercritical reaction process needs to
be developed. Goto et al. reported the recycling of silane crosslinked PE using the
extruder at elevated temperature. However, it provided only limited information on
the continuous extruder reactor and reaction conditions [61]. An extruder can be
used as a reactor for the decross-linking reaction by supercritical fluids. The C-C
crosslinking bond of peroxide crosslinked PE has much better thermal stability than
the silane crosslinking bond in silane crosslinked XLPE [66, 67].

A schematic representation of the continuous supercritical process system,
consisting of a multistage single screw extruder, is shown in Fig. 6. A multistage
single screw composed of four divided zones of transfer, compression, reaction and
discharge zones. The first transfer zone was in charge of feeding and transferring
the XLPE waste material. The second compression zone was compressing the resin
to attain supercritical pressure conditions of methanol. Methanol was injected to the
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(a) Hopper, (b) temperature and pressure sensors, (c) A methanol injection pump,
(d) A multistage single screw(e) Methanol gas ventilation (f) strand cooler (g) pelletizer

Fig. 6 Schematic representation of the continuous supercritical process system



182 N. Chandran et al.

end of compression zone of the extruder with a liquid injection pump. The third
reaction zone was responsible for the decross-linking reaction of XLPE in supercrit-
ical methanol conditions. The discharge zone was for discharging the decross-linked
XLPEs. The extrudate was a form of strand so as to be pelletized and collected as
samples.

The dynamic storage modulus (G') and loss modulus (G''") values of decross-
linked XLPE samples were significantly affected not only by reaction temperature,
but also by methanol content. The peroxide crosslinked PE was successfully decross-
linked through reaction in supercritical methanol. Reaction temperature was set from
36 to 39 °C and the amount of methanol feeding was varied from 0 to 7 mL/min. The
extruder with methanol injection pump was kept in the supercritical conditions of
methanol during extrusion. The gel content value decreased with reaction temperature
and methanol content. XLPE was in contact with supercritical methanol for shorter
than 2 min retention time only in the continuous supercritical extruder; it was success-
fully decross-linked [68]. Another method for recycling silane crosslinked polyethy-
lene is by closed recycling. In this thermosetting polyethylene having crosslinking
element converts to thermoplastic polyethylene with no crosslinks and after shape
forming, it changes to thermosetting polyethylene with crosslinks. The low fluidity
and bad moldability of silane XLPE can be improved by the closed recycling without
the deterioration of the properties [69].

13 As Toughness Enhancer

Silicon crosslinked polyethylene (Si-XLPE) can be blended with the high-density
polyethylene (HDPE) for improved thermal endurance, stiffness and toughness. A
series of Si-XLPE of different gel fraction and crosslink structure were used to study
the recycling and properties of crosslinked waste. For this, the tensile and impact
properties, crystallization and heat stability of the HDPE and Si-XLPE blends were
investigated [70]. The results showed that crosslink gel in the blend could be as
high as 70%. The tensile modulus and impact strength of the HDPE increased with
increasing loading and content of gel in the crosslinked materials [71].

14 By Thermoplastic Vulcanizates (TPVs)

The process for obtaining a thermoplastic recycled material by breaking down the
crosslinked structure of XLPE and reducing the molecular weight is referred to as
thermoplasticizing. XLPE waste recovered from wires and cables; there are two types
of XLPE.
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1. XLPE-a (peroxide crosslinked polyethylene): a low-density polyethylene
made by crosslinking using organic peroxide compounds, with a degree of
crosslinking of approximately 80%.

2. XLPE-b (silane crosslinked polyethylene): a linear low-density polyethylene
made by crosslinking using silane, with a degree of crosslinking (gel content)
of approximately 60%.

The method involves sorting, feeding, thermoplasticization, cooling, pelletization
and recycling [72]. The flow chart (Fig. 7) showing the thermoplasticizing of XLPE-a
and XLPE-b is given below.

The properties and molecular weight distribution of recycled XLPE-a, XLPE-b
and LDPE are provided in Table 1.

By mechanical decross-linking and dynamic vulcanization of ground tire rubber
(GTR) and crosslinked polyethylene thermoplastic vulcanizates were prepared [73].
In this method, partial decross-linking of GTR and XLPE takes place. After mechan-
ical milling, a new group carbonyl group was introduced into the structure. The blend

Fig. 7 Flowchart of thermoplasticizing of XLPE-a and XLPE-b

Table 1 Properties of recycled PCPE, SCPE and virgin LDPE

Property Recycled XLPE-a | Recycled XLPE-b | LDPE
Surface Good Slightly rough Good
Colour Pale brown Pale grey Natural
Melt flow rate (g/10 min) 0.1-30 0.1-30 1.0

Gel content (%) <1-10 20-40 0

Melting point (°C) 108 114 112

Heat of melting (mJ/mg) 121 103 126
Number-average molecular weight (Mn) | 1.34 x 10* 6.72 x 103 1.05 x 10*
Weight-average molecular weight Mw) | 1.1 x 103 2.26 x 10* 3.37 x 10*
Polydispersity (Mn/Mw) 8.19 3.36 321

Peak top molecular weight 24,900 10,900 29,400
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vulcanizates maintained the re-processability, and it has good thermoplastic process-
ability. With the existing recycling methods, the TPV is cost-effective and easy for
industrialization [74]. By mechanochemical milling, the breaking down of XLPE can
be done and thereby a thermoplastic can be obtained. The advantage of this method
is that it can be carried out at ambient temperature, no chemicals are needed, has low
energy consumption and it is eco-friendly [75].

15 Particulate Infusion

Silane crosslinked polyethylene cable waste is recycled by infusion of the waste
into virgin LDPE via mini compounder at different waste to virgin polyethylene
weight fraction. The thermal analysis revealed that the heat absorbed during the
melting of crosslinked PE is higher than that of the virgin LDPE. 15 wt% recycled
SCPE to virgin PE displayed a hike in young modulus (17%), yield stress (37.2%),
ultimate stress (22.4%) and a reduction in melting point (3.3%) [76]. By changing the
thermal, static and dynamic properties, silane crosslinked polyethylene cable waste
can be recycled as a filler or re-compounding it into cable product. The infusion of
crosslinked PE waste into virgin LDPE provides another life for silane crosslinked
polyethylene which saves million barrels of fossil fuel and converting cable industry
into a greener and zero waste industry [77].

16 Conclusion

Commonly the manufacturing of XLPE is using peroxide method, which gives rise
to hazardous by-products. Silane crosslinking is limited by the low mobility of
water through PE, and the releases of polar by-products deteriorate the dielectric
properties of the material. Radiation method is favorable because of the chain scis-
sion is low compared to chain recombination (the chemical bond strength of the
C-H bond is greater compared to that of a C—C bond), and the by-products are
H, with a small amount of low molecular weight hydrocarbons. The epoxy click
chemistry reactions can be effectively used to crosslink polyethylene-based copoly-
mers, meeting industrial requirements for cable production but without the release
of volatile by-products.

Radiation-induced crosslinking of polyethylene is an efficient technique as it
involves no chemicals and by-products obtained is very low. It effects the mechanical
properties of crosslinked polyethylene and increases wear resistance. The recycling
of cross linked polyethylene waste was conducted by various means to achieve an
acceptable change in the mechanical and thermal properties, with the overall objective
is to attain zero waste production.
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Chapter 8 ®
Aging and Degradation Studies e
in Crosslinked Polyethylene (XLPE)

Meera Balachandran

1 Introduction

Crosslinked polyethylene (XLPE) has been in use since the 1930s in various appli-
cations. XLPE is extensively used in electrical cables, plumbing, chemical, mining,
biomedical, watercraft and automotive industries. Crosslinked polyethylene is manu-
factured by crosslinking polyethylene with crosslinking agent or by irradiation [1].
Depending on the end application and properties required, XLPE is manufactured
from different grades of polyethylene. For example, high-density polyethylene is
used for tubing, low-density polyethylene for cable insulation and ultrahigh molec-
ular weight polyethylene for artificial joints. The crosslinked bonds change the
thermoplastic polyethylene to thermoset XLPE. The production process involving
modification of polyethylene structure is generally optimized to maximize produc-
tion, improve properties of interest and to reduce by-product generated during
crosslinking. Crosslinking significantly enhances properties like impact and tensile
strength, wear resistance, thermal resistance, chemical stability, insulating properties,
resistance to brittle fracture, abrasion resistance, environmental stress cracking resis-
tance and low-temperature properties [2]. The properties of XLPE can be tailored by
appropriate degree of crosslinking [3]. For example, higher degree of crosslinking
could induce stress cracking and brittleness whereas lower degree of crosslinking
would give poor physical properties.

XLPE is used in artificial joints and composite material in dental restoration due
to its wear and abrasion resistance. In automotive industry, XLPE is used in the
manufacture of cold air intake systems and filter housings. XLPE is used in several
countries in plumbing application as it is less expensive than alternatives like copper,
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offers flexibility reducing the need for joints, easy to install and operate, is not affected
by corrosion from minerals, moisture or freezing and is long lasting. XLPE is used to
manufacture storage tanks used in chemical industries due to its strength, durability
and ability to withstand heat and acidic corrosion.

One of the major and growing market for XLPE is power transmission cables
industry. The high dielectric strength, very low dissipation factor at all frequencies,
high insulation resistance and excellent dimensional stability of XLPE make it the
ideal choice for insulation in medium and high-voltage electric cables. XLPE has
higher strength, improved aging characteristics, water tree resistance and ability to
retain electrical properties over a wider range of temperature than polyethylene Addi-
tionally, they are also resistant to chemicals and oils even at elevated temperatures
which make XLPE insulation halogen-free low-smoke material [4—6].

A typical high-voltage XLPE cable contains several layers with various functions
viz. conductor, inner semiconducting layer, cable insulation, outer semiconducting
layer, ground layer and the outer shell. A simplified representation of an XLPE
insulated cable is shown in Fig. 1.

Electric lifetime of the cable is an important measure of its quality. Prolonged
life time is also closely related to sustainable development, a key aspect of concern
for engineers and researchers. The reliability and life time of cables depend on a
number of different factors as shown in Fig. 2 [7]. The expected service life of the
cables is around 20-30 years. However, service life of some of these is far shorter
than expected and underground cables start to fail in about 5-10 years [8].

Fig. 1 XLPE insulated cable
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A major concern in determining the life of an electric cable is the aging and break-
down of insulation. A local electrical field of more than 110 kV/mm is capable of
injecting electrons into the insulation. The insulating layer of the cable should be able
to withstand divergent field between the core conductor and the grounding layer. As
all breakdown events occurring in the polymeric insulation are irreversible, they are
to be avoided at all costs. The aging process is influenced by morphology as well as
effect of additives, oxidation, ions and water. The major reasons for the failure of these
cables are the combined effect of one or several of different factors like physical and
chemical aging, electric breakdown, thermal breakdown, electromechanical break-
down and partial discharge breakdown [9]. Stresses (mechanical, electrical, thermal)
exposure to ultraviolet or other radiations and diffusion of contaminants influence
the aging process. This chapter examines the various degradation mechanisms in
XLPE. The effect of additives and test procedures to evaluate the degradation is not
considered in this chapter.

2 Aging and Degradation in XLPE

The major concern for all dielectric users is the aging and the breakdown of the
insulation which depends on incipient changes in material properties. Fundamental
origins of aging are still not clearly understood and there is still no consensus on what
characterizes aging. However, it is generally accepted that morphology, additives,
oxidation (or antioxidants), ions and water play major roles in the aging process of
polymers. There are also many elements involved in creating conditions favorable to
degradation and breakdown. Contributing processes include mechanical, electrical
and thermal stress, exposure to ultraviolet radiation and, as mentioned before, the
diffusion of contaminants into the insulator during its manufacturing and service
time. The main mechanical, electrical, thermal and environmental factors that affect
aging and degradation in XLPE are summarized in Table 1 [10].
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Table 1 Factors that influence aging and degradation in XLPE insulation

Thermal factors Mechanical factors | Electrical factors Environmental factors
Maximum temp Bending Operating and transient Gases
Ambient temp Tension voltage (AC, DC, impulse) | Water/humidity
Temperature gradient | Compression Current Corrosive chemicals
Temperature cycling | Torsion Frequency Lubricants
Vibration Partial discharge Radiation
Compression cycle | Charge injection

The degradation in XLPE insulation can be caused due to intrinsic or extrinsic
factors. Extrinsic factors are due to micro-voids, physical imperfections, poorly
dispersed components and contaminants in the insulation. On the other hand, intrinsic
factors are chemical and physical changes in the polymer or trapped charges [10].
Intrinsic breakdown is caused due to the electronic behavior of the dielectric, with
no effect of ambient or temperature rise and is also called electronic breakdown. The
intrinsic breakdown when electrons in the insulator gain sufficient energy from the
applied field to cross the energy gap from the valence to the conduction band [9].
Intrinsic type of degradation affects the properties of the material. When the property
falls below a critical value, the insulation fails. These changes may or may not lead to
electrical failure. Intrinsic effects are generally not confined to local area and affect
large part of the insulation. Extrinsic factors affect local areas of the insulation which
eventually can result in failure of the insulation.

3 Electrical Degradation and Treeing

The most hazardous and damage inducing degradation in XLPE insulation is the
electrical degradation. Electrical degradation can reduce the service life of XLPE
cables. In high-voltage XLPE cables, voltage difference between the conductors
creates an electric field that causes ionization in the XLPE. This generates current that
creates short circuit path through the insulation. This phenomenon results in electrical
breakdown of the material [9]. The electric field in high-voltage cables accelerate the
charge carriers (electrons, ions, etc.) in the insulation in the direction of the electric
field. The acceleration increases the kinetic energy of the charge carriers. When they
collide with insulation and transfers the energy which is manifested as increase in
temperature. This phenomenon is called Joule heating. When the heat generated by
Joule heating is not dissipated and the temperature of the material increases, the
amount and mobility of charge carriers increases resulting in exponential increase
in the electrical conductivity. The increased conductivity causes more current to
flow through the insulation which further increases the heat input. The heating also
softens the insulation. The heat generated is transferred to the surrounding medium
by conduction through the solid dielectric and by radiation from its outer surfaces.
This process eventually initiates thermal breakdown in XLPE and breakdown occurs
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when the heat generated exceeds the heat dissipated [11]. The combined effect is
the electromechanical breakdown of the insulation. Another cause of breakdown in
insulation is the partial discharge (pd) breakdown that is initiated by small voids in
the material. In current carrying cables, the presence of voids and contaminations in
XLPE induced during the manufacturing process, coupled with ionic contaminants
give rise to voltage stresses in the insulation. The high electrical stresses induce
partial discharge that causes dendritic growth of microscopic cavities called trees.
Electrical treeing and water treeing are the two types of trees, which are discussed
in the following sections. The formation of trees is accelerated by several factors,
moisture being the major accelerating factor. Formation of trees ultimately leads to
complete failure of the insulation. The sequence of activities leading to electrical
breakdown is summarized in Fig. 3.

A major factor influencing the dielectric properties like tree growth and breakdown
in polymer dielectric materials is the non-uniformity of electric field distribution
[12]. Electrical degradation due to treeing is initiated by partial discharge. Treeing is
a random process that affects localized areas of the insulator. As mentioned earlier,
trees are initialled at imperfections where the electrical field is highly divergent.

Electrical trees contain hollow tubules that are connected to form a treelike struc-
ture. The stem of a tree has typical dimensions in the range of tens of micrometers
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in diameter while the branches have sizes in micrometer range. The shape of the
electrical tree can be bush type or branch type. Generally, higher fields create more
bushy trees, while trees generated at lower fields have a more branch-like shape. In
the general working environments of the cable, the growth of the tree is slow span-
ning several months or years. The tip of the water tree can initiate an electrical tree.
As the electrical tree initiated by a water tree grow rapidly, the insulation will not be
capable of withstanding the high voltage and the insulation fails [13-15].

3.1 Electrical Treeing

Electrical tree is the prime reason for insulation failure in XLPE cable insulation [16].
Electrical trees are interconnected channels that are generally initiated in void and are
strongly influenced by defects (voids, impurities, etc.) in the and the partial discharge
activity. The phenomenon of tree growth is illustrated in a sample model containing
an air-filled void. Voltage is applied with a needle tip. As illustrated in Fig. 4a, the
maximum electric field is observed near to the needle tip. The electric field stress at
void is greater than the dielectric strength of air filled in the void. When the voltage
across the void exceeds the breakdown voltage, partial discharge is initiated in the
void. Partial discharge further leads to formation of electrical discharge path and a
tree like structure as illustrated in Fig. 4b. The tree growth is initiated inside the void
and penetrates toward the point at which electrical stress is maximum [17].

The phenomenon of electrical treeing occurs in three phases namely initiation,
propagation or growth and bridging as illustrated in Fig. 5. The tree is initiated
due to high and divergent stress at the interface of an imperfection or void and
XLPE. The stresses may be of electrical, chemical or mechanical nature and can be
caused by several factors including temperature, chemical reaction, partial discharge,
etc. Among the above-mentioned factors, a major factor that initiates insulation
degradation is partial discharge [18]. According to International Electrotechnical
Commission Standard 60,270, partial discharge is a localized electrical discharge
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Fig. 4 a Electric field distribution in insulation with void b electrical tree growth [17]
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Fig. 5 Growth Stages in Treeing

that only partially bridges the insulation between conductors and which may or may
not occur adjacent to a conductor.

Several mechanisms have been proposed to explain initiation of electrical trees.
Electrical trees can be initiated by charge carriers, mechanical fatigue, electro-
photoluminescence or high field electron avalanche [19, 20]. When the insulation is
subjected to AC voltage, injection of charge carriers takes place in one half cycle
while extraction of charge carriers takes place in the other half cycle. The charge
carriers also known as space charges can be electrons, holes or ions. When the space
charges gain sufficient energy, they initiate chemical reactions that cause polymer
degradation. The degradation eventually leads to formation of hollow channels in
which partial discharge take place that initiates a tree [21]. It has also been reported
that insulation subjected to mechanical stresses and fatigue develop cracks. Electrical
trees are initiated at the cracks due to partial discharge [20]. Another phenomenon
that initiates electrical tree is electro- photoluminescence. When subjected to AC
voltages above a certain threshold, due to the changing polarities, XLPE emits UV
and visible light. Electroluminescence spans a broad spectrum in the visible range
and partial discharge light exhibits peak in the UV range. The UV light induces
photochemical reaction that generates free radicals, which are capable of breaking
the chemical bonds in the polymer chain. They are accelerated by electric field,
collide with polymer chains and produce more free radicals. These reactions initiate
the channels in electrical tree as explained earlier. Localized electron avalanche
is another mechanism that initiates electrical tree. When a voltage surge (impulse
voltage) happens, it can cause the local field to exceed the breakdown threshold of the
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insulation. This leads to localized electron avalanche and local breakdown that initi-
ates electrical tree [19]. The growth/propagation of the tree occurs in the direction
toward the region where electric field stress is maximum.

The partial discharge depends on the geometry of the void, impurities present in the
insulation and permittivity of the insulation material [22]. Several factors like magni-
tude and frequency of applied electric field, temperature, environmental stresses and
mechanical stresses influence the propagation of electrical tree. Finally, when the
tree is long enough, bridging occurs resulting in total breakdown of insulation [9].
Treeing can be controlled by adopting several strategies like ensuring smoothness
of the semiconductive shield, minimizing contamination and defects during manu-
facture of semiconductive shield, insulation and cable and minimizing ingress of
moisture into the insulation [23].

A partial discharge occurs when there is sufficiently high field and presence of an
electron. The enhancement in electric field at the defect site induces partial discharge.
This enhanced field consists of an enhancement in background field and the field
produced by local space charges formed from previous PD events. The avalanche
of electrons is formed at a minimum local inception field that corresponds to the
partial discharge inception voltage (PDIV). PDIV is the lowest voltage at which
partial discharges is termed partial discharge inception voltage. The magnitude of
PDIV depends on the size of the defect, composition of the constituents of the
defect, operating temperature and pressure. The electrons are initially produced by
gas ionization by energetic photons and field detachment of electrons from negative
ions. The rate of production of electron depends on the magnitude of electric field.
Another mechanism by which electrons are produced is from surface emissions due to
ion impact, detrapping of electrons due to field emission or by the photon effect. The
PDIV in newly formed virgin defects is higher than that in aged defects (defects that
have been there in the insulation for longer duration or exposed to aging conditions).
On occurrence of partial discharge, charges are deposited on the surface and in traps
in the insulator surface. When sufficient energy is acquired, the surface liberates free
electrons. The charges decay when they diffuse through gases in the voids or by
conduction along the surface or by ion drift [19]. When an XLPE high-voltage cable
is in operation, due to high voltage and aging, there is accumulation of space charge
in the insulation that distorts the local electrical filed.

Several mechanisms have been proposed to explain initiation of electrical trees.
Electrical trees can be initiated by charge carriers, mechanical fatigue, electro-
photoluminescence or high field electron avalanche [20, 21]. When the insulation is
subjected to AC voltage, injection of charge carriers takes place in one half cycle
while extraction of charge carriers takes place in the other half cycle. The charge
carriers also known as space charges can be electrons, holes or ions. When the space
charges gain sufficient energy, they initiate chemical reactions that cause polymer
degradation. The degradation eventually leads to formation of hollow channels in
which partial discharge take place that initiates a tree [24]. It has also been reported
that insulation subjected to mechanical stresses and fatigue develop cracks. Electrical
trees are initiated at the cracks due to partial discharge [21]. Another phenomenon
that initiates electrical tree is electro-photoluminescence. When subjected to AC
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voltages above a certain threshold, due to the changing polarities, XLPE emits UV
and visible light. Electroluminescence spans a broad spectrum in the visible range
and partial discharge light exhibits peak in the UV range. The UV light induces
photochemical reaction that generates free radicals, which are capable of breaking
the chemical bonds in the polymer chain. They are accelerated by electric field,
collide with polymer chains and produce more free radicals. These reactions initiate
the channels in electrical tree as explained earlier. Localized electron avalanche
is another mechanism that initiates electrical tree. When a voltage surge (impulse
voltage) happens, it can cause the local field to exceed the breakdown threshold of the
insulation. This leads to localized electron avalanche and local breakdown that initi-
ates electrical tree [20]. The growth/propagation of the tree occurs in the direction
toward the region where electric field stress is maximum.

During cycling of voltage of sufficient amplitude, charges are released and
extracted in the alternate half cycles. These charge carriers can move around in the
dielectric material under the influence of electric field or become trapped in the bulk
of material. The trapped electrons can build up the heterocharge that cause increase
in local electric field. When the local electric field exceeds the breakdown threshold,
local deterioration is initiated. Recombination of charges releases energy. When the
magnitude of energy released is higher than the bond energy, breakage of polymer
chains occurs. The trapping, detrapping and recombination of charges release energy
that ultimately leads to breakdown of the material. Attempts have been made to study
the AC space charge characteristics of XLPE cable insulation at various stages of
accelerated aging. The trap energy level gradually increased with aging time due
to breakage of XLPE chains, decomposition of additives and generation of space
charge traps at deeper levels. The non-uniformity of the applied field also affects the
trapped charge in XLPE insulation [25].

Several factors like the magnitude and nature (AC, DC or impulse) of applied
voltage, electric field enhancement, frequency, partial discharge and temperature
influence the growth of electric trees. The strength of the electric field near the defect
depends on the magnitude of applied voltage and if this induced field exceeds the
dielectric strength of the material, tree growth and initiation commence [26]. The type
of tree formed also depends on the type and magnitude of applied voltage. At lower
voltage branched type tree growth was observed in XLPE whereas bush type was
observed at higher voltages [27, 28]. The three phases of electrical tree viz. initiation,
growth and breakdown of XLPE insulation are greatly influenced by temperature. In
a recent study, the effect of temperature gradient on electrical tree was studied [29].
The tree was initiated with AC voltage with RMS of 12 kV and frequency of 50 Hz
in needle plate electrodes. The needle temperature varied from —122 to 18 °C while
the ground temperature varied from —196 to 0 °C. The notation (needle temperature,
ground temperature) will be used to discuss the effect of temperature gradient. The
tree structure formed depended on the temperature gradient. In samples with lower
temperature gradient, the electrical trees formed consisted of an upper region with
large amount of channels that interlaces with each other and a vine region with vine-
structure channels. With increase in temperature gradient, trees with pine structure
with 3-5 main branches with several tiny channels were formed. Further increase
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in temperature gradient resulted in branch-structure where the main branch was not
very obvious. Electrical tree formation was suppressed in lower temperature regions.
The effect of temperature gradient on the tree size was also analyzed. It was fund that
both the length and width of the tree (at 60 min) decreased with decrease in ground
temperature, i.e., increase in temperature gradient. The reason for the lower length
and width of the tree at lower temperature is that the partial discharge, the major
reason for electrical treeing, is limited at low temperature. At lower temperature,
the pressure induced by gaseous products of partial discharge that accelerates tree
growth will also be lesser. The rigidity of XLPE at lower temperature also limits tree
growth. The tree initiation voltage increased while the tree growth speed decreased
with increase in temperature gradient [29]. Effect of temperature and electric field on
charge accumulation properties in XLPE were studied by Li et al. by correlating the
polarization and depolarization processes. It was shown that there was an increase of
2 or 3 orders in steady current with a temperature increasing from 25 to 90 °C. Above
70 °C, electric field dependence of charge conduction is weaker as effect of thermal
vibration becomes significant [30]. Another factor that influences tree growth is the
moisture content. The fractal dimensions of the tree increase whereas the growth
time reduces with increase in moisture content [31]. Fractal dimensions are used to
describe the nature of the electrical tree and it represents the density of branches in
the electrical tree.

As discussed above, the initiation and propagation of electrical tree are influenced
by both electrical and mechanical stresses. Jones et al. studied whether the electrical
stress can produce the same effect as mechanical stress in XLPE, viz. creation of sub-
microvoid, cavity and crack initiation [32]. According to classical electromagnetic
theory, a force density is generated when a dielectric is subjected to an electric field.
This force density gives rise to mechanical stress. When the developed mechanical
stress exceeds, the yield stress of the material, plastic deformation and craze forma-
tion occurs [32, 33]. The degradation by electrical treeing can be triggered through
enlargement of microvoids and progresses through propagation of cracks. Mechan-
ical stress has been correlated with reduction in tree initiation voltage and dielectric
strength. Electrical breakdown is initiated at the weakest point in the insulation [33].
It has been proven that XLPE samples subjected to deformation by applied tensile
stress forms more ionizable chemical species that result in more space charge than
undeformed samples. When the sample is deformed, the by-products of crosslinking
locked between polymer chains are released and they form ionizable species. Higher
the mechanical stresses, shorter the tree inception time and longer the tree growth.
The microcracks developed during deformation also contribute to the treeing mecha-
nism. Internal mechanical stress developed during manufacture of the cable can also
result in enhancing electrical trees [34].
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3.2 Water Treeing

The moisture content in soil makes underground cables prone to degradation by
water treeing. Moisture ingression into the cable insulation can occur through joints,
termination points or physical damage in the cable. Water tree itself cannot cause
failure, however, water trees facilitate the initiation of electrical tree which grow
fast and leads to breakdown [35, 36]. The risk of failure due to water tree depends
on the impurity content in the insulation. The trees that originate from an impurity
or imperfection within the insulation or residual moisture present after crosslinking
process is generally bow-tie type. These trees have length in the range of micrometers
and do not very dangerous to degrade the cable. The trees that originate at the interface
between semiconductor shield and insulation are vented type water tree that propagate
in the direction of the electric field. The propagation continues till it reaches ground.
Vented trees physically divide the insulation and hence are more detrimental to the
cable than bow-tie tree.

It has been shown in several studies that the initiation of water tree in polymer
dielectric is mainly influenced by the magnitude of electric field and availability
of water content [37-39]. Water trees are formed at lower electric field strengths
than electrical trees. Water tree formation also depends on temperature, mechanical
stresses developed in the insulation material and the quality of insulation. Water tree
initiation and growth are also influenced by voltage, frequency, amount of water,
water quality, type of solvent, additives in insulation, irradiation, ions and oxidation,
presence of impurities [40—42].

To understand the process of water tree formation, the author and co-workers
performed experiments with water-needle arrangements [43]. The XLPE samples
were pressed with abrasive paper (P240 grit 50 micron defect size) on one face for
2 min at 50 MPa at room temperature to create initiation sites on the surface of
the samples. Samples were exposed to AC voltage of 5 kHz frequency and 5 kV
amplitude for 24 h. 0.1 molal sodium chloride solution was used in the needle plane
cell. The samples were dyed in rhodamine solution at 60 °C for 3 days. Slices of
200 pwm thickness were microtomed from the XLPE samples and the average length
of the tree formed was measured to be 50 pm. The water-needle arrangement and
water tree length measurement are represented in Fig. 6.

Water treeing is affected by temperature, type of electrolyte and pH. In sodium
chloride solution, water tree propagates faster at room temperature than at 50 °C.

Fig. 6 a Experiment setup for water tree growth, b representation of water tree measurement on
microtomed specimen ¢ water tree in XLPE
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In copper sulfate solution, however, the tree propagation was faster at 50 °C than at
room temperature. The treeing in NaCl solution was vented type whereas in CuSO4
solution, both vented and bow-tied treeing occurred. The propagation of water treeing
depends strongly on the pH level. Lower pH gives higher propagation of water tree
and vice versa [44].

Studies have shown that water treed regions of XLPE are prone to oxidative
degradation, which has been linked to lowering of breakdown strength and voltage
[14, 15, 45-48]. The breakdown voltage of XLPE cables aged at 90 °C for 50 h were
found to be 144 £ 8 kV/mm as compared to 174 £ 6 kV/mm in unaged cables [49].
Li et al. studied the effect of accelerated aging on XLPE insulation. Aged XLPE
showed higher conductivity, increased dielectric loss, decrease in crystallinity and
density and the change in properties were dependent on the aging time [50].

4 Chemical Degradation Mechanisms

Crosslinked polyethylene is produced by cross linking polyethylene with
crosslinking agents. During crosslinking, several by-products like acetophenone,
cumyl alcohol, a-methyl styrene, methane, and moisture are generated that remain
in the XLPE matrix [51]. These by-products lead to generation of negative hetero-
charges, increases conductivity and eventually leads to degradation and aging in
XLPE [52, 53].

Chemical degradation in XLPE occurs due scission of polymer chains, depoly-
merization, crosslinking reactions, oxidation and/or hydrolysis. Scission can occur
in the main chain or on the side chains as shown in Fig. 7. In elimination reaction, a
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Fig. 7 Schematic representation of degradation by scission in XLPE
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Fig. 8 Schematic representation of degradation by crosslinking and cyclization

side chain or molecule along with a proton (H) is detached from the main chain [54].
Scission of polymer chains results in shorter chains with lower molecular weight
and consequent loss in mechanical properties. In extreme cases, depolymerization
occurs with polymer chains getting converted back to monomer units. The schematic
representation of the scission in XLPE is represented in Fig. 7.

Chemical degradation can also occur due to crosslinking and cyclization.
Crosslinking results in three-dimensional network formed by covalent bonds between
adjacent chains. Side cyclization refers to the grouping of side chains to form ring
structures in the chain. Crosslinking and cyclization are schematically represented
in Fig. 8. Excessive crosslinking results in increase in stiffness, loss of ductility and
embrittlement of material. Both scission and crosslinking can occur simultaneously
and the net effect depends on which process dominates.

In XLPE insulation exposed to atmosphere and ambient conditions, oxidation
is the major cause of degradation. Both chain scission and crosslinking are largely
influenced on the presence of oxygen. Oxidation, chain scission and crosslinking
are strongly dependent on the temperature. Oxidation in XLPE progresses through
a series of reactions. In the first step (initiation), a radical (Re) is formed on the
polymer chain (represented by RH). The initiation step can be induced by temperature
or energy (UV, radiation, etc.). The radical thus formed reacts with oxygen in the
atmosphere to form peroxy radical (R — O — Oe). In the propagation step, the peroxy
radical reacts with hydrogen from another chain to form hydroperoxide (R—-O-OH)
and a new radical on the second chain. The hydroperoxide thermally decomposes
to form poly-oxy radical (ROe) and hydro-oxy radical (éOH). The poly-oxy radical
decomposes to form oxidation products (carbonyl groups, alcohols). This process
continues till the radicals are combined [55]. The reaction scheme for oxidation
reaction is as shown below.



202 M. Balachandran

RH — R e +He

R e +0; - R—0—0e

R—O—-0O ¢ +RH — R—O—OH + Re
R—O—OH — RO ¢ + ¢ OH

ROe —»> C =0, —C—OH

In XLPE, oxidation reduces the molecular weight and introduces functional
groups that contain oxygen. Oxidation increases brittleness in XLPE and causes
cracking. Degradation by oxidation is an auto-acceleration phenomenon that
proceeds initially at a slow pace. When XLPE is subjected to hydrolysis, the chain
undergoes scission with one part containing a hydroxyl group and the other containing
a hydrogen from water. The chemical degradation process is complex, with multi-
stage chemical reactions that end either in crosslinking or in chain scission. Each of
these reactions has its own reaction rate and activation energy.

There are several studies done on the effect of various factors on the degradation
of XLPE. Chemical degradation in XLPE is influenced by the temperature. Oxidative
stability tests can be conducted in isothermal conditions or in a ramp temperature
test. The occurrence of oxidation in XLPE is characterized by the formation of
carbonyl compounds which can be measured by FTIR. It has been observed that
oxidation in regions of XLPE with treeing was more than in non-tree region of the
insulation. The presence of contaminants like metal ions catalyzes oxidation through
hydroperoxide mechanism and reduce the oxidative stability in the treed regions of
insulation. Progressive oxidation at the trees eventually results in breakdown of the
insulation [56].

Extensive studies have been carried out by Garcia et al. on the degradation reac-
tion and products in XLPE subjected to partial discharge. Upon occurrence of partial
discharge in XLPE, several reactions take place that result in the formation of
aromatic and non-aromatic compounds. The chemicals that are produced during
crosslinking reaction like acetophenone play vital role in the formation of non-
aromatic reaction products like oxalic acid, formic acid, carbon monoxide, carbon
dioxide and water. In XLPE subjected to corona discharge, aromatic compounds like
benzoic acid, benzamide and toluene are formed as degradation products. Generally,
the amount of water and oxalic acid formed is low. If the insulation operates in moist
environment, the discharges may be extinguished by the water or acid present in
cavities. But, if the intensity of pd is high, the degradation and erosion will also be
faster [57].

5 Thermal Degradation

The normal operating temperature of XLPE insulation is up to 90 °C and it may
go up to 150 °C. In short circuit conditions, the temperature may go up to 250 °C
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[58]. The exposure to higher temperature during service life and very high temper-
ature even for short durations during short circuiting results in degradation of the
material that eventually alters chemical and physical structure along with deteriora-
tion in dielectric properties [59]. Similar to chemical degradation, thermo-oxidative
degradation produces low molecular weight oxygenated products, chain scission and
causes structural changes. These changes result in variation of crystallinity, heat of
fusion, melting points, mechanical and electrical properties [60, 61].

6 Aging in XLPE

Aging is the irreversible change in properties of a material under the influence of
its environment during its operational life. Aging of XLPE arises from changes in
its physicochemical structure. Degradation of polymer chains is the major aging
mechanism in XLPE. Aging significantly reduces the properties of cable insulation.
In XLPE cables subjected to electrical stress and aged underwater, the breakdown
voltage/strength decrease with time of aging and the magnitude of change can be
more than 50%. Temperature cycling increased the number of breakdowns occurring
in XLPE significantly [62].

Accelerated aging test has been conducted on XLPE insulation to evaluate the
thermal aging effects. In a study conducted on medium voltage XLPE insulation by
Mecheri et al., volume resistivity by two orders of magnitude decreased from 7 x
10" Q cm to 2.57 x 10'> Q cm value after aging at 90 °C for 1350 h. At higher
temperatures of 135 °C and 150 °C, the resistivity further dropped further to 4.6 x
10" @ cm and 2 x 10" Q cm, respectively, for the same aging. This phenomenon
is an indication of deterioration of the XLPE material [62]. The dissipation factor
was relatively unaltered with only slight increase at 90 °C and had a value of 3.7
x 1073, The dissipation factor but increased rapidly beyond 680 h to 20.5 x 1073
and 57.1 x 1073 at 135 °C and 150 °C, respectively. This change is caused due to
thermal degradation involving decomposition, chains scission and oxidation. The
formation of —C = O is responsible for increase in the dielectric loss factor. The
breakdown voltage decreases rapidly with the thermal aging time. The breakdown
strength decreased by 32.5%, 50% and 52.5%, respectively, in XLPE sampled aged
for 1350 h at 90 °C, at 135 °C and 150 °C, respectively. The thermal aging also
results in loss of mass and decrease in mechanical properties. The deterioration in
tensile strength increased with increase in aging temperature and can be as high as
75% reduction at 150 °C. The decline in mechanical properties can also be attributed
to deterioration in chemical and physical structure of the insulation arising from
thermal degradation [63].

A recent study by Boukezzi et al. also concluded that thermal aging cause losses
factor to increase and volume resistivity to decrease. At temperature above melting
point, the loss factor increase is faster due to the higher concentration of carbonyl
groups produced during oxidation. They also postulated that the activation energy for
thermal degradation and resistivity is affected by aging time [61]. Low-temperature
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aging increases XLPE crystallinity while high-temperature aging decrease the crys-
tallinity [64]. At higher temperatures, the crystalline regions of XLPE become amor-
phous making diffusion of oxygen. As temperature increases the volatile by-products
of crosslinking move out of the amorphous region of XLPE and are replaced with
oxygen or water (if aging is in wet condition). Both these factors increase degradation
during thermal aging. Both chain scission and/or crosslinking can occur.

In high-temperature environment and in the presence of air, several physical and
chemical changes occur in XLPE. Zhang et al. compared the effect of thermo-
oxidative aging at constant temperature (473.5 K) to aging under thermal cycling
(5 cycles from 293.5 to 473.5) for 30 h. Samples subjected to temperature-frequency
aging were more damaged than the sample of constant temperature heat aging due
to deterioration of the crystallization zone in XLPE due to repeated melting and
crystallization. In the initial stages of aging, there was release of gaseous isobutene
while in the later stages of aging, oxygen containing compound increased whereas
amount of isobutylene gas decreased [65].

Thermal aging in XLPE not only influences the electrical, physicochemical and
mechanical properties, but also affects the initiation and propagation of water tree. In
a study by Kim et al., it was reported the most influential factor in the initiation and
growth of water trees in thermally aged XLPE insulation. Aged samples displayed
higher tree density and length [66]. A study on the influence of thermal aging on AC
leakage current demonstrated that the dielectric constant and AC leakage current of
XLPE increased with both aging temperature and aging time [67].

7 Radiation Aging

Electrical cables are used in nuclear plants in power transmission, control and instru-
mentation. The insulation and jacket materials for these cables are polymer-based.
Unlike other polymer components like seals that can be replaced during maintenance,
replacement or removal of cables are difficult and expensive.

Aging of XLPE in nuclear environments is very complex. The degradation
behavior of XLPE exposed to radiation polymeric displays non-linear behavior
and is a function radiation dose and temperature [68]. In XLPE, the predominant
aging mechanism in radiation environment is oxidative degradation that includes
both crosslinking and chain scission and radiation induced crosslinking as depicted
in Fig. 9.

When exposed to radiation, XLPE generates free radicals. The free radicals
directly involve in crosslinking between the polymer chains and/or chain scission
that causes deterioration in mechanical and electrical properties. The primary factors
that affect degradation in radiation exposed XLPE are temperature, radiation dose
rate, cumulative dose of radiation exposure and presence of oxygen [69]. As seen
in the previous discussions, degradation increases with increasing temperature. The
dependence of degradation on radiation dose rate is quite significant when irradiated
in the presence of air or oxygen. At low radiation dose rate, chain scission due to
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Fig. 9 Effect of gamma radiation on XLPE

oxidative degradation is predominate whereas at higher doses the crosslinking effect
cancels the effect of chain scission due to oxidative degradation [69]. These effects
along with oxidative products change the mechanical as well as electrical properties
of XLPE. The dose of radiation required to result in a specific level of degradation
(e.g., 50% loss of weight or tensile strength) decreases as the dose rate decreases. In
addition, secondary factors like moisture, mechanical stress, presence of ozone and
chemical contamination also affect the radiation aging in XLPE [70].

The main factors that are considered in radiation aging effects are diffusion-
limited oxidation, effect of dose rate, synergy between radiation and temperature
and reverse temperature effects. The magnitude of degradation in both thermal and
radiation aging depends on the diffusion of oxygen into the component aged. Under
normal operating conditions (low temperature, lower dosage rate and long exposure
time), the rate of diffusion of oxygen is slow. The degradation is uniform throughout
the sample. At higher radiation dosage rate, higher temperature or shorter times, the
oxygen diffused into the component is rapidly consumed in the degradation reaction
and the concentration difference drives more oxygen molecules to diffuse into the
matrix [69, 71]. This results in heterogeneous degradation effects with surface and
edges being degraded/oxidized more than the interior of the component.

The dose rate of radiation is an important factor that governs the extend of degra-
dation in XLPE. In a study on the dose required to reduce the elongation at break
of XLPE cable insulation material to 100% absolute, it was observed that the dose
required decreases from 600 kGy at 400 Gy/h to 150 kGy at 9 Gy/h [72]. For most
polymers, the effect of radiation aging is generally dependent on temperature. At rate
of radiation dose, the degradation is dominated by radiation aging and the effect of
temperature is not dominant. Atlower dosage rates, the degradation is largely affected
by the temperature at which the component is exposed to radiation. However, in the
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case of XLPE exposed to radiation, degradation is greater at lower temperatures than
at higher temperatures. This phenomenon is called reverse temperature effect. For
XLPE reverse temperature effect is significant in the temperature range 20-120 °C,
the service temperature range in nuclear plants [73].

In a recent study on XLPE cable insulation material exposed to heat and gamma
radiation, it was found that for isothermal aging, the oxidation induction time
decreased with increasing gamma radiation dose. At fixed gamma radiation dose,
the induction time for oxidation decreased with increasing temperature of aging. In
thermally aged XLPE that is not exposed to gamma radiation, the breakage C—C bond
caused by temperature generates free radicals. When exposed to high energy gamma
radiation, the degradation is faster because the rate at which free radicals are formed
is higher and the high energy radiation generates generate secondary electrons that
break additional polymer C—C bonds, producing more free radicals. Additionally,
the chain scission in XLPE and changes in crystalline and semicrystalline content in
the matrix reduces the oxidation induction time [74].

The effect of UV radiation on XLPE has also been studied. Aging due to UV radia-
tion deteriorates XLPE and affects the dielectric properties. Dielectric constant, dissi-
pation factor, dielectric loss index increased while AC volume resistivity decreased
after UV aging. Aging introduces more dissociative ions and additional polar groups
which act as charge carriers which leads to increase of polarization, electrical conduc-
tivity and dissipation factor. The formation of electrically unsymmetric carbonyl
compounds is responsible for the increase in tand [75].

8 Conclusion

The durability of cable insulation is governed by the aging and degradation of the
insulation. In XLPE insulation, aging and degradation in are affected by mechan-
ical, electrical, thermal and environmental factors. Electrical breakdown is the most
hazardous and damage inducing degradation in XLPE insulation. Various phenomena
that lead to electrical degradation like electric treeing, partial discharge, water
treeing and electromechanical stresses are investigated. The stages and the mech-
anism electrical tree growth affected by the charge carriers, mechanical fatigue,
electro-photoluminescence or high field electron avalanche are discussed. Chem-
ical degradation in XLPE occurs due scission of polymer chains, depolymerization,
crosslinking reactions, oxidation and/or hydrolysis. The mechanism of chemical
degradation and its effects has been elaborated. Thermal and radiation aging effects
in XLPE insulation cables have also been discussed.
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Chapter 9 ®)
Flame-Retardant Aspects of XLPE oo

Jeffrey M. Cogen, Bharat I. Chaudhary, Abhijit Ghosh-Dastidar, Yabin Sun,
and Scott H. Wasserman

1 Introduction

Crosslinked polyethylene (XLPE) represents a small subset of polyethylene (PE) for
applications requiring enhancement of characteristics such as mechanical proper-
ties, thermo-mechanical performance and chemical resistance. Flame-retardant (FR)
XLPE represents a subset of XLPE and is required in some applications where XLPE
is to be used in and around enclosed spaces, where there could be a significant safety
risk posed by the flammability of non-flame-retardant polyethylene.

Polyethylene, which includes a variety of polymers having ethylene as the majority
of its repeat units, has a relatively high fuel load on account of the large number of
—CH,- groups. Polyethylene thermally decomposes primarily via random scission
leading to hydrocarbon monomers and oligomers, which exothermically yield carbon
dioxide and water during combustion. Some polyethylene copolymers can also have
participation of more complex decomposition mechanisms in parallel with random
scission. To put this in perspective, enthalpy of combustion of wood fuel can give a
value of up to about 20 kJ/g (under the most favorable laboratory conditions), whereas
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the heat of combustion of polyethylene is about 40-50 kJ/g. In order to reduce the fuel
load (enthalpy of combustion) and/or ease of ignition and flame spread, polyethylene
is often formulated with FR additives, which interfere with one or more elements
of the fire triangle needed to sustain a fire: fuel, oxygen and heat. These include
various brominated or chlorinated molecules, which decompose to form HBr or HC1
to break the combustion cycle; metal hydroxides, which endothermically decompose
to produce water; intumescent systems typically based on phosphorus and nitrogen
compounds, which decompose to form an insulating foam layer; and various FR
synergists. It is not uncommon for flame-retardant grades of polyethylene to achieve
enthalpy of combustion of 10 kJ/g or lower. Therefore, FR XLPE is frequently found
in applications including wire and cable; building and construction; appliances; and
shipboard, automotive, railroad and other transportation applications.

FR applications are driven heavily by various standards, such as the National
Electrical Code (NEC) and Underwriters Laboratories (UL) in the USA. Applicable
standards include fire, smoke and other property tests on either materials and/or
finished articles.

There are some important industry trends pertaining to FR plastics applications,
including FR XLPE. One such trend is the drive toward halogen-free flame retardants
(HFFR) to reduce the amount of smoke released during combustion, since smoke is
one of the leading causes of death in fires. Even in cases where halogenated flame
retardants are still used, there is a drive toward use of halogenated flame retardants
that are not environmentally persistent, bioaccumulative and toxic (PBT). As in many
industries, there is also an increasing focus on sustainability in general.

2 Flammability of Polyethylene

Fires are complex phenomena involving a variety of chemical and physical aspects.
The progression and outcome of a fire involving a given material will vary widely
depending on many variables such as ignition source, airflow, proximity of other
combustible materials, dimensions of the article containing the material, dimensions
of the room or enclosure and many others.

Pure polyethylene is a relatively rich fuel source. Ethylene homopolymer consists
almost entirely of saturated hydrocarbon groups, primarily —CH,— units. More
broadly, the term polyethylene is often taken to include polymers that have a
majority of their units coming from ethylene, but may also contain one or more
other units derived from polymerizable monomers such as alkenes (e.g., octene,
hexene, butene, propylene), acrylates (e.g., ethyl acrylate, methyl acrylate, etc.),
vinyl acetate, vinyltrimethoxysilane. The energy released upon combustion of such
polymers results mainly from oxidation to form carbon dioxide and water. Although
the presence of other comonomers in polyethylene can result in slight reduction of
the enthalpy of combustion (Table 1), the presence of large number of C—H bonds
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Table 1 Gross enthalpy of
combustion calculated by the
authors using the group
contribution method of Polyethylene homo polymer 48
walters [1] Ethylene-vinyl acetate (25 wt% |42
vinyl acetate)

Polymer Estimated enthalpy of
combustion (kJ/g)

Ethylene-vinyl acetate (40 wt% | 38
vinyl acetate)

Ethylene-ethyl acrylate 43
(25 wt% ethyl acrylate)

Fig. 1 The fire triangle. All
three elements—oxygen,
heat and fuel—must be
present for combustion

Fuel

in all type of polyethylene results in relatively high enthalpy of combustion. Never-
theless, the differences among various polyethylene, such as those in Table 1, can be
significant in a fully formulated composition.

In general, the burning of polymers involves several discrete steps, [2] which can
involve feedback loops. These steps include heating, decomposition, ignition (and
smoldering), flame spread and heat release. It is generally accepted that the surface
of a burning polymer is a relatively oxygen deficient environment, whereas the gas
phase above the burning polymer is where oxygen is available and where exothermic
oxidation of fuel vapor occurs during combustion. In order for a fire to occur, all
three elements of the fire triangle must be present in sufficient quantity: fuel, oxygen
and heat (Fig. 1).

Enthalpy of combustion is an important thermodynamic property and is just one
parameter to consider when assessing flammability. Kinetic parameters are also
important. Variations in polyethylene molecular structure can also impact the rate of
combustion. For example, ethylene homopolymer primarily undergoes random scis-
sion leading to hydrocarbon monomers and oligomers, including propylene, butane,
pentene, hexane and various alkanes [3]. Ethylene-vinyl acetate copolymers can
release acetic acid upon pyrolysis with concomitant formation of carbon-carbon
double bonds in the polymer backbone. These double bonds include conjugated
polyene sequences that can undergo intermolecular reactions that lead to a protec-
tive layer that can delay the breakdown of the polymer into gaseous fuel fragments
[4]. Figure 2 shows thermal gravimetric analysis results for five different types of
polyethylenes, highlighting significant differences in the rate of volatile fuel release
resulting from pyrolysis.
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Fig. 2 Thermogravimetric analysis (TGA), conducted at 10 °C/min heating rate in air, of five
different polyethylenes measured in a laboratory of The Dow Chemical Company. The ethylene-
ethyl acrylate contains 18 wt% ethyl acrylate. The ethylene-vinyl acetate contains 15 wt% vinyl
acetate. This test measures the rate of weight lost to the gas phase from a sample as it is heated

An interesting question arises as to whether or not crosslinking polyethylene
to make XLPE results in an improvement of flame retardancy due to slower mass
loss upon pyrolysis and an accompanying slower rate of burning compared to PE.
However, the reality is complicated by many factors. Since XLPE for flame-retardant
applications is typically highly formulated with additives, which operate via a variety
of complex chemical and physical mechanisms, any potential impact of crosslinking
on flame retardancy can become obscured by other variables, and flame-retardant
XLPE is not universally found to have significantly different fire performance than
PE.

For example, Liu et al. [5] studied HDPE/EVA/magnesium hydroxide composites
and determined that irradiation crosslinking increased thermal stability as determined
by TGA. Yet the flame retardancy as measured using cone calorimetry suggested
that crosslinking had a detrimental effect as indicated by reduced time to peak heat
release rate (PHRR) and increased PHRR, which was attributed to improved char
structure in the un-crosslinked sample. Shafiq and Yasin [6] studied linear low-density
polyethylene/magnesium hydroxide/sepiolite composites that were crosslinked with
gamma irradiation. They found that at high doses, thermal stability of the composites
was lower than an un-crosslinked composite, which they attributed to detrimental
structural change in the magnesium hydroxide flame retardant caused by irradiation.
Wang et al. [7] studied silane-crosslinked polyethylene with and without magnesium
hydroxide as flame retardant. While the silane crosslinking increased the temperature
to 10% weight loss in TGA from 445 to 475 °C, the effect on limiting oxygen index,
which is a measure of flame retardancy, was minimal, increasing by only about 0.6
LOI units from about 17.5% LOI to about 18.1% LOI. This very small difference
in LOI could potentially be due to presence of the silane in the crosslinked sample
rather than the crosslinking itself.
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Table 2 Crosslinked (XL) or thermoplastic (TP) insulated wires in two industry wire flame tests
(test 1 = MS8288, test 2 = SAEJ1128) based on data from Ref. [8]

All formulations High LOI (group A) Low LOI (group B)
Flame test 1 | Flame test 2 | Flame test 1 | Flame test 2 | Flame test 1 | Flame test 2

XL better |4 5 0 2 4 3

than TP

TP better |2 1 2 0 0 1

than XL

XL ~equal | 1 1 1 1 0 0

to TP

Cogen et al. [8] measured LOI on seven different un-crosslinked HFFR formu-
lations, which were subsequently extruded as insulation onto wire. Insulated wire
that was irradiation crosslinked was compared to un-crosslinked wires in two wire
and cable industry flame tests (Table 2). The compositions can be arbitrarily divided
into two groups, with group A (three formulations) having LOI from 33 and 40,
and group B (four formulations) having LOI from 20 to 28. Careful examination
of the data shows that with the first type of wire burn test, in two out of three of
the group A formulations non-crosslinked formulations outperformed crosslinked
insulation, while the third group A formulation showed burn performance that was
about equal in crosslinked and un-crosslinked samples. In the group B tests, all four
of the crosslinked specimens outperformed the un-crosslinked specimens. With the
second type of wire burn test, in one out of three of the group A formulations non-
crosslinked formulations outperformed crosslinked insulation. In the group B flame
test 2, three out of four of the crosslinked specimens outperformed the un-crosslinked
specimens, with one un-crosslinked formulation outperforming its crosslinked coun-
terpart. These results indicate that in this limited set of materials and tests, overall
the crosslinked wires tended to slightly outperform the un-crosslinked wires, but the
differences became less significant (or even disappeared) in materials with high FR
performance (LOI >33).

Overall then, what emerges from the literature is a picture that crosslinking
polyethylene does not universally have a significant impact on flame-retardant perfor-
mance, but may help or hinder it, depending on the specific type of formulation,
finished article and test (fire conditions).

As mentioned above, for most XLPE applications requiring flame retardancy,
flame-retardant additives (“flame retardants”) must be included in the polymer
composition. Therefore, it is relevant to review the most commonly used flame-
retardant additives for XLPE, along with their mechanisms.
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3 Flame Retardants for Polyethylene

Flame retardancy of materials can be achieved by attacking one or more elements of
the fire triangle (Fig. 1) by physical and chemical interactions.

3.1 Physical Interaction

Endothermic decomposition, dehydration or phase transformations of flame-
retardant additives reduce the amount of heat released during combustion. For
example, at elevated temperatures metal hydroxides will endothermically dehydrate
to release water vapor. It is calculated that the heat absorbed in such a process is
comparable to the heat required to increase the temperature of low-density polyethy-
lene from room temperature to decomposition temperature [9]. The water vapor
generated from metal hydroxides also plays a role of fuel diluent in the gas phase and
decreases the possibility of ignition. In addition to water vapor, ammonia and carbon
dioxide are generated from decomposition of certain flame retardants to dilute fuel.
Incorporation non-combustible mineral fillers decrease the flammability of polymer
by reducing the amount of combustible material. In addition, mineral fillers have high
heat capacity to absorb energy generated during combustion. A protective char layer
formed either from flame-retardant decomposition or carbonized polymer/charring
agents at the interface between the condensed and gas phases can inhibit the exchange
of heat, oxygen and fuel between the condensed and gas phases. The quality of
such protective layers can significantly impact the flame-retardant performance. For
example, high strength (to slow release of fuel through cracks) and foaming (low
thermal conductivity) of such char layers can provide enhanced performance.

3.2 Chemical Interaction

One of the major chemical interactions is the radical scavenging in the gas phase
to inhibit the free-radical combustion process. Effective radicals such as Cl., Br-
and PO- can react with highly reactive species (such as H- and OH-) to inhibit the
radical chain reactions involved in combustion, in turn reducing the corresponding
heat generated from these reactions, decreasing the temperature and reducing the
amount fuel produced from pyrolysis.

In the condensed phase, the main chemical interactions are the decomposition
of flame retardants to release inert gas and aid in formation of a char layer on the
polymer. Additional charring agents (e.g., polyhydroxyl organic compounds) can
enhance char layer formation when used with certain flame retardants. For example,
ammonium polyphosphate (APP) will decompose to release NH; to foam the polymer
and polyphosphoric acid to dehydrate polymer and/or polyhydroxyl compound to
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form a protective char layer to slow exchange of heat, oxygen and fuel between the
condensed and gas phases. In addition, some additives such as polyphosphoric acid
can also form a glassy layer on the surface as a protective layer.

A combined chemical and physical interaction is the accelerated de-
polymerization in the presence of heat and flame retardants. This can increase the
melting and flow rate of the polymer, enabling it to drip away from the flame before
decomposing to fuel. A large amount of the fuel can be taken away by dripping.
However, in some flame-retardant industry tests, the presence of flaming drops can
result in failure. In addition, the compatibility of the dripping mechanism with other
mechanism should be carefully considered when designing a flame-retardant mate-
rial. For example, generally a dripping mechanism is not compatible with a protective
layer mechanism.

3.3 Halogenated Flame Retardants

Various brominated and chlorinated compounds are widely used as flame retardants.
For example, decabromodiphenyl oxide (DBDO) is one of the most effective bromi-
nated flame retardants due to the very high bromine content, 83.3% by weight, and
the excellent match between the temperatures at which bromine is released from the
flame retardants and decomposition profile of polyethylene [10]. However, due to
certain environmental health and safety (EH&S) concerns, DBDO and some other
brominated flame retardants are facing increasing scrutiny and de-selection. Decabro-
modiphenyl ethane (DBDE) has been a viable alternative to DBDO for some time but
is now itself coming under increasing scrutiny. Flame-retardant suppliers continue
to develop alternative brominated flame retardants.

Halogenated compounds are known to primarily operate via gas phase mecha-
nisms involving HX (HCl or HBr) as major pyrolysis byproducts, which play critical
roles as radical scavenger to terminate the reactive radicals, HO- and H- to inhibit
flame propagation [11].

H* + HX — H, + X* (1)

HO* + HX — H,O + X* 2)

In addition, it is reported that the halogens in the gas phase change the density
and heat capacity of the gaseous mixture of fuel and oxidants, while the presence of
these additives in the formulation itself lowers the overall fuel content (by displacing
some polymer in the composition).

In addition to the halogenated flame retardant itself, various synergists are impor-
tant to enhance the FR performance. For example, antimony oxide is frequently used
with halogenated flame retardants. Antimony oxyhalides and antimony trihalides
are formed in the condensed phase by reactions at elevated temperatures and can



218 J. M. Cogen et al.

enhance the FR performance by multiple mechanisms. Laboratory flammability [11]
tests indicate that the optimum halogen/antimony atom ratio in many polymers is
about 2:1-3:1. At the ratio of 3:1, antimony trihalide is most likely to form and is
generally regarded as more effective than antimony oxyhalide in the gas phase.
The series of chemical reactions of antimony trihalide and active radicals were
summarized by Boryniec [11]. Recently, Valeri built up a kinetic gas phase model
for the antimony-halogen flame-retardant system in hydrocarbons, summarizing the
possible antimony-halogen volatiles in the gas phase and the corresponding reactions
with active radicals [12].

Factors that bind the halogens into the condensed phase can reduce the flame-
retardant effect of such additives. For example, metal cations from color pigments
and basic fillers such as calcium carbonate may compete with antimony oxide to
form metal halides.

3.4 Mineral Flame Retardants

Non-combustible fillers will reduce the flammability of a polymer composition by
reducing the total amount of fuel available from the polymer (condensed phase
diluent). In addition, in some cases an inert metal oxide or related inorganic layer
can form during combustion to limit the exchange of oxygen and fuel between the
condensed and gas phases. And endothermic decomposition with release of inert
gases or water vapor may occur with some mineral flame retardants.

3.5 Metal Hydroxides

Aluminum trihydroxide (ATH) decomposes around 180 to 200 °C to form alumina
(Al,O3) with the release of water vapor [13]. The decomposition is endothermic by
around 1300 kJ/kg. In addition to absorbing heat, the released water vapor dilutes
the fuel and radicals in the flame, and the resulting alumina builds up a protective
layer to suppress the exchange of oxygen, fuel and heat between the condensed and
gas phases.

2A1(0OH); — Al,O3 + 3H,0(1300 kJ/kg) 3)

Magnesium dihydroxide (MDH) acts in a similar way to ATH but decomposes
endothermically at a slightly higher temperature of about 300 to 340 °C, absorbing
slightly more heat, around 1450 kJ/kg, enabling MDH to often be somewhat more
efficient as a flame retardant and being suitable for higher processing temperature
compared to ATH [13].

Mg(OH), — MgO + H,0(1450 kJ /kg) “)
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Metal hydroxides help to minimize formation of smoke during combustion
because water vapor is the only volatile decomposition product. It was also reported
that both ATH and MDH will suppress the smoke formation compared to calcium
carbonate [14]. In practice, resistance to the formation of smoke and toxic gases is
critical because almost 80% of fatalities in fires involving polymeric materials have
been caused by the inhalation of smoke [15].

Usually high loadings of metal hydroxide are required to pass some of the more
challenging FR test. For example, in order to pass UL 94 V0, the loading of ATH in
crosslinked polyethylene is around 60% by weight, which increases the density and
viscosity of the polymer melt and reduces the mechanical properties and flexibility
[16].

3.6 Hydroxyl Carbonates

Besides the widely used ATH and MDH flame retardants, hydroxyl carbonates such as
hydromagnesite/Mgs(CO3)4:(OH),-4H,0O, Dawsonite/NaAl[OH],CO3, UltraCarb
(hydromagnesite/huntite = 60/40), synthetic magnesium carbonate hydroxide
pentahydrate/(MgCO3)4-Mg(OH),-5H, 0 can be use as flame retardants in polyethy-
lene due to suitable endothermic decomposition temperatures in the range of 220
to 400 °C [9]. In addition, some of these undergo additional decomposition steps at
even higher temperatures that do not further contribute to flame retardancy beyond
playing a role as inert fuel diluent (e.g. huntite). These operate through a series of
decomposition steps releasing water and carbon dioxide [17, 18]. Although these are
less widely used in high value applications than the more effective MDH and ATH,
they offer flexibility to the formulator in balancing various properties as well as cost.

3.7 Borates

Zinc borates such as 2Zn0-3B,03-3.5H, 0 are used in plastics and rubber products as
effective FR synergists. These additives will endothermically decompose (503 kJ/kg)
between about 290 and 450 °C to release water [19]. Furthermore B,O3 can form
a glassy protective layer around 350 to 500 °C. This insulation layer protects the
polymer by limiting the exchange of heat, oxygen and fuel between condensed and
gas phases [20].
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3.8 Phosphorus Containing Flame Retardants

Phosphorus and its organic and inorganic compounds are widely used as flame retar-
dant in polymers, including red phosphorus, phosphates, phosphonates, phosphi-
nates, phosphine oxides and phosphate esters. These involve both chemical and
physical interactions in their flame-retardant mechanisms.

Phosphorus flame retardants work in both condensed and gas phases. In the
condensed phase, protective layers can be formed by polyphosphoric acid. In the
gas phase, phosphorus-based flame retardants can also form active radicals (PO;-,
PO- and HPO!) to scavenge H- and OH- radicals [11].

Red phosphorus is a highly combustible hazardous material, which is used in the
striking surface for matches. However, when a small amount of red phosphorus is
mixed with a flammable resin, the resin becomes less likely to burn. The most attrac-
tive feature of red phosphorus is the relatively low concentrations required to achieve
excellent flammability results in most polymers because of its high phosphorus
content compared to other phosphorus-containing flame retardants. Therefore, red
phosphorus is sometimes used to meet the high requirements on flammability.

In a fire, red phosphorus will be oxidized to phosphoric acid which will dehydrate
certain polymer intermediates to form a char layer to protect polymer in the condensed
phase. It becomes significantly more effective in oxygen- or nitrogen-containing
polymers. For example, to achieve UL-94 VO rating, 3% red phosphorus is necessary
for polyethylene terephthalate (PET) while at least 10% is required for polyethylene.
However, additional charring agents, like pentaerythritol (PER), can be incorporated
to enhance the char formation. It was also reported that red phosphorus can also
generate volatile phosphorus radicals (P,, PO-, PO,-, HPO.) to scavenge H- and OH-
radicals in gas phase.

Red phosphorus powder can be stabilized and encapsulated in melamine—
formaldehyde (MF) resin to make it less ignitable and to suppress formation of
hazardous phosphine gas. However, the red—brown color is the major disadvantage
limiting its application.

Another well-developed inorganic phosphorus flame retardant is ammonium
polyphosphate (APP). Various forms are available with differing molecular weight,
water solubility and thermal stability. The type of APP most commonly used as
a flame retardant in polymers decompose at about 240 °C to form ammonia and
polyphosphoric acid. In the gas phase, the release of non-flammable ammonia helps
to dilute fuel and oxygen of the air. In the condensed phase, the resultant carbona-
ceous char helps to shield the underlying polymer from attack by oxygen and radiant
heat, thereby inhibiting the pyrolysis of the substrate. One disadvantage of APP is
that it often contributes to carry over of water during polymer processing.

The main groups of organophosphorus compounds are phosphate esters, phos-
phonates and phosphinates shown in Fig. 3. They mainly operate in the gas phase by
quenching the species such as H- and OH- radicals. The phosphorus-based radicals
are reported to be five times more effective than bromine and 10 times more effec-
tive than chlorine radicals [21]. Because of the need for gas-phase activity, a number
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of volatile phosphorus flame retardants, tributyl phosphate (TBP), triphenylphos-
phate (TPP) and triphenylphosphine oxide (TPPO), have been identified as possible
substitutes for Br flame retardants in some formulations.

Many organic phosphorus compounds have flame-retardant properties but limited
used in polymers due to high volatility. For example, TPP volatilizes before decom-
position of the polymers. Therefore, oligomeric phosphates such as resorcinol
bis(diphenyl phosphate) (RDP) and bisphenol A bis(diphenyl phosphate) (BDP),
shown in Fig. 4, with lower volatility than TPP have been developed for the plastic
industry.

3.9 Nitrogen-Based Flame Retardants

Melamine is one of the more widely used nitrogen-based flame retardants, which
will vaporize or sublime at around 350 °C, which absorbs a significant amount of
heat. Furthermore, decomposition of the melamine vapors will absorb additional
heat. Ammonia will be released to the gas phase which is also a diluent to oxygen
and combustible gases. In the condensed phase, the char layer stability is enhanced
by multi-ring structures formed during self-condensation of melamine.

Melamine salts are well-developed nitrogen-based flame retardant, like melamine
cyanurate (MC), melamine phosphate (MP) and melamine pyrophosphate (MPP),
etc. During combustion, some melamine will be released from these melamine salts
and volatilizes to gas phase, while some melamine may stay in the condensed phase.
Besides melamine, acid can be released from melamine salts. For example, heating
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melamine phosphate will lead to melamine polyphosphate, melamine and phosphoric
acid [22]. As discussed above, such phosphorus acids can aid in car formation.

3.10 Intumescent Flame Retardants (IFRs)

Intumescent flame retardants (IFR) are most commonly composed of three major
components: an acid source, a charring agent and a foaming agent [23-25]. When
burning, the IFR forms a foamed char layer that serves as an effective physical barrier
to limit the exchange of heat, fuel and oxygen between condensed and gas phases.

In principle, the working temperatures for each component must be carefully
matched with each other. The gas must be released during the thermal decompo-
sition of the carbonizing agent in order to trigger the expansion of the char layer.
The acid has to be liberated at a temperature below the decomposition temperature
of the charring agent and its dehydration should occur around the decomposition
temperature of the polymer. Flame-retardant manufacturers offer such systems for
use in polymers.

A representative IFR for polyolefins is composed of APP as acid source, PER as
charring agent and melamine as blowing agent. However, from the application point
of view, such IFR systems have seldom been used in the plastic industry due in part
to the low water resistance of APP. Several alternative acid sources were developed
for IFR, like melamine modified APP, piperazine pyrophosphate [26] with improved
water resistance.

Some synergists have been studied in IFR for polyolefin, like zeolite, [27] zinc
borates, [28] expandable graphite, [29] beta-cyclodextrin, [30] colemanite [31] and
triazine polymers [32, 33]. However, one must be careful with other additives in the
system, such as various inorganic particles, which can destroy the integrity of foamed
char layer.

Despite the large number of flame-retardant additives reported in the literature for
polyethylene and XLPE—several of which were discussed above—ATH, MDH and
brominated flame retardants remain by far the most widely used flame retardants for
high value applications requiring high levels of flame retardancy.

4 Key Crosslinking Methods Used in FR XPLE
Applications

Crosslinking of polyethylene in flame retarded applications is done to impart
improvements in resistance to heat, abrasion, chemicals, etc. [34—37]. The major
approaches to accomplish crosslinking are through the use of peroxides, irra-
diation, silanes, and/or sulfur agents. The first two revolve around free-radical
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chemistries, with peroxide or irradiation serving as radical initiators, and conceptu-
ally yield carbon-carbon crosslinks in the polymer; graftable polyfunctional compo-
nents (sometimes referred to as coagents, cure boosters, etc.) are often used in the
formulations, resulting in connections of polymer chains through other bridges as
well [38—40]. Silane crosslinking is brought about by moisture in the presence of
a suitable catalyst and involves hydrolysis and dehydrocondensation of alkoxysi-
lane groups that are attached to the polyethylene. Sulfur cure is less frequently used
and occurs by a complex mechanism potentially involving both radical and ionic
intermediates.

In the case of peroxide crosslinking, it is required that the initiator be stable at
the temperatures used to imbibe or compound the peroxide into a polymer compo-
sition and also that it not decompose prematurely during the melt processing step(s)
used in fabricating articles. For instance, when making wire and cable constructions
by coating conductors with molten polymer layers comprised of such additives,
little or none of the peroxide should ideally decompose during the melt extrusion
process conducted at temperatures less than 140 °C. However, it needs to decom-
pose sufficiently or fully in the subsequent step used to effect crosslinking in the
continuous vulcanization tube, where the temperatures can be as high as 300 °C.
Thus, a key attribute of an organic peroxide is its decomposition half-life (time
required to decompose 50% of the initiator at a specified temperature), [41] or alter-
natively, the temperature at which a peroxide has a half-life of fixed number of hours
[42]. Representative peroxide free-radical generators are dicumyl peroxide (DCP),
2,5-bis(tert-butylperoxy)-2,5-dimethylhexane (L101) and 2,5-bis(tert-butylperoxy)-
2,5-dimethyl-3-hexyne (L130). The latter two decompose at comparatively higher
temperatures than DCP. Also necessary to consider are the byproducts of peroxide
decomposition, such as methane (from methyl radicals [39]), making it essential for
the crosslinked articles to be adequately degassed in order to prevent flammability
hazards.

Figure 5 shows the crosslinking at 180 °C of low-density polyethylene (of 2 dg/min
melt index measured at 190 °C with 2.16 kg load) using the three different peroxides
mentioned above. The measured time to 50% of maximum torque at these condi-
tions, which is related to peroxide half-lives but may also be influenced by other
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factors, were 1.5 min, 3.0 min and 8.1 min with DCP, L101 and L130, respectively.
These values are considerably greater than the half-lives measured of these perox-
ides in solutions. For example, the half-life of L101 in a hydrocarbon at 180 °C has
been reported to be 0.9 min, [41] which is approximately one-third that observed in
polyethylene (Fig. 5). This is due to cage effects in the much more viscous polymer
media.

Peroxide crosslinking of polyethylene is accomplished in its molten (amorphous)
state and leads to decreased crystallinity upon cooling the crosslinked material to
room temperature [43, 44]. DCP is a widely used peroxide for polymer modifica-
tion. The mechanism by which this peroxide functions as a crosslinking initiator has
been studied in polyethylene (and hydrocarbons that serve as models for this class
of polymers) [45]. Homolytic cleavage of the O-O bond in DCP occurs at elevated
temperatures to yield cumyloxy radicals that abstract hydrogen from polyethylene
chains, and B-scission of the cumyloxy radicals further yields methyl radicals and
acetophenone. The methyl radicals are also able to abstract hydrogen from polyethy-
lene. Hydrogen abstraction (by cumyloxy and/or methyl radicals) leads to the forma-
tion of polymer carbon-centered radicals, as well as cumyl alcohol and methane.
Carbon-carbon crosslinks are formed when two polymer carbon-centered radicals
react.

When selecting fire retardants for peroxide-crosslinked systems, it is necessary to
avoid those that can have deleterious effects on crosslinking efficacy (or the stability
of formulated compounds containing peroxides and such flame-retardants). Most of
the commonly available flame retardants (and fire-retardant synergists) are generally
suitable for use with peroxide crosslinking, such as ammonium polyphosphate [46],
metal hydrates [47] and calcium carbonate [47]. However, differences in crosslink-
ability have been observed across different types, with organoclays having partic-
ularly adverse effects on peroxide crosslinking of polyethylene [47]. Carbon black
is another filler that is well known to impart not just black color and ultraviolet
light resistance to polymer systems, but also enhanced limiting oxygen index [48], a
measure of burn performance. However, carbon blacks that are acidic in nature can
lead to acid-catalyzed decomposition of peroxides [49], leading to products that are
consistent with ionic decomposition [50, 51] and thus decreased free-radical initiated
crosslinkability of such flame-retarded polyethylene formulations. The mechanism
of acid-catalyzed decomposition of dicumyl peroxide has been well studied [45].
Furthermore, even if the fire retardants used are compatible with peroxides, it needs
to be ensured that other additives in the formulation are as well. For example, it
has been shown that the antioxidant bis(octadecyloxycarbonylethyl) sulfide can be
transformed to sulfur acids under certain conditions, that in turn lead to depletion of
active peroxide [52].

One important consideration for peroxide crosslinking of PE compositions that
contain flame retardants is processing temperature window. Most flame retardants
operate via intended thermal decomposition mechanisms. Care must be taken to
ensure that the flame retardant is stable at the temperatures required for peroxide
crosslinking. Furthermore, some PE compositions with very high flame-retardant
levels have very low melt flow rates, requiring high processing temperatures to
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reduce viscosity, and/or slow processing speeds, which can cause premature peroxide
decomposition.

Irradiation is another well-established mode of free-radical crosslinking of
polyethylene [53-55] and has been shown to be effective in making flame retarded
crosslinked compositions [34, 46]. Unlike peroxide crosslinking, which occurs in the
molten state of the polymer, radiation crosslinking is done on finished articles in solid
state, below the peak melting points of the semicrystalline polyethylene. Electron
beams are applied at doses as high as 20 MRad to relatively thin polymeric layers,
resulting in hydrogen abstraction from the polymer and subsequent crosslinking of
largely the amorphous fraction of the polymer.

Silane crosslinking requires that the polymer have alkoxysilane functionality
incorporated in it and use of suitable catalysts to induce hydrolysis of the alkoxysi-
lane groups followed by condensation of the resulting silanols to form crosslinks
(achieved through water diffusion into the polymer during cure in humid environ-
ments). Alkoxysilane groups can be introduced by copolymerizing vinylalkoxysi-
lanes with ethylene in a high-pressure reactor, [56] to make so-called reactor ethy-
lene silane copolymers, or grafting vinylalkoxysilanes to ethylenic polymers using
peroxides as free-radical initiators. The latter ‘post-reactor’ approach leads to the
alkoxysilane groups being two extra carbons removed from the polymer back-
bone, [57, 58] making them considerably more reactive to hydrolysis and condensa-
tion reactions. Thus, significant differences are observed between reactor ethylene-
silane copolymers and silane-grafted polyethylenes in terms of shelf stabilities at
ambient conditions of room temperature and humidity (in the absence of catalyst),
propensities for premature crosslinking during extrusion, and rates of crosslinking
after article fabrication [58]. Furthermore, silane-grafted polyethylenes are of the
following two types: SIOPLAS (which involve an additional step of grafting viny-
lalkoxysilane to the polymer, prior to use in article fabrication) or MONOSIL
type (grafting done in situ during the article manufacturing process, by single-step
melt blending, reaction and extrusion of ethylenic polymer compositions containing
peroxide, vinylalkoxysilane and catalyst). Additionally, the type of alkoxysilane used
to make silane-functionalized ethylenic polymers influences moisture cure charac-
teristics, with vinyltrimethoxysilane (VTMS) resulting in faster crosslinking than
vinyltriethoxysilane [56].

In making moisture-curable (silane crosslinkable) compositions, any flame-
retardants that are employed need to be not only compatible with the alkoxysilane
functionalized ethylenic polymers, but also with the silanol condensation catalysts
that are used to effect crosslinking. Any water that is present in a flame retardant
can cause premature polymer crosslinking during melt processing. Typical cata-
lysts for moisture cure are Lewis acids (such as dibutyltin dilaurate) or Bronsted
acids (such as dodecylbenzene sulfonic acid). Although the latter are generally more
efficient catalysts than the former (at fixed loadings), flame retardants (and flame-
retardant synergists) that are of basic characteristics can neutralize the acids, making
them ineffective. Examples of such flame-retardant additives are metal hydrates and
zinc oxide. These issues are much more prevalent with halogen-free flame-retardant
formulations, and less so with systems based on halogenated flame retardants.
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Ethylenic polymers such as ethylene-propylene-diene monomer rubber (EPDM)
that have adequate unsaturation can also be vulcanized through the use of sulfur [40,
59, 60]. The mechanism of crosslinking polymers with sulfur, leading to formation
of sulfur bridges, has been illustrated elsewhere, [40] including in the presence of
accelerators. A variety of flame retardants are suitable for use with sulfur crosslinking,
including ammonium polyphosphate and aluminum trihydroxide.

5 Main Applications for FR XLPE

Technical innovation and new product and technology development are generally
motivated by a specific need in the marketplace, or even by the discovery of new
science that might be looking for a commercial use. However, in a competitive
commercial environment, the most innovative new technologies and certainly those
that have the potential to have the greatest impact in the marketplace are generally
accompanied by one or more patent applications. In many cases, such patent appli-
cations are filed locally at the individual country level and then eventually filed in
other countries or groups of countries around the world in which the inventors see
potential value. Patents that result from such applications enable the patent owners to
prevent their competitors from practicing the same technology—a distinct commer-
cial advantage. For the above reasons, detailed patent analysis is an effective method
for identifying key applications within a given field. In this section, results of such
a search are summarized. State-of-the-art methods were used to search for patents
related to FR XLPE and to analyze the search results to enable conclusions about
the key applications of FR XLPE, to delineate details related to any geographical
concentrations, temporal trends, and to identify the key leaders in this marketplace.

5.1 Mapping the Intellectual Property (IP) Landscape for FR
XLPE

In order to adequately delineate the application spaces in which FR XLPE is found as
a technical solution, the IP landscape that would certainly under-pin new technology
development was assessed. As with any other strategic IP search, a broad, high-level
set of search terms was initially utilized to get an initial sense of the breadth of the
respective IP landscape. As an example, the following search string within the titles,
abstracts and claims of the international patent art was initially utilized:

(flame OR fire OR ignition) AND(resist * OR retardx)) AND
((XLPE OR XL — PE)OR((cross — link % OR crosslinkx) AND
((poly — ethylene OR polyethylene)OR (ethylene AND (polymer OR copolymer)))))
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The resulting set of patent documents contained nearly 10,000 patent families; in
general, a patent family refers to a set of patents or patent applications that are linked
up to a common priority patent application (or set of priority applications). As very
broad patent searches are completed, in particular, having result sets collapsed to the
level of patent families is very useful to facilitate evaluation and analysis.

Using some of the available patent search analysis tools, it became clear that
the search results fell into a number of high-level categories, including crosslinked
polyethylene, outer sheaths, cable materials, refractory layers, halogen-free flame
retardants, halogenated flame retardants and flame retardancy.

In fact, further analysis allowed another level deeper assessment to examine the
sub-topics within each of those high-level categories. The latter three categories
were, as expected, focused primarily on the underlying science related to flame-
retardant technologies, both halogenated and halogen-free, including melamines,
red phosphorus, common inorganic minerals, and low-smoke or other coagents in
flame-retardant systems such as antimony trioxide and zinc borate. As a result, those
groups were not considered further as the focuses of those innovations were on the
underlying FR science, and not the applications used therein.

So, focusing on the first four categories, their respective sub-topics were examined.
The ‘Cable Materials’ sub-topics were repetitive with respect to those for the ‘Cable
Materials’ so only the latter was considered further, along with those for ‘Crosslinked
Polyethylene’ and ‘Refractory Layers’ as being inclusive of the application spaces
represented by the results set. In fact, Table 3 lists a representative list of the sub-topics
in the three remaining categories.

In order to gain more specific information on the application spaces for which
FR XLPE would be represented in the patent literature, the three selected search

Table 3 The Fhree key high Crosslinked Outer sheath Refractory layer
level, application-based |
polyethylene

search result categories
XLPE
included these sub-topics ¢ )

* Armor layer  Core insulation * Mica tape
Flame-Retardant Cable core Fire resistant
sheath Oxygen barrier electrical cable
Irradiation XLPE layer Fire resistant
Flame-Retardant XLPE insulating cable

XLPE layer * Refractory layer
* XLPE * Halogen * XLPE insulating
» Flame-Retardant inflaming

polyvinylchloride | * Flame retardant
* Flame retardant layer

XLPE ¢ Shield layer

Tin plated copper | insulation
Insulating layer

wire
« Radiation XLPE |*® Outer shield layer
« Tin plated copper | * Shield layer
conductor ¢ Quter sheath

¢ XLPE insulation
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result categories shown in Table 3 were isolated as a new result set. Search analysis
tools were then used to find trends and other application-related information from
that resulting set of 4,338 patent families. The results from the analyses of both
the original results set and the second, narrower results set will be discussed in the
subsequent section.

5.2 Key Applications and Trends Delineated by IP
Landscaping

Within the initial broad search and analysis that resulted in nearly 10,000 patent
families, we sought to observe some key indicators, including filing activity over
time, geographical trends, and leading companies within the field of FR XLPE. One
key qualifier to consider as one discusses patenting activity over time is the fact
that it generally takes 18 months after a priority patent application is filed before
that application is published; as a result, searches are blind to those cases that may
have been filed within the prior 18 months. In the graphics reporting results related
to patent families over time, reliable data ceases at the end of 2017, given that the
results are based on searches conducted in mid-2019. As an example, Fig. 6 shows the
numbers of patent families filed over the prior 20 years. As shown, starting somewhat
in 2008, but especially starting in 2010, there was a significant increase in the rate of
patents filed in FR XLPE, continuing well into 2016. Of course, it will not be until
2020 that it can be confirmed whether the decrease from 2016 to 2017 is an anomaly
or is indicative of decreased patenting activity.

Figure 7 provides an analysis of the top assignees in this technology area. It is
evident that the results set is dominated by companies that manufacture wire and
cable. Companies such as Sumitomo Electric Industries (headquartered in Japan),
Furukawa Electric (Japan), Hitachi Cable (Japan), Fujikura (Japan), LS Cable (South
Korea), and Lubao Cables (China) represent a highly Asia-centric concentration of
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Fig. 6 Number of worldwide patent families supporting FR XLPE technology filed in last 20 years
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Fig. 7 Specific assignees within the broader FR XLPE search since 1999 with the most patent
families

wire and cable companies, plus materials suppliers such as Dow Global Technologies
(USA), BASF (Germany), Hitachi Metals (Japan) and Du Pont de Nemours (USA),
all of whom have businesses supplying the wire and cable industry, as well as others.

After completing the analysis of the original result set of approximately 10,000
patent families, an analogous analysis was done on the subset of patent families that
appeared to represent well the more specific areas related to applications of FR XLPE,
as summarized above in Table 3. That focused result set of approximately 4300 patent
families delineated some similar qualitative trends as did the larger results set, but a
number of the key conclusions were even more accentuated.

Figure 8 again shows the 20-year trend in the number of distinct patent families
filed within the narrower application space of this result set. As observed earlier,

100
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Fig. 8 Number of patent families supporting FR XLPE technology filed in last 20 years for the
narrower application-specific results set
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Fig.9 Specific assignees within the application-specific FR XLPE search since 1999 with the most
patent families. Specific use of FR XLPE in wire & cable applications

a significant acceleration in filing activity began in 2008, but in this case the more
specific application-based categories maintained the growth in filings moving into
2017, as well (as mentioned earlier, the data after 2017 is unknown since in most
cases, patent applications take 18 months to be published after filing, and therefore
2017 is the last complete year of data available for this study).

Finally, a further analysis was completed on the application-specific data set
to identify those key players that represent the greatest number of patent fami-
lies. Those results are summarized in Fig. 9. Once again, the results are domi-
nated by players in the wire and cable industry, particularly those headquartered
in Asia. While key players identified in the broader results set remain from Japan
and South Korea—Furukawa Electric (headquartered in Japan), Sumitomo Elec-
tric Industries (Japan), LS Cable (South Korea) and Hitachi Metals (Japan)—Lubao
Cable is now joined in the results set by a number of other China-based players,
including Yangzhou Shuguang Cable, Baosheng Science & Technology, State Grid
Corporation of China, Shandong Hualing Cable and Dongguan Minxing Cables. As
might be expected, global materials suppliers, such as Dow Global Technologies
(USA), BASF (Germany) and Du Pont de Nemours (USA), have fallen further down
the list of assignees of more application-specific patent families as their focus would
tend to be more on materials solutions as opposed to innovations related specifi-
cally to applications. In the next section, connections will be made between specific
assignees and respective FR XLPE applications covered in their patent families,
leading to some illustration of FR XLPE technology for wire and cable applications.

Having examined the more application-specific results set to elucidate a steady
increase in patenting activity in FR XLPE since 2008, specific applications were then
examined to determine that the specific application areas represented most often in
the result set are:
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e Cable Core: components and layers within the cable structure that surround and/or
protect the distribution of power or data signals via metal conductors or glass fibers

¢ Low Smoke: cable constructions in sensitive installments in which human expo-
sure to smoke during a fire scenario needs to be minimized to allow for escape;
these applications are often coupled with halogen-free requirements for regula-
tory (human exposure) and critical equipment preservation concerns (e.g., in data
centers)

e Halogenated Flame Retardants: cable constructions and applications for which
regulatory limitations still allow halogen use, often due to a lack of suitable non-
halogen solutions

e Shield Layer: these include those layers that are exposed to external stresses,
requiring the crosslinking of the PE for toughness, and environmental concerns to
protect the inner layers and components of the cable; in fire scenarios, these are
the layers that are first exposed to the burn, hence the cable construction-specific
FR requirement.

Collectively, FR XLPE application in wire and cable markets addresses a combi-
nation of those physical property needs dictated by the end use, as well as the FR
performance dictated by their use in spaces with significant human exposure poten-
tial in a fire scenario. While crosslinked PE in general finds use in cables that need
to maintain key properties in their designs (medium and high voltage power cable
insulation, for example), FR XLPE finds its utility in those markets that simulta-
neously require FR and a need to maintain resistance to one or more chemical or
environmental stresses. Good examples of those market spaces requiring FR XLPE
include military, shipboard, aviation, railway and automotive use in which human
exposure is an obvious concern.

For illustrative purposes, some examples of intellectual property are provided
for some of those key application areas. In one example, CN102,637,473A, [61]
assigned to Baosheng Science & Technology Innovation, describes a ‘Low-smoke
halogen-free flame-resistant type-a stainless steel armored cable and preparation
method thereof” that comprises a core and an outer protective layer that encom-
passes a multi-layer core within the cable. Here, the FR XLPE-incorporated outer
layer, or sheath material, is present to enable the cable to satisfy low-smoke, zero-
halogen requirements while at the same time, provide ‘superior mechanical shock
resistance.” As a point of interest, the multi-layer cable sheath design includes an
additional flame-retardant inner layer to further facilitate flame-retardant behavior
for the cable design. JP2,005,350,578A [62] describes electrical wire with excellent
properties such as colorability, resistance to external damage, water and acid, but
which is also free of heavy metals and phosphorus compounds due to concerns with
post-use landfilling and incineration. More specifically, the proposed invention is
concerned with reduction of potentially ‘large volume of smoke or corrosive gas’
during combustion. Its solution encompasses, in addition to a crosslinked PE base,
the use of silane-coated metal hydrate (often used for both flammability and smoke
reduction). An example of an application in which halogenated solutions remain
acceptable is given in US6,204,318B1 [63] which describes wires and insulated
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tubes used in ‘high-frequency current transmission, for example, in the field of high-
density wiring of internal circuits in electronic appliances.” Claimed is a multi-layer
cable construction including a conductor and a coating ‘wherein said coating is a
cross-linked flame-retardant resin composition’ that includes among other ingredi-
ents, a ‘halogen-containing flame retardant.” The FR XLPE composition is said to
have sufficiently high tensile and elongation properties, but also able to satisfy the
requirements for VW-1 [64] burn rating.

5.3 Additional Applications

Beyond the prevalent use of FR XLPE in wire and cable applications, the other
widespread use of that materials technology appears to be in a number of foamed FR
XLPE constructions. In particular, applications are seen in the following markets:

e Aviation and Aerospace: aircraft seating, wall insulation, seals, ducts, buoyancy
aids, soft touch trim, etc.

¢ Building and Construction: flooring underlayment, sealing, thermal insulation,

etc.

Air Conditioning and Ducting: thermal insulation

Automotive: car floor mat, seating, soft trim areas, etc.

Railroad: floor and roof insulation of passenger railway carriages and buses

Marine: buoyancy fillers in amphibious cars

As expected, those market spaces in which foamed FR XLPE technology is found
combine the physical requirements for which foamed material and crosslinking is
ideal and the FR requirements specific to human safety. Analogous to those applica-
tions discussed in the wire and cable area, these applications require physical prop-
erties that both crosslinking and foaming deliver, such as thermal insulation, comfort
and light-weighting. In fact, in many cases, the crosslinking itself provides the right
rheological properties in which the desired foam structure can be generated. In addi-
tion, these applications are often found in enclosed spaces and, therefore, have high
potential for human exposure to the flame, and especially generated smoke during a
fire scenario. For that reason, these applications tend to be governed by regulatory
agencies and specific flame or smoke limits that are designed for each space.

5.4 Key Conclusions on Applications

Based on the analysis described in this section, it is possible to make some key
observations:
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e A broad search of prior intellectual property provides a set of results dominated by
the application of FR XLPE to wire and cable (sheaths, barrier layers, insulations,
etc.).

e Activity around FR XLPE started taking off in 2008, rising quickly year after year
thru 2017 (the last year of relevant data currently available due to timing of new
patent application publications).

e Beyond use in wire and cable applications, FR XLPE is most often found in
foamed applications that need to deliver comfort, energy absorption or other
related properties in those end uses related to human safety or enclosed spaces.

6 Types of Polyethylene Used in FR XLPE

Polyethylenes used in FR XLPE applications are generally semicrystalline poly-
mers, ranging in crystallinity from approximately 5 wt% to about 80 wt% (Fig. 10).
They are either homopolymers or copolymers, and are made by different processes.
Depending on the type of reactor, polymerization catalyst (if any) and type of
comonomers employed, very different polymer architectures are obtained. In the
case of ethylene homopolymers, non-polar ethylene copolymers and blends of these
two types, the polymer density at room temperature decreases with decreasing crys-
tallinity (Fig. 10). For these systems, with decreasing density (i.e., crystallinity),
there is a corresponding decrease in flexural modulus (Fig. 11). However, when
a polar comonomer such as ethyl acrylate (EA) is copolymerized with ethylene to
make ethylene-ethyl acrylate copolymer (EEA), the density increases with decreasing
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Fig. 10 Crystallinities and densities of some polyethylenes. Data were generated in laboratories
of The Dow Chemical Company
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Fig.11 Flexural modulus of ethylene homopolymers or non-polar ethylene copolymers (and blends
thereof). Data were generated in laboratories of The Dow Chemical Company

crystallinity (Fig. 10). Reactor ethylene-VTMS copolymers also exhibit lower crys-
tallinities with increasing amounts of VIMS (Fig. 10) and correspondingly faster
moisture-induced crosslinking due largely to higher VTMS content [56]. Unsatura-
tion types, distributions and extents in ethylenic polymer (as well as molecular weight
characteristics and branch architectures) particularly affect crosslinkability through
free-radical mechanisms, [39, 65-67] as do functional groups in reactor copolymers
or grafted polymers, such as the acetate groups in ethylene-vinyl acetate copolymer
(EVA) [44].

Low polymer crystallinity is generally preferable in terms of flame retardant
acceptance (ability to maintain, for example, decent mechanical properties when
containing high levels of flame retardants). Additionally, broad molecular weight
distributions and long chain branching are often desirable attributes of polyethylene
for extrusion processability, especially when flame retardants having low decompo-
sition temperatures are present in the formulations, such as aluminum trihydroxide
(which has been observed to release water at temperatures as low as 180 °C) [68].
The presence of polar moieties in copolymers such as EVA and EEA also facilitates
incorporation and dispersion of flame-retardant additives, through decreased crys-
tallinity as well as improved compatibility with fillers [69]. The polymer also serves
as fuel during combustion and, as is discussed above, EVA resins exhibit consider-
ably lower heats of combustion than polyethylene, which is a beneficial attribute for
flame retardancy as it results in less thermal energy being produced [70]. Thus, the
peak heat release rate measured by cone calorimetry of EVA (having 18 wt% VA
content) has been shown to be about 19% lower than that of LDPE [46]. Furthermore,
in compositions containing ammonium polyphosphate as flame-retardant, blends of
LDPE with increasing amounts of this EVA have been observed to exhibit desirably
increased limiting oxygen index [46]. The use of maleic anhydride functionalized PE
as compatibilizers in halogen-free flame-retardant systems is also well recognized.
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Alkoxysilane functionality (as in, for example, reactor ethylene-VTMS copoly-
mers) is, of course, required for moisture crosslinking. Introducing additional
polar functionality into such copolymers (to make, for instance, ethylene-VTMS-
acrylate terpolymers) further enhances moisture permeability and compatibility with
flame retardants. For example, a reactor ethylene-VTMS-butyl acrylate terpolymer
(containing 17 wt% butyl acrylate) has been shown to substantially reduce moisture
crosslinking times at fixed temperature and humidity, in comparison with the use of
a reactor ethylene-VTMS copolymer [71]. A similar reactor ethylene-VTMS-butyl
acrylate terpolymer (containing 8 wt% butyl acrylate and 2 wt% vinyltrimethoxysi-
lane) has been used to make moisture-curable halogen-free compositions with
calcium carbonate and silicone gum as the flame-retardant components for wire
and cable applications [72].

Increased loadings of flame retardants in crosslinked polyethylene compositions
can have deleterious effects on mechanical and other properties [73]. These issues
can be mitigated through judicious choices of types of polyethylenes selected as
components of the formulations, to obtain blends that provide the desired balance
of properties. In the case of moisture cure systems, flame-retardant additives are
generally delivered in the form of concentrates in polymer carriers (masterbatches).
In this context, it has been demonstrated that increased crystallinity (i.e., modulus) of
the polyethylene used as carrier resin of the flame-retardant masterbatch results in a
cable construction made with moisture-cured (silane crosslinked) ethylenic polymer
sheathing that exhibits significantly improved retention of dielectric strength after
glancing impact [74]. In a MONOSIL silane grafting operation of flame retarded
polyethylene compositions, both cable crush resistance and cable glancing impact
performance are improved through the use of polyethylenes of narrower molecular
weight distributions, likely because polymer toughness improves with decreasing
polydispersity [58, 75].

7 Overview of Test Methods and Standards

Testing of materials or fabricated articles for their performance in a fire situation is
rooted in the concept of fire safety, which is based on defining the fire safety objectives
and deciding what will be the minimum level of safety that must be achieved. The
objectives of fire safety vary by the structures and establishments that they intend to
protect. Depending on the type and occupancy levels, sometimes they are designed
toward protecting the property and in other situations, especially for high-occupancy
establishments, they emphasize more on product features that will allow greater
flexibility for evacuation of the occupants in a fire.

Testing methods are designed to verify whether the fire safety objectives will be
met with the product used under a specified fire condition. The tests are typically
carried out in the laboratory or pilot scale. Size and shape of the specimens are
important, and so are the orientation of the specimens in a fire test. For most samples,
usually horizontal or vertical orientations are specified. The type and intensity of the
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ignition sources are also important. For example, matches and various kind of gas
burners, such as small flame burners (Bunsen burners) are used. Methane, propane
or other flammable gases can be specified as the fuel for these burners.

In most geographies, the prevalent fire safety standards that are followed have
been developed and issued by the IEC (International Electrochemical Commission)
or the ISO (International Organization of Standardization) technical committees. In
the USA, International Code Council (ICC) and National Fire Protection Association
(NFPA) are two organizations that have been responsible for developing many of the
key fire safety standards. Fire test standards on the other hand have been primarily
developed by the American Society of Testing and Materials (ASTM), NFPA and
Underwriters Laboratories (UL) [76]. The discussion that ensues in this section is by
no means a comprehensive account of all the tests and standards, but is an attempt
to introduce readers to some key representative examples in both fire performance
testing and the standards associated with them, where applicable.

An easy and basic test for flame-retardant properties of polymers is the test for
limiting oxygen index, or LOI. This test is designed to determine the critical oxygen
index of a sample by measuring the minimum volume concentration of oxygen in
a flowing stream of oxygen and nitrogen required to sustain continuous burning of
that sample. The test follows the standard ASTM D2863 in the United States, or the
international standard, ISO 4589. A typical laboratory set up for LOI is shown in
Fig. 12.

While limiting oxygen index does not always correlate with a flame-retardant
compound’s performance in the field, it is a useful tool for laboratory screening
of multiple formulation options. Typical LOI value for a pure Polyethylene sample
is between 17 and 18, whereas polyethylene compounded with halogenated flame-
retardants exhibits an LOI value of 24-30. PE or ethylene copolymers such as EVA
or EEA, when formulated with flame-retardant mineral fillers, such as aluminum

Fig. 12 Laboratory set up of
the test for limiting oxygen
index (LOI); photo from a
laboratory of the dow
chemical company
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trihydroxide or magnesium hydroxide, show a wide range of LOI values, between
29 and 48. Higher loading of flame retardant in the compound leads to a higher LOI
value. It is often difficult to measure a flame-retardant additive’s sole contribution
to increasing the LOI number for a compound since higher loading of the additive
also reduces the amount of the polymer in the formulation, and hence reduces the
total fuel load. Therefore, a careful consideration of the dilution effect must be made
before drawing any conclusion on the flame-retardancy efficacy of the additive only
from the LOI data.

One of the more important fundamental flame-retardancy tests is cone calorimetry.
Although a detailed discussion is beyond the scope of this text, it is important to
mention. In cone calorimetry, [77] a specimen is subjected to a radiant heater that
delivers a specified heat flux to the sample surface, with a spark (ignition) source
located above the sample. Gases liberated from the specimen are swept through
the calorimeter, enabling determination of the energy release as a function of time
via oxygen consumption calorimetry. In a typical test, after some time under the
radiant heater, decomposition of the specimen releases sufficient fuel into the vapor
phase to cause ignition of the sample by the spark source. The heating continues
and the test is monitored until the sample extinguishes as a result of insufficient fuel
generation to maintain combustion. A large amount of useful data are generated,
typically including time to ignition, peak heat release rate, time to peak heat release
rate, flameout time, total heat released. In addition, various parameters related to
smoke and carbon monoxide levels during combustion are obtained. Because the
test specimen sits on a load cell, mass loss data are also available.

With the global market shifting to more and more halogen-free flame-retardant
formulations, the tests such as smoke density, acid gas generation and toxicity have
gained acceptance into the specifications for the commercial flame-retardant poly-
meric compounds. ASTM E662 is the standard for smoke density test that covers
determination of the specific optical density of smoke generated by solid materials
and assemblies mounted in the vertical position. Measurement is made of the atten-
uation of a light beam by smoke produced and confined in a closed chamber due
to non-flaming pyrolytic decomposition and/or in the flaming or combustion mode.
Results are expressed in terms of specific optical density, which correlates with the
concentration of smoke produced by the sample under testing.

Acid gas test is covered by the international standard IEC- 60754 and measures
the acidity of gases evolved during the combustion of electric cable materials by
measuring the pH & conductivity of a solution of the evolved gases.

As discussed in other sections, flame-retardant crosslinked polyethylene foams
also find significant use in construction, trains and in automotive applications. As
discussed in detail above, patent searching revealed that wire and cable appears to
be the largest application for FR XLPE. The following section discuss some of the
commonly used standards for crosslinked foams in non-wire and cable applications
as well as for solid (non-foam) insulations for wires and cables.

Pipe insulation is one end use for foamed FR XLPE, which if installed in Germany,
is required to meet the country specific Din 4102 B1/B2 fire standard [78]. In the
B2 test, the specimen is suspended vertically and a 20 mm high flame is applied for
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15 s to both the foam surface and edge. The test for flaming droplets is conducted by
placing a piece of filter paper under each specimen. A B2 classification is attained if
the tip of the flame fails to reach a reference line marked on the sample within 20 s
after the application of the flame. For a B1 classification, the test configuration is
different as well as the passing criteria. The smoke gas temperature is measured for
this test, and it is required that the mean smoke gas temperature is below 200 °C.

As FR XLPE foam is used in large quantities in the automotive industry, the stan-
dard fire test they need to pass for this application in USA is FMVSS302 (Federal
Motor Vehicle Safety Standard 302). FMSVSS302 is one of the least stringent fire
tests and is relatively easy to comply with. The rationale behind such low fire retar-
dancy requirement is that the reason for using flame-retardant materials in a car is
primarily to allow the occupants sufficient time to exit the car in the event of a fire.
The ‘100 mm/min’ burn rate is considered adequate for most automotive applications
that are not placed near the engine or high output electrical equipment.

UL-44 [79] standard issued by Underwriters laboratories based in USA specifies
the requirements for single-conductor and multiple-conductor thermoset insulated
wires and cables rated 600-5000 V for use in accordance with the guidelines set by the
Canadian, Mexican, and National Electric Code (NEC), NFPA-70 in the USA. The
standard covers many types of thermoset compounds, such as crosslinked polyethy-
lene, crosslinked polyvinyl chloride or crosslinked ethylene-vinyl acetate or blends
thereof. It also includes thermoset insulations made with chlorosulfonated polyethy-
lene, chlorinated polyethylene and ethylene-propylene rubber. The specifications not
only require that the insulated wires pass the flame resistance tests, but also stipulate
that they pass a host of mechanical and electrical tests. For example, passing the hot
creep test indicates that the insulation is sufficiently crosslinked to have the neces-
sary thermo-mechanical strength during use. Long-term wet insulation resistance
test conducted in high temperature (75 °C or 90 °C) water bath ensures integrity of
insulation is maintained over its long life in a moist environment. Minimum values of
tensile strength and tensile elongation of the insulation are needed and their retention
to an acceptable level after heat-aging is also important. Furthermore, the wires need
to exhibit abuse resistant properties such as glancing impact and crush resistance. The
scientists who develop such FR XLPE compounds therefore have a challenging task
of balancing all these properties, especially the mechanical ones which are adversely
affected by increasing loading of flame-retardant additives.

All the test methods including the flame-retardant tests that are specified in UL-44
standard are described in detail in UL-2556 [80]. For crosslinked polyethylene single-
layer insulation (XHHW, or crosslinked high heat), a minimum of horizontal burn
rating (FT2/FH) is required. For uses in specific locations and applications, vertical
burn rating may also be required, which is more difficult to pass and is typically
met by enhanced level of flame-retardant additives. As the name suggests, horizontal
burn test (FT2) is a method designed to determine the resistance of a wire or cable
to the horizontal propagation of flame, and it also requires resistance to formation
of flaming droplets or particles. Passing FT2 is required for all XHHW-2 type wires
including wires with optional VW-1 (vertical burn) markings. Both the horizontal and
vertical burn tests are conducted in an enclosed chamber where typically three-wire
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samples, with specified length (250 mm) are secured horizontally to the specimen
supports. The test flame from a Bunsen burner is adjusted to 125 = 10 mm (5.0 £ 0.4
in), with an inner blue cone 40 £ 2 mm (1.5 & 0.1 in). Cotton batting is placed below
the specimen at the bottom of the draft-free chamber. The burner is positioned to
impinge upon the specimens at an angle of 20° from vertical and withdrawn after 30 s.
The specimens are allowed to burn until they self-extinguish. The length of damage
to the specimen is measured and recorded. Damage is defined as charring, burning or
melting. Failure of a horizontal burn test can occur if the damage to the wire exceeds
4 in (100 mm) or if the cotton is ignited. For the vertical burn test (FV-2), the wires
are suspended vertically and unlike the horizontal test, each specimen is subjected
to five, 15 s application of flame. The interval between flame applications is 15 s and
the interval is maintained for all applications where the specimen self-extinguishes
prior to the elapse of the 15 s. For samples burning longer than 15 s but shorter than
60 s, the next application of flame is done when the sample self-extinguishes. In
order for a sample to pass the VW-1 burn test, all of the following criteria must be
met:

e [ess than 25% of the Kraft paper indicator is burned.

e The specimen does not burn longer than 60 s after any of the 5 applications of
flame.

e The cotton batting is not ignited by either flaming or glowing particles or flaming
drops.

8 Trends

The predominant trend in the flame-retardant polymeric systems has been a move
away from using halogenated flame retardants to the use of more sustainable and
environmentally friendly halogen-free additives. Not all regions of the globe have
adopted halogen-free alternatives with the same speed, and the US market has lagged
behind Europe and China in this respect. The trend toward HFFR has resulted in
replacement of polyvinyl chloride in many applications, including some in wire and
cable, with halogen-free flame-retardant systems where base resin is polyethylene
or ethylene copolymers. For applications where halogenated FR additive has been
traditionally used with XLPE, there is also increasing demand to switch to a halogen-
free solutions. However, the movement away from halogenated systems has been
hampered by lack of available HFFR solutions that can deliver on the hard-to-meet
flexibility, cold temperature, processability and electrical property targets (in the
case of cable insulation) for the intended applications. For wire and cable, using
inorganic mineral additives with moisture cure crosslinking technology has proven
to be challenging since the hygroscopic nature of these additives results in premature
crosslinking during the fabrication step. The mineral fillers also adversely affect
the mechanical and long-term wet insulation resistance properties (UL-44) of the
cable. One way to overcome the problem of using inorganic fillers with moisture



240 J. M. Cogen et al.

crosslinking systems is through irradiation or peroxide aided crosslinking of the
article that is carried out in the post-fabrication step.

In Europe, the absence of the long-term wet insulation resistance (wet IR) require-
ment for wire and cable has made the move away from halogenated insulation
easier. In USA, the formulators have been able to develop and introduce a moisture-
crosslinkable halogen-free solution that meets the UL-44 horizontal burn require-
ment, taking advantage of the relatively lower amount of mineral fillers needed to
achieve that flame-retardancy requirement, while passing the wet IR and making wire
insulation that is free of defects from premature moisture crosslinking (scorch) [81,
82]. More recently, halogen-free products have also been introduced for photovoltaic
wires in the Americas with moisture cure as the crosslinking technology.

The halogenated flame-retardant market is also experiencing ongoing changes due
to evolving regulations. A decade ago, the most commonly used brominated flame-
retardant additive, decabromodiphenyl ether, was deemed to be not ROHS (Restric-
tion of Hazardous Substance, EU) compliant, and was replaced by a different chem-
ical decabromodiphenyl ethane. However, the new chemical has also come under
increasing attention from regulators for its long-term impact in the environment, or
PBT (persistence, bioaccumulative, toxic) properties, and it is anticipated that in few
years, import or use of this chemical will be banned in Canada. Work is underway
by the compound suppliers to find a suitable alternative.

Another important recent trend is harmonization in the EU, with introduction
of the Construction Product Regulation (CPR) by the European Union Directive
305/2011. The regulations are intended to harmonize the mechanical resistance and
stability of products in buildings across Europe and include fire safety standards.
The scope of the regulations cover all products used in the permanent structure
of a building such as doors, windows, building insulation, and wires and cables.
The cables are classified from Aca to Fca, where Aca classification requires the
most stringent fire safety performance. There are additional criteria around smoke
production, flaming droplets and smoke acidity for the cables classified in the B to
D classes. All the cable used in the buildings are expected to have CPR ratings. The
move to CPR has ushered in a flurry of activities in fire testing of cables as well as
new innovations from the polymer formulation compounders and cable makers with
the aim of achieving higher classes with their products to gain a competitive edge.

9 Summary

Polyethylene is crosslinked for use in a variety of applications to improved various
properties including thermo-mechanical resistance and chemical resistance. When
crosslinked polyethylene is to be utilized within enclosed spaces, such as buildings
and cars, fire safety performance is often required.
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Polyethylene, which includes a variety of copolymers that are based on ethy-
lene as a majority monomer, has a relatively high fuel load (enthalpy of combus-
tion) and must be formulated with flame retardants to pass the fire safety require-
ments for many applications. The flame-retardant additives operate by interfering
with one or more elements of the fire triangle—oxygen, heat, and fuel—all three of
which must be present to sustain a fire. Crosslinking sometimes slightly improves
the fire performance of PE compositions, though there are also situations where it
can decrease the performance, and overall, crosslinking is not a significant means
for impacting flame retardancy. The most prevalent flame retardants for PE include
brominated or chlorinated molecules, metal hydrates and a variety of phosphorus
and/or nitrogen-containing organic molecules.

Methods for crosslinking PE for FR applications are generally the same as
those used for un-crosslinked PE, including peroxide crosslinking, silane-based
moisture crosslinking, irradiation crosslinking and sulfur crosslinking. However,
careful consideration must be made with respect to chemical compatibility between
flame retardants and crosslinking additives as well as process compatibility, such as
stability of flame retardants and crosslinking additives at the required processing and
crosslinking temperatures.

Based on detailed patent analysis, wire and cable is the largest application area
for FR XLPE, with significant usage also in building and construction, appliances,
shipboard, automotive, railroad and other transportation applications.

Many type of polyethylene are available. The type of polyethylene selected for
a composition can have a large impact on the resulting properties, due to factors
including enthalpy of combustion, decomposition mechanism, crystallinity, polarity,
mechanical and electrical properties.

FR applications are driven heavily by various standards, such as the National
Electrical Code (NEC) and Underwriters Laboratories (UL) in the USA. Applicable
standards include fire, smoke and other property tests on either materials and/or
finished articles.

There are some important industry trends pertaining to FR plastics applications,
including FR XLPE. One such trend is the drive toward halogen-free flame retardants
(HFFR) to reduce the amount of smoke released during combustion, since smoke is
one of the leading causes of death in fires. Even in cases where halogenated flame
retardants are still used, there is a drive toward use of halogenated flame retardants
that are not environmentally persistent, bioaccumulative and toxic (PBT). As in many
industries, there is also an increasing focus on sustainability in general.
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Chapter 10 ®)
Structural Design and Performance oo

of XL PE for Cable Insulation

Timothy J. Person, Saurav S. Sengupta, and Paul J. Caronia

1 Introduction

Not long after the invention of the telegraph in 1839, the race to long-distance and
even trans-Atlantic communication began. In many applications including submarine
and buried wires, a suitable electrical insulation system was required. Early insulation
systems were based upon strips of India rubber. By the late 1840s, gutta-percha (a
natural gum) was utilized as wire insulation due to the ability to easily melt and coat
wires in combination with good electrical insulating properties. As electrical demand
increased in the late 1870s with a drive to electric lighting, excessive deformation of
natural rubber insulations was experienced due to the low-temperature softening of
such materials. Rigid cables designed by Edison with a wrapped conductor isolated
by bitumen inside an iron conduit provided a solution for urban lighting. In the 1890s,
an electrical cable system was introduced which employed a paper insulation which
was saturated with oil. Paper-insulated cables enabled power cable voltages of 10 kV
and higher and remained the primary power cable insulation technology for decades
with various design improvements. Paper-insulated cable proved reliable, but had
several drawbacks associated with the use of oil impregnant and the complexity of
forming joints. While these issues were later addressed with the use of polyethylene
as an electrical insulation, paper-insulated cables are still utilized in many power
cable applications today [1-4].

The discovery of ethylene polymerization is credited to Fawcett and Gibson in
1933, although German scientists claimed to have documented production of (-CH,—
)x from diazomethane chemistry as early as 1897. Fawcett and Gibson, however,
produced polyethylene directly from ethylene in a high-pressure process in which

T. J. Person - S. S. Sengupta (<) - P. J. Caronia
The Dow Chemical Company, Collegeville, PA, USA
e-mail: SSSengupta@dow.com

© Springer Nature Singapore Pte Ltd. 2021 247
J. Thomas et al. (eds.), Crosslinkable Polyethylene, Materials

Horizons: From Nature to Nanomaterials,

https://doi.org/10.1007/978-981-16-0514-7_10


http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-16-0514-7_10&domain=pdf
mailto:SSSengupta@dow.com
https://doi.org/10.1007/978-981-16-0514-7_10

248 T. J. Person et al.

oxygen had (accidentally) been introduced into the methane. Difficulties in repro-
ducing the initial experience were later explained by the work of Perrin and colleagues
in 1935, where the presence of trace amounts of oxygen as an initiator for the poly-
merization reaction was recognized, and ultimately resulted in a granted patent in
1937 [5-10].

Polyethylene was rapidly industrialized and utilized as an electrical cable insula-
tion as early as 1942. By 1947, it was utilized in 15 kV cable for residential power
distribution. Polyethylene provided excellent insulating properties, reduced electrical
losses and reduced installation and maintenance costs compared to paper-insulated
cables [2]. The application use temperature (ampacity) could be increased with
polyethylene-insulated power cables relative to paper-insulated cables, but temper-
atures were still limited by the softening and deformation of the polymer as temper-
atures exceeded 70 °C [1]. This temperature limitation was later addressed with the
advent of crosslinked polyethylene (addressed in the following section).

The fundamental design elements of polyethylene-insulated cable have not
changed significantly between its early use and the present day, yet there has been
continual drive to increase voltage (as a means to reduce current and associated
resistive losses) for more efficient power delivery.

Electricity is generated typically in the range of 2-30 kV depending on the source
of energy and then stepped up to higher voltages using a step-up transformer. Elec-
tricity is then transmitted at high voltages (69—700 kV) using underground insulated
cables or over-head metal wires. In nearby neighborhoods, a step-down transformer
reduces the voltage and distributes the power to houses at 5-46 kV. Underground
cables further distribute the power/electricity to residences or commercial end users
at lower voltages (500 V-5 kV) for consumption and use. The cables employed in
such a grid can be physically located underground (UG), overhead (OH) or in sub-
marine environments (entrenched in the sea bed or laying of the ocean floor). The
common classification of these power delivery systems is depicted in Fig. 10.1.

UG, OH and sea cables require protection from the elements and reliable opera-
tions over a long period of time. The designs of such cables have evolved over time
and can vary based on the specific needs of utilities and end users. The common
design elements are presented in Fig. 10.2. The conductor is chosen by the utili-
ties based on the grid (power demand, voltage and ampacity, and thermal designs)
and connectivity requirements, and it is not in scope for this discussion. The jacket
materials (which were not always employed in early cable designs) are typically
thermoplastic-formulated polyethylenes sufficient to provide mechanical protection
and to protect the metallic neutral or ground materials from corrosion.

The insulation shield is typically formulated with carbon black in a polymer matrix
and serves the following purposes:

(a) Prevents partial electrical discharge between the metallic neutral or ground
materials and the cable insulation,

(b) Provides uniform ground potential around the insulation,

(c) Minimizes charge buildup on outside of cable for operator safety,
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Fig. 10.2 Typical construction of XLPE cables

(d) Provides a material layer of intermediate conductivity/permittivity between
the insulation and metallic neutral or ground materials which must be removed
without damage to the underlying insulation for effective installation of splices,
terminations and joints.

The insulation requirements and technical aspects will be further discussed in this
chapter, but generally three key considerations come into play:

(a) Thermo-mechanical properties,
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(b) Ease of fabrication,
(c) Dielectric properties:

e Dielectric losses,
e Dielectric strength.

2 History of XLPE Insulation

In 1945, Pinkney and Wiley filed a patent describing a means to crosslink
polyethylenes using an organic peroxide. Their work demonstrated gel formation in
an ethylene-vinyl acetate copolymer, and potential use as a wire coating was contem-
plated [11]. However, Precopio and Gilbert have been recognized with the invention
of crosslinked polyethylene and filed patents for radiation-induced crosslinking of
polyethylene in February of 1955 and peroxide-initiated crosslinking of polyethylene
in May of 1955 [12]. These patents included the demonstration of crosslinking of
ethylene homopolymers. In an interview published in 1999, Gilbert described how
dated and witnessed notes were essential in resolving the issues at the US Patent
Office [13, 14].

The work of Precopio and Gilbert spread quickly to colleagues in the General
Electric Company. By 1957, Vostovich and Bailey had filed a patent describing
the process of crosslinking polyethylene and producing coated wires [15]. In this
process, peroxide is mixed into a polyethylene composition and extruded onto a
wire, and then immediately contacted with pressurized steam as a means to initiate
the crosslinking of the polyethylene. Ward filed a separate patent in 1958, in which
a carbon-black-filled semiconductive layer was introduced over the conductor and
crosslinked, followed by the polyethylene insulation which could also be crosslinked
[16]. Even at this time the presence of the intermediate semiconductive layer was
known to reduce the electric field gradient and reduce the presence of corona
discharges in high-voltage cables. The insulation and semiconductive layers could
be extruded as thermoplastic followed by crosslinking, pre-crosslinked and milled
followed by extrusion, or could be applied as thin crosslinked and stretched (oriented)
tapes around the conductor and subsequently heated to shrink into void-free layers.
Irradiation crosslinking was noted as particularly useful for the thin extruded tapes.

Another means of crosslinking polyethylene utilizes silane functionality incor-
porated into the polymer. In 1961, Union Carbide Corporation demonstrated that
trialkoxysilane functionality could be introduced into an ethylene polymer, and the
resulting polymer could be crosslinked upon heating to cause a reaction between the
silane groups [17]. It was later determined that these ethylene-vinylsilane copolymers
could be effectively crosslinked with moisture and a silanol condensation catalyst.
The silane-functionalized polyethylene can be formed as a copolymer of ethylene
and vinyl silane in a high-pressure polymerization process or can result from grafting
of vinyl silane to polyethylene using a radical-initiated process (typically initiated
using organic peroxide). The silane-functionalized polyethylene can then be melt
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processed along with a separate masterbatch compound to form an insulation layer;
the masterbatch will introduce a suitable catalyst, typically of organotin or sulfonic
acid type. Grafting and melt extrusion may also take place simultaneously in a single
process to form an insulation coating. The insulated wire can then be crosslinked as
moisture diffuses into the insulation layers, either under ambient conditions or under
accelerated conditions through the use of a water bath or sauna. The diffusion-limited
crosslinking rate often limits the application of moisture-cure polyethylene to lower
voltage applications and thinner insulation thicknesses [18].

Crosslinking of polyethylene provided enhanced thermo-mechanical deformation
resistance and enabled an increase of the use temperature, and thereby the ampacity,
of insulated power cables. Today, crosslinked polyethylene-insulated cables are rated
for maximum of 90 °C (and in some cases 105 °C) conductor temperature. Where
overload conditions are allowed, these temperature ratings can reach 130 °C (and in
some cases 140 °C) for a limited time throughout the cable lifetime.

The incorporation of mineral fillers into crosslinkable polyethylene provided a
means to impact the thermal and mechanical properties of the resulting compounds.
Crosslinkable filled ethylene-propylene elastomers were first commercially avail-
able in the early 1960s. The presence of the filler will generally reduce electrical
properties (increase electrical losses and reduce breakdown strength), but filled
elastomeric insulating compounds based on ethylene propylene rubber (EPR) have
become common in many power distribution applications where a high degree of
flexibility, heat resistance and chemical resistance is desired [19].

3 Insulation Requirements

Two key reasons for using XLPE insulation are its high dielectric strength and very
low dissipation factor characteristic. The high dielectric strength of XLPE is a key
feature for its use in power cables rated from 5 kV to 500 kV with an intrinsic break-
down strength reported at above 200 kV/mm [28] and well made XLPE insulated
distribution cable having a breakdown strength in excess of 26 kV/mm (based on
minimum within ICEA S-94-649 standard). The low dissipation factor character-
istic is reflected by a global experience that XLPE insulated cables should have a
dissipation factor of less than 0.10% between room temperature to 130 °C and elec-
trical stresses up to 20 kV/mm. For water tree retardant crosslinked polyethylene
(TR-XLPE), which will be discussed shortly, its specialized formulation technology
includes the incorporation of polar components and it is generally not able to meet
this dissipation factor requirement. For TRXLPE, the industry has accepted a dissi-
pation factor of less than 0.50% between room temperature to 130 °C and electrical
stresses up to 10 kV/mm.

In the 1970s, with the growing use of crosslinked polyethylene in power cables,
the industry became aware of the electrical degradation phenomenon of treeing;
both electrical treeing and water treeing. Though there are a number of variables
that impact XLPE treeing, one factor common to both electrical and water treeing
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is the impact of electrical stress enhancements due to contaminants. Based on the
recognition that contaminants can have arole in a XLPE insulated cable’s live perfor-
mance, some industrial specifications include specific cable insulation inspection
requirements. Other industrial specifications address insulation cleanliness indirectly
with requirements on a cable’s minimum AC withstand voltages, minimum impulse
strength and maximum partial discharge requirements. Defects, as due to contami-
nants, would make achieving the required properties difficult. Based on the differ-
ences in operating stresses and conditions between transmission and distribution class
cables, there are differences in the cleanliness requirements for the XLLPE materials
used in these cables [20, 21].

Additionally, compound manufacturers monitor the cleanliness of XLPE
compounds, wherein a selected quantity of material is extruded into a molten tape
and then examined by associated contamination detection and sizing equipment. As
this is a destructive test, a small quantity of material is tested such that tape inspection
is generally one component of an overall assessment of insulation cleanliness.

For cables that will be exposed to moisture as well as be under electrical and
mechanical stress, XLPE insulation can undergo a phenomenon known as ‘water
treeing.” Water trees in the XLPE insulation are generally considered to be degraded,
chemically oxidized structures that are observed as a dendritic pattern of water-filled
micron and sub-micron-sized cavities. As water trees grow, the electrical stress on
the insulation can increase to the point where an electrical tree initiates at the tip.
Once initiated, electrical trees grow rapidly and lead to catastrophic failure of the
cable [22-25].

In order to avoid or minimize this phenomenon, two different approaches are taken.
One option is to modify the design of the cable to eliminate the possibility of water or
moisture ingression. This is done by the use of a metal sheath resulting in a so-called
dry-design cable [1]. Although successful, this is a relatively expensive solution,
especially for a medium voltage cable installation. It can also impact cable flexibility
and the complexity and difficulty of the cable installation process. The alternative
is to use a more cost-effective ‘wet design,” whereby the moisture-impervious metal
sheath is eliminated and replaced by diffusion-resistant polyethylene jackets, water-
absorbing tapes and conductor strand filling compound. However, in this case, the
cable insulation needs to be more robust toward the growth of water trees in a wet
electrical aging environment. As a result, the wet design cable preferably employs
a water tree retardant insulation. The vast majority of wet cable designs are used in
the manufacture of medium voltage (6—46 kV) cables [2].

The key industry specifications for MV through EHV cables are outlined below,
and a summary of the requirements as related to insulation contamination is
discussed.

HV/EHYV Specifications

e JEC 60840: Power cables with extruded insulation and their accessories for rated
voltages above 30 kV up to 150 kV—Test methods and requirements,

e JEC 62067: Power cables with extruded insulation and their accessories for rated
voltages above 150 kV up to 500 kV,
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e AEIC CS9: Specification for Extruded Insulation Power Cables and their
Accessories rated above 46 kV through 345 kVac,

e ICEA S-108-720: Standard for Extruded Insulation Power Cables Rated Above
46 Through 500 kV,

e Chinese National Standard/Specification GB/T 11017 for 110 kV Cable,

e Chinese National Standard/Specification GB/TZ 18890 for 220 kV Cable,

e Chinese National Standard/Specification GB/T 22078 for 500 kV Cable.

MYV Specifications

e JEC 60502 Part 1 and 2: Power cables with extruded insulation and their
accessories for rated voltages from 1 kV up to 30 kV,

e CENELEC Harmonization Document (HD 620),

e AEIC CS8: Specification for Extruded Dielectric Shielded Power Cables rated 5
through 46 kV,

e [CEA S-94-649: Standard for Concentric Neutral Cables Rated 5 through 46 kV,

e ICEA S-97-682: Standard for Utility Shielded Power Cables Rated 5 through
46 kV,

e Chinese National Standard/Specification GB/T 12706 for 1 kV up to 35kV Cables.

The IEC specifications do not have a cleanliness specification or requirement.
However, the factory cable electrical requirements (AC Breakdown and Impulse)
would limit contaminant sizes in order to pass the tests. The AEIC/ICEA specifi-
cations have insulation contamination requirements for MV, HV and EHV cables.
The method for examining the insulation as well as the requirements is outlined
in the specifications. The insulation contamination requirements vary based on
cable voltage class. In China, the Chinese National Standard/Specifications also
have contamination requirements on the incoming insulation compound. These
requirements also vary based on the cable voltage class.

4 Choice of Insulation Materials for Cables

Insulation in cables is a vital layer to prevent the leakage or loss of power from being
transmitted. This layer demands the following balance of properties [1]:

a. Excellent Electrical Properties:

e Low Dielectric Constant,
e [ow Power Factor,
e High Dielectric Strength.

b. Excellent Moisture Resistance:
e [ow Moisture Vapor Transmission.

c. High Resistance to Chemicals and Solvents.
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Table 10.1 Available
materials for wire and cables

T. J. Person et al.

Material

Common name

Thermoplastic

 Polyvinyl Chloride pvC

* Polyethylene PE
 Polypropylene PP

* EA/VA coploymers EEA/EVA

 Chlorinated polyethylene

CPE (also crosslinked)

» Thermoplastic elastomer

TPE

* Nylon

Nylon

¢ Fluorocarbon polymers

PTFE, FEP, CTFE

* Polyurethanes

Crosslinked
 Polythylene XLPE
¢ Rubber NR, SBR, Butyl, Silicone
* Neoprene
* Nitrilie-Butadiene/Polyvinyl NBR/PVC
Chloride
* Chlorosulphnated polyethylene CSPE
 Ethylene propylene rubber EPR/EPDM

The materials commonly used in wire and cable are listed in Table 10.1. PVC
has been widely used as a non-metallic jacketing material since its introduction in
1935. Low cost, ease of processing and excellent combination of overall properties
including fire and chemical resistance are some of the value propositions for this
material. It has a fairly linear molecular structure with 5 to 10% crystallinity [26].
Usually, it is formulated with plasticizers and stabilizers to maintain good flexibility,
heat resistance and low temperature properties. However, under high current fault
conditions, the insulation may be permanently damaged by melting or loss of plasti-
cizers. Polypropylene also offers unique properties as a jacket or insulation material
and has electrical and chemical resistance properties similar to those of polyethy-
lene. From the perspective of mechanical properties, it is harder and stiffer than
polyethylene [27]. It is also characterized by a higher melting point and poor low
temperature properties as compared to polyethylene. Nylon presents an interesting
blend of properties and is a tough material but stiff in cold weather conditions. It
has excellent resistance to hydrocarbon fluids, lubricants and organic solvents but
not toward strong acids. It is almost exclusively used as jacket material because
of its sensitivity to moisture [28]. Sometimes fluorocarbon polymers are used in
special cable applications. They offer low flame ability, excellent abrasion and abuse
resistance properties. They are characterized by a high dielectric constant but offer
good resistance to moisture, weathering ozone and UV radiation. It is not a material
of choice in high-voltage insulation because of propensity to degrade under corona
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discharge conditions [29]. Rubbers are often used as insulation materials where excel-
lent resistance to oil, harsh chemicals and flexibility is needed. Polyethylene as an
insulation offers excellent electrical properties and good chemical resistance and is
characterized by a very low moisture vapor transmission rate. These polymers offer
excellent UV stability when formulated with proper grade of carbon black or UV
stabilizers. These materials are unaffected by ozone as compared to the rubbers and
offer excellent retention of functional additives as compared to PVC products. They
offer a good balance of toughness versus flexibility and are easy to fabricate via extru-
sion. In some cases, these may be foamed by chemical or physical foaming agents.
The polyethylene materials are inexpensive and readily available on small and large
scales. Upon proper formulation, they offer very long-life performance and reliable
cable operation. The upper use temperatures are limited for polyethylene materials
since they start to soften from 90 °C.

Consider the dielectric constant of polyethylene (¢) which is related to the
polarizability of the material () through the Clausius—Mossotti—-Debye equation
[30]:

e—1)M _ drNa
(e+2)p 3

(D

where N is the Avogadro number,

p is density,

M is the molecular weight of a material.

The polarizability is usually understood as contributions from electronics and due
to the orientation of permanent electrical dipole moments. According to Debye, this
orientation is proportional to the dipole moment of the molecule. In polyethylene,
these diploes may arise from CH bond moments, C=C bond moments and impurities.
The dielectric constant is affected by the temperature, frequency and pressure since
these parameters affect the variables used to describe this property. From a molecular
structure standpoint, density and hence crystallinity have a direct impact on the
dielectric constant.

Even when segmental level polarization is taken into account, the fact that
polyethylenes have hydrocarbon structures and are essentially non-polar may lead
one to believe that no dielectric loss occurs over the useful range. Although the losses
are low compared to existing materials, they are still measurable and are an impor-
tant consideration for the design of the insulation materials. The dielectric losses are
always more sensitive to small concentration of polar groups present in the material.
This property is the result of relaxation of the polar impurity groups which seem to
be always present. These polar molecules are often free to rotate even though they
may be confined to a rigid lattice. Such behavior is to be expected in polyethylene
where the intermolecular forces are weak and appreciable portion of the structure is
amorphous.

Design considerations on current-carrying capacity (ampacity) as well as voltage
ratings for any given cable system allow the use of very limited materials as insulation
in power cables. The dielectric heating and energy loss in power cables are given by:
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Table 1,0'2 I*;lectrigal Material Dielectric constant Dielectric loss
properties of insulating
materials Air ~1 ~0.0000

Teflon 2.1 0.0002

PE 2.4 0.0005

Nylon 3.5 0.0065

PVC 6 0.1000

Power loss per phase = anCUStanS 2)

where f = supply frequency (Hz),

C = capacitance per core (F/m),

Uy = voltage to earth (V),

tan d = dielectric loss angle of insulation.

Table 10.2 lists the tan 8 values for various common insulating materials and for
the same type of constructions and under similar operating conditions also gives a
relative idea of expected loss characteristics. The paper and oil materials have inher-
ently low susceptibility toward discharges and treeing. As paper-insulated cable ages
under load cycling and voltage stress, impregnated fluids migrate with temperature
changes and lead to the formation of waxes and detrimental microvoids. This along
with the complexity associated with splicing and terminating these cables places
those at a disadvantage compared to solid extruded cables. While extruded cable has
become the dominant technology, it is expected that paper/oil cables will continue to
be utilized in some applications due to proven longevity. Polyethylene-based insula-
tions have low loss characteristics and high dielectric strength which are advantages
in this application. However, the cable environment impacts the susceptibility of
polyethylene insulation to electrical discharges and treeing. This has led to the use
of formulated compounds in this area to achieve the required performance.

The manufacture of power cables with extruded polyethylene insulation began
with the use of thermoplastic polyethylene. In order to improve upon high tempera-
ture performance and achieve thermal stability, thermoset compounds such as XLPE
came into use. There are mainly two classes of polyethylenes, linear and branched.
The branched family of resins is made by a high-pressure reactor and is usually
referred to as LDPE (low-density polyethylene). This was the original PE discov-
ered in 1935 and has been prevalent in the power cable industry since its introduction
in 1950s. Since then, other polyethylenes have been synthesized with different molec-
ular architectures. Table 10.3 lists the various kinds of polyethylene available for use,
their properties and year of development. LDPE resins are typically characterized
by broad molecular weight distributions and long-chain branched (LCB) molecules.
The other linear resins are noted for their narrow molecular weight distribution and
short-chain branched (SCB) molecules.
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Table 10.3 Different grades of polyethylenes

Density Melting point (°C) Crystallinity (%) Developed year
(gm/cc)

LDPE 0.915-0.93 106-120 40-60 1935

HDPE 0.94-0.965 125-135 65-80 1955

LLDPE 0.91-0.94 120-125 40-60 1975

VLDPE 0.89-0.91 118-122 25-40 1983

Extruded cable manufacturing assets are usually designed to accept ready-to-
extrude pellets which are fed in an extruder. A proper process control (and extru-
sion screw design) leads the compound to be melted and forced through a die-
head arrangement that deposits the melt on the conductor core being passed through
the crosshead. State-of-the-art cable extrusion processes consist of co-extrusion of
three material layers over a metallic conductor (semiconductive inner shield, insu-
lation and semiconductive outer shield) to form a cable core, which is subsequently
crosslinked to increase the use temperature. After allowing the crosslinking by-
products to diffuse out of the cable core, a metallic neutral ground is applied (typically
wires wrapped helically around the core), and a thermoplastic protective jacket is
extruded over the neutral to complete the cable construction. Curing or crosslinking is
enabled through technologies such as peroxide crosslinking, silane crosslinking and
radiation crosslinking. Peroxide curable insulation compounds are typically formu-
lated with dicumyl peroxide as the radical initiator to allow for extrusion above
the melt temperature of polyethylene with limited initiator activity, followed by
crosslinking at elevated temperatures sufficient to dramatically increase initiator
activity. This process of elevated temperature crosslinking is referred to as vulcaniza-
tion. Following extrusion onto the conductor, the compound is exposed in a contin-
uous vulcanization chamber to a pressurized high temperature environment. The
environment can be high-pressure steam (about 250 psi) which yields a temperature
of about 400 °F. Alternatively, dry nitrogen may be used to process the crosslinkable
insulation at a pressure of about 150 psi when used in conjunction with a vulcaniza-
tion tube wall temperature of approximately 650 °F. These high temperatures cause
the peroxide to decompose into reactive free radicals. The pressure is required to
reduce void formation from volatile peroxide decomposition by-products. A number
of design and process configurations exist for the overall process and selected based
on the type of cable being manufactured and volume requirements. The cable manu-
facturing process as discussed very briefly above imposes serious material properties
consideration for the selection of insulation compounds. Most of the current cable
manufacturing process is an optimized design around LDPE resins.

The final properties of solid crosslinked insulation at the molecular level can
be roughly correlated with the molecular weight of the polymer (Mw). From the
physical property data listed in Table 10.3, high-density polyethylene (HDPE) can
be ruled out based on its higher melting point and density characteristics. Based on
a first pass assessment, linear low-density polyethylene (LLDPE) on the other hand
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LDPE and LLDPE fow M LDPE LLDPE

properties (g/mol) MI MI
815,600 0.45 0.001
251,320 0.21 0.064
153,400 23 036
125,000 6.9 0.75

presents itself as a viable option for use as insulation material. Listed in Table 10.4
are melt indices of LDPE and LLDPE at various molecular weights. For any given
molecular weight, the melt index (MI) of an LDPE resin is at least an order of
magnitude higher than LLDPE resin that translates into an easier flowing material at
the same melt temperature, or a similar flow at a lower temperature which can be an
advantage when trying to limit premature crosslinking reactions.

Figure 10.3 shows the viscosity (Pa s.) dependence of typical LDPE as compared
to that of linear PE resins as a function of shear rate (1/s). Narrow molecular weight
distribution PE shows a prolonged Newtonian behavior. Broad molecular weight
distribution allows higher low-shear viscosities (or zero shear viscosities) and lower
high-shear viscosities (shear thinning). These are principal attributes that facilitate
sag-resistance in the vulcanization process and ease of extrusion during fabrication,
respectively. VLDPE resin made via Ziegler Natta process is very similar to LLDPE.
This discussion suggests that in terms of processing ease, LDPE presents the best
option in existing equipment.

Detailed study of crosslinking efficiency and scorch retardance had been carried
out in the past with LLDPE and LDPE resins. It was found that increase in compound
viscosity was enhanced with LLDPE due to the degree of polymer chain entangle-
ment as compared to probability of intra-chain crosslinks in highly branched and more

Fig. 10.3 Comparison of 4
rheology of PE resins

Broad molecular weight

Viscosity

Shear rate
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tightly coiled LDPE. However, these resins performed poorly in terms of scorch retar-
dance. LDPE resins presented a balance of cure and scorch retardance. This suggests
that LLDPE being more efficient in the curing step would pose serious challenges in
extrusion. Considering typical rheology and shear-thinning behavior of LLDPE, it is
expected that it would require slightly higher melt processing temperatures in order
to achieve the same output compared to LDPE and this will further aggravate any
pre-mature crosslinking concerns. However, all studies were conducted using DCP
as the peroxide initiator. Use of LLDPE may be conceived with different peroxides or
mixtures having higher activation temperatures and tailored decomposition kinetics.
The other option is to use conventional peroxides with coagents like AMSD.

Electrical performance limits the selection of base resins even further. Generally,
LDPE has a dissipation factor of around 0.0005 as compared to LLDPE which can
have an order of magnitude higher owing to catalyst residues from its synthetic
process. Earlier experimentation had revealed that dissipation factor and break-
down strength of LLDPE were inferior compared to LDPE but acceptable. However,
particular grades of LLDPE resins are available that meet the electrical requirements.

Choice of base resin for insulation compounds in power cables is governed by
the balance of electrical properties (low DC/DF, high VR, high dielectric strength),
mechanical properties (good elongation, LTB, crosslinked modulus at high temper-
ature), functionality (high unsaturation) and flow properties (high shear thinning,
high zero shear viscosity). These impact the cable manufacturing process as well as
final cable properties like lifetime, flexibility, etc. Figure 10.4 presents a high-level
comparison of available resins, based on the discussion above, from the standpoint of
use in insulation materials. This analysis represents why LDPE resin is the material
of choice in cable designs using current extruder cable fabrication equipment.

Crosslinking Electrical Mechanical

Extrudabilit
Xiruaolty efficiency Property Property

HDPE - + + +

Linear VLDPE - T . +

PE LLDPE - + % +
Branched ——— LDPE + R + +/-

Fig. 10.4 Material selection for peroxide curable power cable insulation. * = selected resin grades
with preferred catalysts can meet electrical performance requirements
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5 Factors Affecting Dielectric Performance

An effective power cable insulation is one that enables efficient delivery of electrical
power. Clearly, this delivery must first avoid an electrical breakdown or fault between
the high potential conductor and the ground, throughout the expected lifetime of
the cable. As a second aspect, the efficiency of the power delivery is focused on
minimizing energy loss during the operation of the cable. If one is to discuss these
aspects, it becomes important to first establish a general basis of electrical behavior
of materials. Bartnikas and Eichhorn provide a detailed foundation, while only a few
essential concepts are provided in the following section [31].

5.1 Material Permittivity, Dissipation Factor
and Conductivity

Consider an ideal parallel plate capacitor separated by vacuum with charge, Q, at
the plates under a steady voltage, V.. The capacitance, C,, is the ratio of the charge
to the voltage, Q/V,. When a dielectric material is placed between the plates, the
voltage is reduced to V and the capacitance to Q/V. A material parameter, known as
the relative permittivity (or dielectric constant), can be described as

er=Vo/V = C/C 3)

The reduction in voltage results from electric polarization of the material. Polariza-
tion occurs with the orientation of permanent dipoles within the molecular structure
of the dielectric. Polarization may also be induced within non-polar materials, as an
applied field will result in a displacement of the electron clouds within an atomic or
molecular structure.

The above representation of the relative permittivity can also be termed the static
permittivity and represents an equilibrium value. The rate of polarization is dependent
upon the structure of the dielectric material (e.g., the strength of dipoles, atomic and
molecular interactions, and crystallinity), and polarization contributes to dielectric
loss. The permittivity is a complex quantity and can be expressed as ¢ = &’ — j&”
where &” is related to the energy stored within the material and &” is related to energy
dissipation or loss. When an alternating voltage is applied across a dielectric material,
the resulting current can be separated into two components, one in-phase with the
voltage and one leading the voltage by 90°. The leading current is the charging current
of an ideal capacitor, while the in-phase current represents the loss current. The ratio
of loss current to charging current, which is often equated to the ratio of dielectric
loss to dielectric storage, €”/¢’, is referred to as tan § (tangent delta) or dissipation
factor. However, materials are not ideal capacitors, and loss current measurements
also include a conductivity component due to displacement of charge carriers. The
conductivity, o, defined as the ratio of current density to applied field, will have both
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an ac and a dc component. Thus, an apparent dissipation factor will then take the
form of

tand = o/we’ ="/ + o4/ we’ “4)

where total conductivity 0 = 0, + 04.. At high frequencies, the component asso-
ciated with dc conductivity becomes negligible, while at very low frequencies the
losses can become dominated by dc conduction. For further information on dielec-
tric polarization and losses, the reader is directed to references by Bartnikas and
Raju. Typical electrical properties of several polymeric materials are provided in
Table 10.5, as reported by Raju. The table refers to volume resistivity, which is the
inverse of conductivity [32, 33].

Table 10.5 Typical electrical properties of several polymeric materials as reported by Raju [28]

Material Dielectric Volume Dielectric constant | Dissipation
strength resistivity -) factor
(kV/mm) (2 cm) (x107%)
Polyethylene (LDPE) 200 1016 2.3 (50-60 Hz) 2-10
2.2 (1 kHz) (50-60 Hz)
2.2 (1 MHz) 3 (1kHz)
3 (1 MHz)
Polyethylene (HDPE) 200 1010 2.35 (50-60 Hz) 2.4
2.4 (1 MHz) (50-60 Hz)
2-7 (1 MHz)
Polyethylene (XLPE) 220 1016 2.3 (1 MHz) 3 (1 MHz)
Polypropylene 200 3x101 2.27 (50-60 Hz) 3 (1 kHz)
(biaxially oriented) 2.2 (1 kHz) 3 (1 MHz)
2.2 (1 MHz)
Polytetrafluoroethylene 88-176 10'8 2.1 (50-60 Hz) 2 (50-60 Hz)
(PTFE) 2.0 (1 kHz) 1 (1 kHz)
2.0 (1 MHz) 1 (1 MHz)
Polyester (PET) 275-300 10'8 3.2 (1 kHz) 50 (1 kHz)
3.0 (1 MHz) 160 (1 MHz)
Ethylene-propylene diene | 20— 1010 2.5-3.5 (50-60 Hz) |70 (1 kHz)
rubber (EPDM)
Silicone rubber 20-30 - 2.5-3.2 (50-60 Hz) |4-25
2.5-3.2 (1 kHz) (50-60 Hz)
3.0-3.6 (1 MHz) 3-10 (1 kHz)
20-50
(1 MHz)
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5.2 Electrical Breakdown

A large air gap represents an effective insulation, and bare overhead conductors
suspended from poles or large towers serve this purpose very well. In this case, the
cables are suspended far enough away from trees, structures, and ground so that the
air is able to sustain the resulting electrical field without a breakdown. However,
aspects such as aesthetics, vegetation management, right-of-ways, power delivery
across large bodies of water, power theft and reliability in adverse weather conditions
all represent drivers for underground or submarine power cables. Such applications
require an insulating layer over the conductor which must also be able to sustain
the electric field without a breakdown throughout the expected lifetime of the cable.
Electrical breakdown of polymeric insulation is discussed in depth within [Dissado
and Fothergill], with various breakdown mechanisms identified as electrical, thermal,
electromechanical and partial discharge breakdowns. In the electronic breakdown, a
high-energy charge carrier within free volume of the dielectric is accelerated by the
applied field. The energy gained can become sufficient to damage the polymer matrix
upon charge carrier collision or to result in ejection of a number of additional charge
carriers (e.g., electrons), which themselves are accelerated due to the applied field.
The result is an electron avalanche and numerous high-energy collisions resulting in
failure of the polymer dielectric [34].

Polyethylene is recognized as having a high breakdown strength. The intrinsic
breakdown strength of polyethylene has been estimated to be above 700 kV/mm, yet
breakdown strength is reduced dramatically when practical volumes are electrically
stressed [Fischer, 1976]. Such behavior has been attributed to the presence of critical
defects and an increased probability of having a critical defect as the tested volume
is increased. The similarity in the intrinsic breakdown strength was also observed in
comparison with the peak ac to dc breakdown characteristics for a given low-density
polyethylene. In that same work, various LDPEs with different average molecular
weights were shown to exhibit an increase in breakdown strength with an increase
in average molecular weight [35].

The breakdown strength of polyethylene has been observed to increase with
increased density. This effect is consistent with free-volume breakdown mechanisms
described in Dissado and Fothergill, as an increase in density effectively reduces the
available free volume for such charge carrier acceleration. Additional aspects of
crystalline morphology as related to breakdown strength have been studied through
the use of polyethylene blends. Breakdown strength is also known to drop as the
temperature is increased, where temperature not only assists in overcoming the ener-
getic barrier to break bonds, but also contributes to the formation of more amorphous
volume as the edges of crystallites begin to melt [36, 37].

A common method of characterization of polyethylene breakdown strength or
initiation of a pre-breakdown phenomenon known as electrical treeing incorporates
the use of needle-shaped electrodes into polyethylene blocks or samples of cable
insulation. Breakdown stress has been approximated at 300 kV/mm in this manner.
Using needle tips of different radii, researchers have also found a limitation in the
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expected breakdown due to geometric stress enhancement. It was found that a needle
tip radius of less than 10 microns did not provide a further reduction in breakdown
voltage. This was considered that local field decay becomes very rapid with smaller
tip radii such that it may become more difficult to realize a critical electric field over a
critical length to sustain a breakdown event. There is also evidence of injected charge
near the needle tip which will provide effective field-screening to manage the local
field and thus limit the localized damage. The combination of a critical tip radius (~10
W) and a critical breakdown strength (~300 kV/mm) has become important elements
utilized in the estimation of a critical-sized contaminant (addressed shortly) [38, 39].

Numerous studies have considered so-called voltage stabilizers of various func-
tionalities which can be added to a polymer composition with the intent of capturing
the energy of the high electrons and transforming it into a less damaging form of
energy release. Various electron donor-acceptor structures have been studied based
upon this hot-electron mechanism with varied degrees of success. Fused aromatic
structures were found to be highly effective voltage stabilizers, yet their poor solu-
bility in polyethylene brings concern of long-term effectiveness if the additive is
fugitive. Functionalized aromatics such as alkylated pyrene and anthracene were
also explored. Acetophenone is a known voltage stabilizing additive and is also a
major by-product of the crosslinking of XLPE with dicumyl peroxide as an initiator.
However, acetophenone is volatile and will slowly evacuate from the insulation layers
of the XLPE cable, such that cable breakdown strength can be significantly reduced
after the concentration of volatile by-products are reduced via a ‘degassing’ process.
[This has raised some concern in the use of partial discharge testing as a cable manu-
facturing quality test before the cable is sufficiently ‘degassed,” as a cable defect
could be masked in the presence of acetophenone shortly after manufacturing. But
later, that same cable could be delivered for installation with much lower levels
of residual acetophenone, which enable the detection of that defect through posi-
tive partial discharge testing.] The effective voltage stabilizing nature of acetophe-
none led to further investigations of larger molecules with similar structures, such
as benzophenone and various derivatives thereof with the intent of improving the
solubility and finding a voltage stabilizing additive which was less fugitive. Voltage
stabilizers continue to be a critical area of research, but have not yet made significant
commercial impact. The benefits seen in the laboratory using highly divergent fields
from wires or needle tips do not appear to have a significant effect on a manufactured
cable [40-45].

5.3 Impact of Contaminants

While structural properties of polyethylene can impact electrical breakdown, the
practical breakdown strength of polyethylene is still found to be much lower than
the intrinsic values measured by Fischer. In order to better appreciate this, we must
consider the presence of a contaminant within the polyethylene and the impact that
it may have on the resulting breakdown strength. The properties of the insulation
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volume are no longer spatially uniform as the electrical properties of the contaminant
can be much different than that of the insulation. In this case, the relevant material
property is the permittivity, which relates the displacement field to the electrical field,
D = ¢E. The divergence of the displacement field is equal to the free charge density,
such that div D = div (¢E) = p, which is a form of Gauss’s law where the permittivity
can still vary with position. Thus, for an example domain in which there is no free
charge (p = 0), the spatial variation of the material permittivity will define the local
electrical field. If the permittivity is spatially constant, then the field takes the form
of the Laplacian, where div E = 0. But, if a contaminant of differing permittivity
exists within the domain, then large field enhancements can exist [33].

The field enhancements for contaminants of different shapes and permittivities
have been calculated in this manner. The most common models are based upon
ellipsoidal contaminant geometries. An expression for the stress enhancement as a
function of assumed ellipsoidal geometry and contaminant permittivity is provided
in Bostrom and appears to be an extension of the 1912 work of Larmor and Larmor.

sep=1- L on(3) - 2 )
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where R is the tip radius, a is the half-length of the major ellipsoidal axis, and k is the
ratio of the permittivities of the contaminant particle to the matrix (originally focused
on the impact of contaminants within the insulation). For a conductive ellipsoid, the
value of k£ will be very high, such that the third term in the expression for o will
become very small. [This equation has been reproduced here in corrected form, as a
typographical error in the placement of the parentheses was noted within Bostrom.
The corrected form above is now easily validated to yield the expected stress enhance-
ment of 3 for a high permittivity spherical contaminant, which has been published by
Bowers and Cath.] Bahder provides an alternate form for ellipsoidal contaminants
with reference to the work of Larmor and Larmor, and Malik refers to yet a third
representation with credit given to Bateman. Each of these models has been found
equivalent to the representation provided above. The calculated stress enhancement
factor for ellipsoidal contaminants of different permittivity ratios is shownin Fig. 10.5
[46-49].
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Fig. 10.5 Stress Enhancement Factor of an ellipsoidal contaminant as a function of shape and
permittivity ratio

5.4 Electrical Aging

A highinitial breakdown strength does not ensure that an insulation will sustain a high
electrical stress over the lifetime of the cable insulation. Constant stress evaluations
of time-to-failure (#) under different applied electrical fields (E) give rise to an aging
correlation which has become known as the inverse power law. A plot of log E versus
log t is found to yield a straight line (with a slop—1/n), such that the product E"¢ is
constant. Values for the lifetime exponent, n, can range from 5 to 8 for distribution
cable systems, but are typically 10—15 for XLPE insulation utilized in high-voltage
applications [50].

One can also consider the constant in the inverse power law to represent a measure
of lifetime, such that any increment of time at a given field will represent a fraction
of that lifetime (or a degree of aging). Such concepts have been applied to step-wise
or ramped stress evaluations as a means to characterize the parameters of the aging
model in a shorter duration. The use of such concepts involves the assumption that
the inverse power law is a reasonable approximation of material aging over the entire
range of stress conditions and can lead to considerable uncertainty in the resulting
estimates.

5.5 Critically Sized Contaminants

If one starts with the needle tests discussed by Ishibashi, which suggested 300 kV/mm
as a critical failure stress during 15 min time steps, the inverse power law provides
a means to define a critical stress for another duration such as that of a qualifica-
tion test or the expected cable lifetime. Additional correction factors can be applied
to account for the temperature difference between the needle tests and the cable
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operating temperature. The result is a critical stress for cable survival. One can then
assume a worst-case scenario that a contaminant could be present at the position of
highest design stress of the cable and that contaminant is of sufficient size to cause
a failure. A very high permittivity ratio, representative of a metallic contaminant,
would be consistent with the worst-case scenario. Based upon the needle tests and
demonstration of effective shielding, a tip radius of 10 microns can be assumed
to determine the dimension of this ‘critical contaminant’ according to the stress
enhancement factor described earlier.
Following the approach described by Ishibashi,

EC > Emakakmkf (8)

where E. is the critical failure stress of 300 kV/mm, E,x is the maximum design
stress of the cable construction, k7 is atemperature correction factor, k,, is a correction
according to the aging model (Ishibashi utilized n = 15 from the inverse power law
with a cable life expectation of 30 years), and & is a geometric stress enha