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SUMMARY

An ever increasing demand for the synthetic polymers and the fire hazards
associated with these polymers requires some knowledge of the processes occurring in a
fire situation and how these hazards could be at least minimised. Chapter 1 deals with
some of the processes which could occur during controlled thermal decomposition of
polymer systems. There is a brief account of the type of fire retardants, degradation in
their presence and how fire retardants can work. Since traditional halogenated fire
retardants have been proved health hazard, there are brief notes on the non-halogenated
fire retardants which are found to be effective. This chapter also includes the aim of the
present work.

Chapter 2 summarises the apparatus and experimental techniques employed in this
research. The first section describes the thermal analysis techniques while the second
summarises analytical methods used to identify the degradation products.

Characterisation and thermal degradations of low density polyethylene (LDPE),
poly(ethyl acrylate) (PEA) and ethylene ethyl acrylate (EEA) copolymer are discussed in
Chapter 3. EEA copolymer is found to be more stable than PEA but less stable than
LDPE. Thermal decomposition of EEA copolymer is found to be initiated at weak
points and the degradation products to be mainly the sum of degradation products from
LDPE and PEA. The systems are found to be more stable in an inert atmosphere than in
air because oxidation results in the formation of groups such as hydroperoxides which
lead to in the formation of ketones and peracids at lower temperatures.

Chapter 4 gives a brief account of the history of silicones, their industrial
applications and physical properties of silicon and its compounds. This chapter also
describes the work carried out on thermal degradation of silicone polymers by other
research workers. Finally, thermal degradation of polydimethylsiloxane (PDMS) with
different end groups is described. The main degradation products are found to be cyclic
siloxane oligomers, with cyclic hexamethylsiloxane being the major product. The
degradation products are formed by Si-O bond rupture but the mechanism of



degradation depends on the chain enc groups. It is also found that PDMS is more stable
in air than in an inert atmosphere. g

In Chapter 5, the thermal degradation of polyolefins in the presence of coated
CaCOj; is described. EEA copolymer is also considered with Mg(OH),, A1(OH)3, MgO,
TiO, and different sized (coated and uncoated) CaCO3. It is found that calcium
carbonate does not stabilise LDPE. CaCOj; interacts with polyolefins if polar groups are
introduced by copolymerisation. The mechanism for the formation of some degradation
products changes. It is observed that stabilisation of blends of EEA copolymer with
metal hydroxides depends on the endothermic decomposition of metal hydroxides while
Mg(OH), also interacts with the ester groups and stabilises the copolymer, hence
changes the mechanism of the degradation products. Most fillers prevent the formation

 of acids by forming ionic salts with the acid groups introduced during the decomposition

of ethyl acrylate. TiO, stabilises the copolymer initially but the degradation products are
similar to those form the pure copolymer although some degradation routes are more
favoured than the others. Stabilisation of EEA copolymer increases in air in the presence
of CaCOj since the filler possibly reacts with the acidic groups produced due to the
oxidative attack and stabilises the system.

The thermal degradation of blends of polyolefins with high molecular weight vinyl
end grouped PDMS is discussed in Chapter 6. All blends form high levels of insoluble
rubbery residues due to crosslinking introduced by radical reactions between the
components. It is observed that quantity of residue and stabilisation of polyolefins with
polar groups increases with increasing percentage content of PDMS. It has been found
that initial stabilisation of PDMS with LDPE is only shown in dynamic nitrogen
atmosphere while PDMS is stabilised under all conditions with other systems.
Decomposition of PDMS in such systems occurs after the decomposition of the organic
polymer. The mechanism of degradation changes and new siloxane products are formed
resulting mainly from the radical reactions between the components or as a result of
radical centres introduced into PDMS chains.

The influence of various inorganic fillers and some other additives on the thermal
degradation of PDMS is investigated in Chapter 7. It was observed that fillers and
additives interact with PDMS (with either end group) and result in great stabilisation of
the polymer. The interaction of the components results in the formation of rubbery,



insoluble residues while in most cases a bubble is also formed. The fillers also contribute
in stabilisation by acting as heat sirks, therefore increasing their percentage content
results in increasing the stability of the polymer. Basic inorganic fillers result in the Si-C
bond scission near the point of filler-polymer interaction due to the electron-
withdrawing effects caused by interaction. This results in the formation of new
compounds, but the main degradation products from all blends are still cyclic siloxane
oligomers. It is also found that stabilisation of the polymer is influenced by the particle
size, type and surface treatment of the filler. Fillers with smaller particle size and highly
surface treated for better dispersion, show most stabilisation. It is found that heating of
cyclic siloxane oligomers in the presence of fillers, especially in a closed system, results
in the polymerisation of these compounds so it is difficult to estimate the true quantity of
degradation products at any given temperature. It has also been found that the overall
effect for most blends represents more stabilisation in air than in inert atmosphere.

In Chapter 8 the thermal degradation of polyolefins with PDMS and CaCOj is
investigated. It is found that all polyolefins tested are stabilised mainly due to
interactions with PDMS.



CHAPTER 1

»

INTRODUCTION

Synthetic polymers in the form of rubbers, plastics and fibres have been used in
practically every possible aspect of life since the mid twentieth century and in many
applications they have partially or completely replaced the usual cellulosic materials and
metals. Their usage has been a major contribution to the wealth and comfort of modern
society. However, most synthetic polymers are basically hydrocarbon-based, and
therefore are flammable.

For certain applications, e.g. rocket propellants, the ability to undergo combustion
'is an essential requirement, but for the large majority of purposes for which polymers are
used, flammability is a serious disadvantage and severely limits their commercial
applications. These fires not only destroy property but also result in the loss of human '
life, even in quite small fires. This is mostly caused by the physidlogical effects of the fire
gases, causing lack of visibility due to the dense smoke, intoxication due to toxic fumes
and suffocation due to exhaustion of oxygen!: 2.

The Home Office report 'Fire risks of new materials, published in 19783 drew
attention to the fact that the nature of many domestic fires has changed and that now
there is a rapid growth of fire and greater smoke generation which is the cause of
considerable loss of life. This is largely due to the increased usage and fire hazards of
synthetic polymers. Governments are now introducing strict regulations about the limits
of flammability of materials of construction.

As a consequence, intensive studies have been carried out into developing flame
retardance and fire retarded polymers, although much research is still required to
understand fully the complex processes which occur in both the gaseous and condensed
phases. Controlled polymer degradation plays a major contribution in understanding the
chemical and physical properties.

1.1. POLYMER DEGRADATION
1.1.1. Introduction

Polymer degradation4'13, in general, describes various processes which may occur
in everyday use of the material at any time, depending on the particular environment and



its applications. Ultraviolet and visible radiation combined with oxidation by
atmospheric oxygen play a large part in the natural weathering and deterioration of the
polymeric material. Heat, mechanical stress, chemicals and bacteria also are the cause of
polymer degradation. Degradation of a polymer may occur while the polymer is
synthesised, processed or fabricated.

Generally, polymer degradation is considered as an unfavourable process which
should be prevented since it results in the deterioration of the characteristic properties of
the polymer. However, polymer degradation is not always a disadvantage as in many
cases it is encouraged. There are various applications for which polymer degradation is
important, for example in the medical field in biodegradable sutures in surgery and for
the controlled release of drugs!4.

These degradation processes are very complex but thermally-induced degradation
‘studies can explain the behaviour of polymers under conditions of high temperature, or
other modifying influences. Degradation mechanisms can be established when these
processes are understood, which may thus enable existing polymers to be stabilised in a
logical way and new polymers to be synthesised to meet new or existing requirements.

Polymer degradation can also be used to recover monomer. For example, almost
100% recovery of methyl methacrylate from poly(methyl methacrylate) through
depolymerisation is possible!. It is important in such cases to find the optimum
conditions for efficient reaction. Polymer degradation is also used to prepare carbon
fibres by heating polyacrylonitrile fibres to temperatures above 1500°C in an inert
atmosphere.

Studies of thermal degradation of polymers can also help to characterise their
structures by providing information on the sequence and arrangement of the repeated
units and side-groups in the polymer or copolymer chain. It can also provide information
on the nature of the chain ends, crosslinks between chains and the strength of the
various bonds within the macromolecule. The kinetics of the degradation reactions and
the effects of sample environment on the rates and products of degradation can also be
studied.

Throughout this thesis the term "polymer degradation" is used to describe all
reactions of polymers taking place under thermal conditions whether there is a net
decrease in molecular weight or not.



1.1.2.  Classification of Thermal Degradation Reactions

Polymer degradation reactions can be classified according to the main factors
responsible for the degradation e.g. photo-, thermal, biological, radiation, chemical or
mechanical degradation, but in this work only the processes taking place during
controlled thermal degradation have been investigated.

Many different kinds of degradation reactions may be induced thermally in
polymers but they can normally be divided into two distinct classes!2:

(1) depolymerisation

(ii) substituent reactions.

Depolymerisation, also known as main chain scission, can be divided further into
radical depolymerisation and non-radical depolymerisation. Depolymerisation is
characterised by the cleavage of the main polymer backbone resulting in the formation of
macroradicals -or short chain fragments of different lengths so that at any intermediate
stage the products are similar to the parent material in the sense that the monomer units
are still distinguishable. The final product may be monomer as from poly(methyl
methacrylate) or volatile chain fragments like the range of short chain alkanes and
alkenes from polyethylene. These are examples of radical depolymerisation reactions.
New type of end groups may or may not appear, depending upon the nature of the
chain-scission processes. Many depolymerisation reactions do not involve radicals.
Polyesters, polysiloxanes and polyurethanes which are important as commercial
materials undergo such depolymerisation.

Substituent reactions involve the modification or total elimination of the
substituents attached to the backbone of the polymer. These reactions occur as
dominating processes in polymer systems in which they can be initiated at temperatures
lower than that at which main chain scission takes place. In these types of reactions, the
chain structure may not be broken but the chemical nature of the repeat unit in the
polymer is changed. Typical examples are the elimination of hydrogen chloride from
poly(vinyl chloride) and cyclisation of polyacrylonitrilel®: 17. These reactions mostly
produce small volatile products which are chemically unlike the monomer. This is not
true with polyacrylonitrile, however, which begins to discolour at 150°C, due to
conjugation arising from the polymerisation of sequences of the neighbouring nitrile
groups without liberating any products.



1.2. DEGRADATION OF POLYMERS IN THE PRESENCE OF
ADDITIVES

The chemical and physical properties of polymeric materials can be modified by

adding suitable chemicals!® 19

which may affect the various stages of the burning
process in a number of different ways. Other methods can occasionally also be used to
control the rates of these stages hence alter the flammability of the polymer. However,
there is no such additive which would impart total protection from flammability and the
main aim is to reach specified levels of performance as laid down by a wide range of

standards and legislation.

Additional restrictions now have to be taken into account because of the severely
threatening hazards of the fire as mention earlier on. These hazards were previously
underestimated or neglected.

There is a wide range of fire retardants (FRs) which can be divided into two broad
classes: inorganic fillers and organic compounds. The later can be sometimes further
sub-divided into additive FRs and reactive FRs. Additive FRs are Simply mechamcally
mixed with the polymer, usually during processing, although they can also be coated on
the external surface of the polymer to form a suitable protective barrier. Reactive FRs
are chemically linked to the polymer chain in some way and form part of the polymeric
structure. This type of fire-retarded polymer is produced either by modification of the
polymer to make it thermally very stable so that its initial breakdown is prevented, or by
copolymerisation12.

Stabilisation through modification is the simplest way of making a polymer
fire-retarded. Thermally stable polymers have been developed in the past for special
applications20-25 but these materials are not easy to process and also do not possess
many of the properties required for the wide range of applications. They are also very
expensive to produce therefore as the industry point of view not profitable to process.

The most widely used approaches for fire-retardant systems depend on the use of
additives and inorganic fillers because these systems are more flexible and of general
application. Also they are useful as the initial approach for guiding the selection of
chemical structures for permanent introduction into the polymer.

Reactive FRs have advantages over additive FRs as they cannot be lost by
evaporation, since a lot of additives are considerably volatile, or by leaching with water
or other solvents during the useful life of the polymer. They are also not subject to
hydrolysis and are available to protect the polymer whenever required in the fire
situation since they will be released in the polymer simultaneously with the



decomposition of the polymer. Reactive FRs, however, need to be introduced at a much
earlier stage of manufacturing and once incorporated, form a permanent part of the

polymer structure. Therefore, they are much more likely to affect the chemical stability
of the polymer.

The introduction of additive FRs is the simplest way of making an organic polymer
less flammable because the additives can be incorporated during the final stage of
production of the finished material. The decomposition or volatilisation temperature of
an additive, however, must be carefully matched to that of the polymer so that it is
available when the polymer decomposes.

Whatever is used, the main objective is to decrease the fuel available to the fire; to
absorb heat from the flame; to reduce flame propagation; and to prevent flame reaching
the polymeric material by interposing charred or intumescent matter. However, for the
purpose of this general introduction the degradation of polymer-additive system is
reviewed in general as fire-retardant compounds mainly for polyolefins. |

1.2.1.  Fire-Retardant Compounds
1211, A General Introduction

The various commercially available fire-retardants function through a number of
different mechanisms. In order to understand these processes, it is necessary to have
some knowledge and understanding of the events which occur during the combustion of
a polymer. Polymers do not burn, it is the flammable volatile products of degradation
which do so, evolving large amounts of heat which causes further degradation and
eventually to fire. Thus the combustion of a polymer or of any solid material, can be
described by two consecutive chemical processes, decomposition and combustion.
Decomposition is normally an endothermic reaction which occurs when the solid
polymer is heated and combustible products are evolved, possibly with a non-volatile
residue or char which is sometimes called the pre-flame or cool-flame zone. These
flammable degradation products then mix with oxygen and enter the flame zone and
sustain combustion to form combustion products with simultaneous evolution of heat.
Some of this heat transfers back to the polymer surface and initiates further degradation
thus yielding more combustible products. These series of events occurring are known as
the combustion cycle and can be represented as in the Figure 1.



Polymer + Heat Thermal E ® » Degradation
A Degradation' Products
(i) Flame
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Heat Transfer
(i)

Heat + Combustion Products 4——|—

Figure 1: Diagrammatic representation of combustion cycle26,

It is clear that this cycle must be prevented to occur, at least at one or more of the
points (i), (i) and (iii) to make a polymer fire-retardant? 18, 19, This can be achieved by:

() modifying the thermal decomposition of the polymer to produce less flammable
degradation products thus reducing the amount of fuel supplied to the flame '

(i) reducing the amount of air to the flame
(iif) reducmg the supply of heat from the flame back to the decomposing polymer

The most obvious stage which can be affected by an additive is the initial thermal
decomposition of the polymer to give less combustible gaseous products. This can be
done by altering the breakdown of the polymer in such a way that either the nature or
the rate of the evolution of the gaseous decomposition products is changed.

The mechanisms by which FRs can act are:

Flame reactive products: inhibit the propagating chemical reactions which occur in the
flame. In this case a flame retardant acts simply by chemical termination in the
condensed phase of the free-radical chains by which thermal decomposition of the
polymer takes place. This is commonly known as radical quenching and organo-halogen
compounds are often used with a synergist, especially antimony oxide, for this purpose.

Gas blanketing: keeps the flammable degradation pfoducts and oxygen apart, or at
least dilutes the mixture.

Cooling: removes energy from the flame.

Char forming: creates a barrier on the solid polymer/degradation products to interrupt
the escape of volatile degradation products.



Intumescent materials: create a thermal barrier between the flame and the solid

polymer to reduce further degradation.

Melt modification: burning can be reduced by encouraging the polymer to melt and
flow away from the flame.

Many, if not most flame retardants appear to be capable of functioning
simultaneously by several different mechanisms, often depending on the nature of the
organic polymer, flame retardant and the presence of other materials, particularly
synergists. Thus it is difficult to associate a commercial fire retardant with a particular
classification by mechanism. It is therefore practical to describe flame retardants
according to chemical types with reference to the mechanisms by which they can
operate27-34,

Flame retardants may be used in combinations and their effects may be additive,
synergistic or occasionally antagonistic (smaller than additive effect). Synergism (when
the combined effect of two or more fire retardants is greater than the sum of the
individual fire-retardant effects) is important in formulating to accomplish maximum
cost-effectiveness or minimum adverse effect on physical properties of the polymer.

The major flame-retardant additives have always been six elements from Groups
I1I, V, and VII of the Periodic Table33 36, These six elements particularly associated
with the fire retardance with polymers are boron and aluminium (Group III),
phosphorus and antimony (Group V) and chlorine and bromine (Group VII). In
addition, nitrogen (Group V), which is present in significant degree in some natural and
synthetic polymers, confers some degree of flame retardance. Silicon (Group IV)
compounds are also now proved to be effective flame retardants3?> 38, Other elements
and their compounds are found to be less effective, although certain compounds of
barium and zinc, tin, molybdenum, and sulphur are useful flame retardants in some

polymers.

However, due to the awareness of regulations regarding flammability, flame
spread, toxic emissions and smoke density, the overall fire hazards associated with
halogen-based systems which are among the most widely used and effective fire
retardants at the present time are being re-examined. This has attracted research interest
towards designing and finding alternative materials for some of the above mentioned
fire-retardants. Investigations of non-halogenated additives such as Al(OH)3;, Mg(OH),
and others for use in composites with thermoplastics such as polyethylene (PE),
polypropylene (PP) and ethylene vinyl acetate (EVA) copolymers are becoming very
common3% 40, Fillers when present in considerable quantities act as heat sinks as a result



of their heat capacity and conduct heat away from the polymers. As a result polymers
may not reach at their significant decomposition temperatures.

The most important inorganic FR at present is alumina trihydrate (ATH),
Al,03.3H,0. This hydrated salt, containing some 35% by weight of water, is added as a
filler and the mechanism of flame retardance consists apparently of physical dilution of
the polymer which provides lower amounts of combustion gases on decomposition, the
filler itself acting as a heat sink. Its thermal decomposition occurs in stages between
230°C and 350°C. The strongly endothermic reaction removes heat from the
decomposing polymer (acts as heat sink) while the water vapour cools the flame and
dilutes flammable gases. It has no direct effect on the free radical mechanisms in the
flame. The other product of decomposition, alumina (Al,03), contributes bulk to the
char barrier and protects the underlying polymer. Alumina itself has for long been used
as a filler both to modify the physical properties and in certain applications to reduce the
effective cost of the synthetic polymers.

ATH is used at high loading levels, usually in products where fire retardancy and
physical properties are not critical. As a filler it also has the effect of diluting the amount
of flammable polymer available for combustion in a given volume. One of the basic
drawbacks with ATH when it comes to thermoplastics is its limitation to processing
temperatures under 200°C. However, developments in surface coatings have resulted in
ATH grades that can be compounded into polypropylene without problems from thermal
decomposition at temperatures up to 215°C. The coating is a silane-based coupling
agent that improves heat transfer through the polymer/ATH melt thus avoiding local
hot-spots that could result in decomposition. However, mechanical properties are still
found to be a problem.

Aluminium hydroxide is also a widely used fire retardant in polymers, in terms of
tonnage. Like ATH, it is a low cost product and requires very high levels of addition,
60% wt or more, to be effective. This therefore limits its use to polymers and
applications that tolerate levels of 50-200 parts per hundred parts of resin. Aluminium
hydroxide decomposes between 180-200°C with release of water vapour.

2AI0H); — 5 AlLO3; + 3H,0  -600 KJ/mol

The mechanism of action is similar to that of ATH but its low decomposition
temperature limits its usage since it can only be incorporated to polymers which are
processed below 180°C. Furthermore. under slow heat-up conditions, particularly in the



case of thin sections, water would possibly be lost before decomposition of polymer
occurs.

Magnesium hydroxide Mg(OH), is an alternative since it has greater thermal
stability and releases its bound water at about 340°C. This can overcome some of the
disadvantages of aluminium hydroxide. However, suitable grades are not as readily
available and again high loadings are required. The effects of different types of
magnesium hydroxide with different particle and crystallite sizes and different degree of
agglomeration have been studied4! with polypropylene. It was found that at least 57%
by weight of filler made the composite non-flammable but at the same time reduced its
impact and tensile yield strengths considerably. It has also been noticed that filler with
less agglomeration and with crystallite size in the range of about 2um gives better
mechanical properties for the composite. Magnesium hydroxide coated with about 3%
sodium stearate is found to give an increased melt flow and impact strength to the
composite as compared with uncoated. The mechanism of flame retardance is similar to
that of aluminium hydroxide.

Although ATH has proved itself in many systems, to achieve suitable performance
in polyolefins high loading levels are required, which can present difficulties in
processing and end-product use. ATH particles do not readily couple to or disperse in
polyolefin resins, which could lead a finished product with poor mechanical properties.
Union Carbide has produced an organosilicon material (named Ucarsil, UC) which they
claim can make possible ATH loadings as high as 70% without affecting the
performance of the product. UC fire retardant additives act by improving coupling and
dispersion in polyolefin resins and this makes the high loadings possible. These new
materials thus make easier the use of ATH in the formation of polyolefin building
products such as electrical conduit, wire insulation and jacketing and wall partiﬁons with
improved fire safety. PE flame retarded with ATH together with UC show greatly
reduced levels of smoke compared with PVC and halogen-retarded PE and better
physical properties than conventional ATH/PE systems. This new finding will satisfy the
strict demands placed on some of the applications such as on wire and cable
constructions.

UC is one of the five new materials fabricated as a result of combining silicone and
non-silicone technologies, in the form of additives, compounds and composite tapes
(mica and glass united by silicone binder resin), each fulfilling specific criteria for
satisfying established or expected safety standards42. One of these other materials is also
like UC, an extension of traditional silicone technology while the other three are
predominantly non-silicone materials.
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The silicone-based fire retardant system contains a combination of reactive silicone
polymers, a linear silicone fluid or gum and a silicone resin which is soluble in the fluid,
plus a metal soap. While a wide variety of metal soaps may be used, it has been reported
that so far magnesium stearate demonstrates the best performance. Silicones in
combination with other ingredients can be used to flame retard crosslinked polyolefins
including polyethylene for wire and cable applications37; 38, 43,

In a fire this new silicone mixture, specially tailored for thermoplastics, functions
synergistically with the magnesium stearate to produce a hard, slightly intumescent char
that insulates the remaining substrate from heat and prevents spread by eliminating
dripping. Its effectiveness is pronounced in the most severe flame tests and only a little
help is needed from decabromodiphenyloxide (DBDPO) and ATH to pass the tests.
Bromine from the DBDPO is held mostly in the char and therefore is not discharged as a
gaseous product, a conclusion supported by toxic gas analysis.

It has been shown that the silicone retardant alone raises the oxygen index to 23
volume %, while addition of DBDPO moves it to 27 volume % and better still on
addition of ATH with DBDPO it moves to 30 volume %, ATH functioning as described
before.

In addition to the three key ingredients, other special purpose ingredients may be
added to enhance specific properties including flame retardancy. These formulations,
however, do not achieve good flame retardance in uncrosslinked polyolefins.

The second product type in this group are siloxane polyimide copolymers
produced by the combination of a high temperature thermoplastic polyimide with the
thermally stable polydimethylsiloxane through copolymerisation. These non-halogen,
flame retardant materials are said to offer the possibility for the whole new family of
flame retardant products. Product data established for one thermoplastic formulation in
this silicone-polyimide group has shown excellent flame, smoke and electrical properties.
Since it is a non-halogen material, the decomposition by-products of combustion do not
contain toxic and corrosive HCI or HF gases.

Silicone rubber foam is another area of silicone technology, designed specifically
for electrical insulation, vibration damping and acoustical material with distinct flame
retardancy characteristics which is finding increasing applications. It is particularly useful
as a flame retardant cable valley and penetration seals in electric installations in building
construction, offering the advantages of light weight, simple, direct insulation and
improved flame retardancy over solid sealant materials. The greater retardancy of the
silicone foam can be graphically illustrated by comparison with polyurethane foam. The
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polyurethane foam is destroyed within seconds when burned vertically, while the silicone
foam exhibits practically no propagation. Fire retardancy of silicone rubber foam was
dramatically demonstrated in 1985 with a NASA/FAA test crash of a Boeing 720
aircraft. The entire plane cabin was destroyed in a two hour blaze while all cameras and
audio recording equipment protected with silicone foam and rigid epoxy survived. The
film and sound footage recording the occurrences inside the plane were unharmed.

Thin glass-mica tape united by silicone binder resin offers premium performance
for high temperature wire and cable insulation systems. With silicone only 10% of the
construction, the flame, smoke and toxicant levels approach non-detectable in virtually
all cases.

Crosslinked polyethylene (PE) and ethylenepropylene rubber (EPR) have been
commonly used as industrial polymers and most of the cure processes, especially for PE,
involve chemical crosslinking in the rubber state using peroxide. However, additional
benefits could be achieved by involving the grafting of an organofunctional silane onto
the polymer chain followed by its condensation reaction in the presence of moisture and
catalyst. One of the benefits is the increased stability of the polymers towards
oxidation44-46,

Synergistic combinations of fire-retardants are becoming increasingly important as
a method of modifying and extending polymer properties to satisfy commercial
requirements. It has been known for several years that small amounts of lead compounds
and silicone gum when blended into low-density crosslinked polyethylene act as a
synergistic fire retardant. Large amounts of halogenated compounds were needed in past
to achieve similar levels of fire resistance in polyethylene4?. Another advantage of this
new fire retardant is that since it is non-halogenated, it would not produce toxic and
corrosive gases on decomposition.

The demand for low-smoke, halogen-free flame retardants has also resulted in
another flame retardant called Spinflam#8. Spinflam has been designed for use with PE,
PP, and polyurethane (PU). The active component is said to be an oligomeric nitrogen
and phosphorus compound developed by Montedison, initially for in-house use in
Himont's PP. Nitrogen content varies according to gradé from 16 to 18%, while the
phosphorus content lies between 20 and 22%. It is claimed to work by producing a
tough, carbon foamed char which hinders oxygen diffusion and heat transmission to the
burning polymer. Smoke and toxic and corrosive fume emissions are said to be much
less than with typical halogenated FRs.
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Another halogen-free fire retardant system called Plasoat LSOH, based on
nitrogen compounds and other compounds, has been designed for PP. This material is
said to form a protective char between the plastic and the flame when ignited. It is
claimed that the char is self-extinguishing and gives out a very low density smoke for a
brief period.

1.3. OBJECTIVE OF THIS RESEARCH

Recently it has become a fundamental interest of the plastics industry to
investigate the fire hazards of polymers and find methods of reducing these by means of
fire retardant additives, particularly those which do not produce smoke and corrosive
and toxic gases. However, the degradation processes of polymers are very complex and
difficult to understand particularly when these degradation processes occur in oxygen.
Therefore, there is a need first to understand these degradation processes occurring in
the absence of oxygen. The comparison between the polymer degradation data and
burning behaviour in model conditions could provide the basic understanding of the
mechanisms of fire retardance processes occurring. The effects of the chemical structure
of the polymer on its thermal behaviour can be best understood by the thermal
degradation of the polymer system under vacuum conditions. The objective of this
project is to study the interaction of some fire retardant systems, particularly inorganic
fillers with certain polyolefins and polydimethylsiloxane. The research concentrates on
the investigation of the thermal decomposition of the components separately and in
mixtures with polymers, under vacuum. The purpose is a detailed analysis of volatile
degradation products of components examined separately and together, changes in the
involatile residue, both physical and chemical, and thermal stability of the polymer-
additive systems. This investigation is carried out in order to gain an insight into the
fundamental processes and thus mechanisms that operate when polymer-additive
systems are subjected to high temperature. The same systems were also studied under
nitrogen and air at atmospheric pressure by thermogravimetry for comparison.



13

CHAPTER 2

EXPERIMENTAL TECHNIQUES OF THERMAL DEGRADATION
AND METHODS OF ANALYSIS

2.1 INTRODUCTION

Earlier work carried out on the thermal degradation of polymers by various
research workers has shown that the mechanisms of thermal degradation are complex
and result in the formation of products with different characteristics. Degradation
products may be volatile at the degradation temperature but condense at or below
ambient temperature or may be too volatile to be condensable at liquid nitrogen
temperature (-196°C). There is also the possibility of reactions occurring within the

“samples being degraded, resulting in structural changes without producing any volatile

materials.

All these different kinds of reactions taking place, resulting in a wide range of
mechanisms and products, can usually only be fully understood if more than one thermal
analysis technique has been applied, especially techniques which give information on the
nature of the degradation products. This chapter outlines the various techniques applied
in this research. Thermal Volatilisation Analysis (TVA) is considered especially
important since it is one of the most flexible techniques described which allows study of
all of the products of degradation by MS, GC-MS, NMR IR and UV spectroscopy,
electron microscopy, GLC, TLC and HPLC, depending on the nature of the products
and apparatus available.

2.2. THERMAL DEGRADATION TECHNIQUES
2.2.1. Thermogravimetry

Thermogravimetry (TG), unlike TVA, displays the total weight loss of a sample on
heating either as a function of time or temperature under programmed heating.

Thermogravimetric experiments, for the purpose of this work, were carried out
using a Du Pont model 951 Thermogravimetric Analyser coupled with a model 990
Thermal Analyser. This system in addition to weight measurement, records
simultaneously the derivative of the weight loss (DTG curve). Samples (5-10 mg unless
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indicated otherwise) were heated in an aluminium sample holder at 10°C / min under a
dynamic nitrogen or air flow of 50ml / min from ambient to 650°C. The temperature-
measuring thermocouple was placed 1.0 mm from the top of the sample holder.

Throughout this thesis, the temperature at which weight loss is first detected is
termed Typget while the point when weight loss begins to fall sharply is termed
Tihreshold (Fig. 2.1). The temperature for maximum ratio of weight loss Tpax
corresponds to the maximum in the DTG curve while T5) represents the temperature at
which 50% of the sample weight is lost. The behaviour of each blend predicted,
assuming no interaction between the components, has been calculated from the TG
curves of the components and their relative amounts. These calculated TG curves are
shown for each blend in subsequent chapters.

Residual 1(:;?) t :— Experimental TG curve
weight 60 ¢ [ -~ Calculated TG curve
(%) 40 ¢ — — DTG
20 ¢ I
0 4
Temperature °c)

Fig. 2.1. TG and DTG curves showing definitions of (1) Topget, (2) Tthreshold and
(3) Tmax-

2.2.2.  Differential Scanning Calorimetry (DSC)

Differential scanning calorimetry involves the heating of a sample and an inert
reference simultaneously at a programmed heating rate. If the material undergoes any
physical (e.g. melting or transition from one crystalline form to another) or chemical
change then heat is either absorbed or evolved. This energy change of the sample would
result in a difference of temperature between the sample and the reference. The DSC
apparatus is designed such that it keeps both at the same programmed temperature by
the addition of heat to the cooler component. The energy required to keep the colder
component at the same temperature as the other, is recorded as a function of time.
Endothermic reaction results if the sample is the cooler component since extra energy is
required to keep the sample at the same temperature as the reference while reverse is
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true for the exothermic reaction. A DSC trace is in fact a plot of dH/dT versus time,
where H is the amount of heat supplied in a given time. Total amount of energy
transferred can be calculated from the area under the curve.

The instrument used for this work was a Stanton Redcroft TG-DSC 780
Differential Scanning Calorimeter. All analyses were carried out in a dynamic
atmosphere of nitrogen at a flow rate of 50ml/min from room temperature to 650°C
using 7-10mg samples. The inert reference used was similar to that which was used in
the investigated blend as filler. A typical DSC curve is shown in Fig. 2.2.

Exo A and D:- Tyax of endothermic and
B exothermic, respectively
X C
B and C:- Topget of endo- and exothermic
Endo | ,_ . A . . . . ppeaks, respectively
Temperature (°C)

Fig 2.2.  Typical DSC curve.

2.2.3.  'Thermal Volatilisation Analysis

Thermal volatilisation analysis (TVA) is a thermoanalytical technique developed
and devised in this department which has been the subject of a number of
publications#9-36 and is now a well established technique of thermal analysis.

The technique measures (as a function of time or temperature) the small pressure
increase developed due to the volatile degradation products in a continuously evacuated
system during the degradation of a polymer sample which is heated either under linear
programmed heating or isothermally. The degradation products could be either gases,
liquids or solids at room temperature and atmospheric pressure. The pressure change
which is measured by a Pirani gauge is related to the rate of volatilisation of degradation
products. The TVA trace obtained resembles a derivative TG curve but it only records
the evolution of volatile products which do not condense before reaching the gauge. A
Schematic layout of this arrangement along with subambient TVA (SATVA) is shown in
Fig. 2.3.
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C,-C4:-Sample receiving tubes or IR gas cells; P{-Ps:- Pirani gauges;

SA:- U-shaped subambient trap surrounded by 2.5 mm glass beads contained in a Pyrex
glass vessel. ‘

------ :- Section of the system used during the isolation of products by SATVA and
closed during the degradation by stopcock A,

Fig. 2.3. Parallel Limb TVA and SATVA system.

The system was evacuated such that the Pirani gauges are initially at zero response
(high vacuum, ie. 10-5 - 10-6 mm Hg). The polymer sample was then heated on a base
of a Pyrex glass tube, 12" long with a diameter of 1.5" , if degradation was carried out
below 500°C, in a Perkin Elmer F11 oven coupled with a linear temperature
programmer which allowed the sample to be heated from the room temperature to a
maximum temperature of 500°C at heating rates from 1°C to 40°C/min. The heating
assembly is shown in Fig. 2.4 (a). Degradations at higher temperatures (500-700°C)
were carried out in a silica boat inserted inside a 14" long silica tube with a diameter of
0.7" inserted in an NEF 2-1 60A Air Exchange Furnace. The sample in this case was
heated horizontally as shown in the Fig. 2.4 (b). Both ovens could be used isothermally
but in this research ovens were used almost entirely in programmed mode, using a
heating rate of 10°C/min.

Oven temperatures were measured using a chromel-alumel thermocouple, fixed
externally near the base of the degradation tube and having a 0°C (ice in water)
reference. The thermocouple and Pirani gauges were joined to an interface connected to
a BBC micro computer. The interface scales the voltage outputs from the thermocouple
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and Pirani gauges to a suitable level for the analogue to digital converter in the BBC
computer. A program then samples the voltages and stores the data for subsequent
graphical presentation. This data acquisition system was designed in the department as
an undergraduate research project by S.W. Mackay under the supervision of Dr. I.C.
McNeill and Dr. J.K. Tyler>7.

(@ A:- B19 socket joint

B:- Ground glass flange jomt connected to
vacuum system
C:- Ground glass jomnt
D:- Water cooling jacket
E:- Oven thermocouple
F:- Degradation tube
G= Oven
H:- Oven fan
- Temperature programmer

2 — I
(b) M B J:- Sample boat
| ‘ K:- Control panel

L:- Oven door
M:- Exhaust port -

Ly LS

l
G
K

Fig. 2.4. TVA heating assembly for the degradation carried out (a) below 500°C and
(b) above 500°C.

The degradation products were pumped along the TVA line and passed through
the section of the TVA tube where a cold water jacket was placed around it to trap
those degradation products which are volatile at the degradation temperature but



18

involatile at room temperature. The products collected at this point are mostly small
fragments of the polymer chain and are called 'Cold Ring Fraction' (CRF). The
degradation products which were not trapped at this temperature were then passed
through four geometrically equivalent routes to U-shaped traps at temperatures of 0°C,
-45°C, -75°C and -100°C respectively. These four routes then pass through traps at
liquid nitrogen temperature (-196°C) and any products not condensed were led to the
quadrupole mass spectrometer for MS analysis or to the vacuum pumps. These highly
volatile products such as methane, carbon monoxide and hydrogen are termed non-
condensable gaseous products. Each trap is followed by a Pirani gauge. If a compound
is volatile enough to pass through any of the traps, the Pirani gauge detects the increase
in pressure and the output is transmitted via interface to the computer where it is
recorded continuously with oven temperature as function of time or temperature. This
gives some knowledge of the volatility of the degradation products.

The degradation tubes were calibrated since due to the insulating effects of the
Pyrex glass tube, the temperature inside the tube could be slightly lower than the
outside. The calibration was carried out by inserting thermocouple inside the
degradation tube and making sure that it was in good contact with the sample. The
system was evacuated and continuously pumped to a high vacuum and then was heated

as for normal TVA conditions. The same procedure was carried out without using the
sample and it was made sure that the thermocouple was in good contact with the base of

the tube, in the case of vertical degradation, and touching the section of the tube where
the sample boat was placed, in the case of horizontal degradation. This calibration was
carried out in case the sample has some effect on the thermocouple performance during
degradation. These results were matched with those obtained with a thermocouple just
outside the degradation tube. A typical calibration curve for the Pyrex glass degradation
tube is shown in Fig. 2.5.(i) It is clear from the calibration curve that there is a 10-20°C
temperature difference inside and outside of the tube. However, the calibration curve for
the silica tube (Fig. 2.5. (ii)) shows lower temperature inside of the tube at the beginning
which gradually narrows down and after about 200°C both curves overlap. This possibly
is due to the better conducting properties of silica.

Theoretically it can be shown that same amount of volatiles passes through each of
the four routes. However, one or more degradation products may condense when they
pass through a cold trap so that the Pirani traces are often non-coincident for a mixture
of volatile degradation products.
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Polymers were examined mainly as 50 mg samples and blends as 100 mg (unless
indicated otherwise) in the TVA system under vacuum conditions as described above
and programmed with heating rate of 10°C/min.

The individual TVA traces based on the responses of the gauges after the traps
0°C, -45°C, -75°C, -100°C and -196°C, respectively were non-coincident indicating the
evolution of a mixture of degradation products of different volatilities. The values
quoted for the TVA temperatures were not corrected for temperature differential across
the tube base, therefore, in normal conditions, for a Pyrex glass TVA tube, the
temperature of the sample would be about 15-20°C less than the oven temperature
initially but the difference gradually decreases to about 8-10°C as the temperature rises
to 500°C. Degradations were carried out in a silica TVA tube if samples were degraded
up to 500°C or above. Since nearly all degradations started well after 200°C, the sample
temperature would be similar to the oven temperature. The following convention has
been used for the individual trap traces of TVA curves:

— 0°C (and colder traps if coincident).
-45°C "
—_— -75°C "
—e—  -100°C "
_____ -196°C "

2.24. The 'Sealed Tube' Degradation

Degradation products which were not condensable in liquid nitrogen under
vacuum conditions, were collected by carrying out degradation in a sealed tube similar
to that shown in Fig. 2.6. (a). The weighed sample was inserted through limb A and then
the whole system was evacuated to a pressure of 10-4 to 10-5 torr and sealed off at
point B. Limb E was then placed in an oven, modified to allow the degradation tube to
enter horizontally, at the required temperature and heating rate while limb D was
immersed in liquid nitrogen to trap degradation products leaving the hot zone.

After degradation the sealed tube and the cold trap were transferred to the vacuum
line and the tube was connected to a gas cell (Fig. 2.6. (b)) at point H through the B14
cone (K) with break seal. The whole system was then evacuated. Section I of the gas
cell was frozen with liquid nitrogen and stopcock F closed before breaking the seal using
a glass covered metal weight. The system was left in this position for some time to let an
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equilibrium be established between the two containers. Stopcock J was then closed, the
gas cell was removed from the degradation tube and the sample was analysed by IR
spectroscopy and MS. This technique is, however not suitable for quantitative purposes
since only part of the sample is collected in the cell by this method.

@ A A and K- B4 cone () A
» B:- Glass constriction
C:- Break seal
D:- Condensable product
k_c()|° mb
T << > E:- Sample limb H
F and J:- Stopcocks
G:- NaCl window J
H:- B14 socket
E I Condensable product
limb

F

Fig. 2.6. (a) Tube for closed system degradation and (b) Gas cell for collecting non-
condensable gases from the sealed tube.

2.3. SUBAMBIENT TVA (SATVA)

The volatile degradation products after degradation, other than CRF, were
separated in a continuously evacuated system by the technique called Subambient TVA
(SATVA)56, 58-60 In the TVA line (Fig 2.3) all the volatile degradation products,
trapped in the traps at 0°C to -196°C, were transferred into the subambient (SA) trap,
inserted further along the TVA line, near the vacuum pumps. This U-shaped trap is
surrounded by 2.5 mm glass beads contained in a Pyrex glass vessel. The glass vessel
itself was cooled by submerging it into the Dewar flask containing liquid nitrogen before
the degradation products were transferred into it from the other traps. The temperature
of the trap was measured by inserting a thermocouple through the glass beads such that
it touched the U-trap at the bottom.

After volatile degradation products had been transferred to the SA trap, stopcocks
A; and A4-Ag of Fig. 2.3 were all closed and stopcock at A, was opened. The traps
which were used for 0°C to -100°C now all contained liquid nitrogen. The dotted line
shown in Fig. 2.3 represents the section of the line only opened during the subambient
separation which allows the entire TVA line to be pumped continuously when stopcock
Ag was closed. Stopcock A4 was then opened to collect the first fraction of the
products. The Dewar flask containing liquid nitrogen was then removed from the SA
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trap to let it warm up at a rate determined by the thickness of the surrounding jacket. As
the trap warmed up, the most volatile condensed product distilled first and was collected
in the first trap T;. The stopcock A4 was then closed and the next one opened for the
second fraction and so on. The pressure changes associated with the distillation of the
products from SA trap to traps T;-T4 were measured by Pirani gauge Ps. Pirani
response and SA trap temperature were recorded as a function of time to give a trace
similar to that in Fig. 2.7 (a) showing at least four separable fractions. Usually liquid
fractions were collected together.

The products were then distilled from each -196°C trap to evacuated sample
collecting vessels attached to the limbs at points Cq to C4 for analysis. The collecting
vessels were usually IR gas cells (Fig. 2.7 (b) for collecting gaseous products and a
small liquid sample tube for collecting liquids.

(b) B14 cone
Pirani output (a) Stopcock
| 312
|
| NaCl window
|
.."‘::v:::‘::A', ettt C 1
1196 0 ﬁnc;er” g
Temperature (°C)

Fig 2.7 (a) Typical SATVA trace and (b) Gas cell for collecting gaseous products
**  for IR analysis.

2.4. ANALYSIS OF DEGRADATION PRODUCTS

Degradation products can be classified as:
(i) non-condensables
(ii) condensables
(iii) cold ring fraction (CRF)
(iv) involatile residue

Non-condensables (e.g. hydrogen, methane, oxygen, carbon monoxide) are those
materials which are not condensable at -196°C and can only be collected if the
degradation is carried out in a closed system61: 62, usually in a tube sealed under vacuum
as shown in Fig 2.6 (a). Volatile degradation products are then transferred into an
evacuated IR gas cell or gas sample tube for analysis. Alternatively, non-condensables
could be fed into a quadrupole mass spectrometer attached to the TVA line, as soon as
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they are produced. This method also gives information on the component formed at a
certain temperature if there is more than one non-condensable product.

Condensables are those materials which are volatile at degradation and ambient
temperature but condense at -196°C or above in a continuously pumped system. These
materials were easily separated using subambient thermal volatilisation analysis
(SATVA) by subsequent distillation into IR gas cells or liquid sample tubes attached at
points C{-C4 as shown in Fig. 2.3, thus allowing separation of up to four fractions or
products. They were then identified by using IR spectroscopy and mass spectrometry
(MS) if gases and IR spectrometry and gas chromatography-mass spectrometry (GC-
MS) if liquidsor solids at room temperature.

The cold ring fraction (CRF) is usually analysed by IR spectroscopy, GC, NMR
spectroscopy, HPLC and GLC but in the present work only IR spectroscopy, GC and
NMR spectroscopy were used.

The involatile soluble residue could be analysed by IR spectroscopy either as a film
cast on a NaCl plate or as a solution. Insoluble residues were analysed spectroscopically
as KBr disc or Nujol mull by first grinding the material as fine powder. It was also
possible to examine the residue by NMR spectroscopy if it was soluble in a suitable
solvent.

2.5. ANALYTICAL TECHNIQUES USED IN THIS RESEARCH WORK
Infrared Spectroscopy

Most of the infra red spectra for the purpose of this thesis were recorded on a
Philips PU 9800 FT-IR Spectrometer while a Perkin-Elmer Infrared Data Station 983
with PE 3600 data system and having a range of 4000-200 cm-1 was also used for
analysing residues from blends with inorganic fillers. Polymer samples, CRFs from all
degradations carried out and residues from pure degraded polymers were examined by
casting a film on a NaCl plate, from dichloromethane if the component was soluble at
room temperature or from 1-chlorobutane if it required heating. Insoluble CRFs and
residues from blends were studied as KBr discs. Most blends formed rubbery and/or
insoluble residues and were difficult to grind. Consequently, it should be kept in mind
for all blends mentioned later in various chapters that if the residue is described as
rubbery and/or insoluble then it was impossible to grind it. Therefore, possibly only
small and thin fragments/sections allowed the transmittance of light resulting in some
cases in spectra lacking in detail. The identification of degradation products from their
IR spectra was based on references63-72.



24

Elemental Analysis

Polymers, especially EEA copolymer were characterised from elemental analysis
carried out on a Carlo Erba Model 1106 Elemental Analyser. This method was found
particularly useful in calculating the proportion of ethyl acrylate (EA) units in EEA
copolymer. The percentage weight of carbon and hydrogen were calculated by this
method and percentage weight of oxygen was obtained by difference. The number of
ethyl acrylate repeat units in the polymer chain were calculated on the basis of number of
oxygen atoms in the empirical formula. The percentage content of each comonomer was
calculated by using the following equation:

% content of EA by weight = (total weight of EA units in the empirical formula x 100) /
total weight of the empirical formula

% content of ethylene by weight = 100 - % content of EA by weight

Nuclear Magnetic Resonance Spectrometry (NMR)

NMR provides a powerful tool for the compositional and structural analysis of a
component. This method can be used to provide useful information about the
distribution of monomers in a copolymer if there is at least one functional group in a
comonomer different from the other.

Spectra were obtained using either a Bruker WP 200 SY 200 MHz or a Bruker
AM 200 SY 200 MHz spectrometer.

Mass Spectrometry

The mass spectra of gaseous products including non-condensabls were obtained
using a Kratos M512 mass spectrometer in conjunction with a DS55C data system. A
Leda Mass Multiquad quadrupole mass spectrometer, coupled directly to a
TVA-SATVA system (Fig. 2.3) was also used to analyse degradation products, mainly
non-condensables, of some samples.

Gas Chromatography

CRFs and liquid fractions obtained from SATVA separation were analysed by gas
chromatography using a Hewlett-Packard 5880A Gas Chromatograph fitted with a CP
Sil 5 CB (Chrompack) fused silica capillary column (25m x 0.32mm LD. x 0.12um) and
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a flame ionisation detector. Injections were operated in split mode (50:1) and helium
was used as a camrier and make-up gas with flow rates of 2ml/min and 25mi/min,
respectively. The temperature of the column was programmed from 50°C (2 min) to
210°C (5 min) with heating rate of 5°C/min for products from SATVA separation, while
for CRF it was programmed from 80°C (2 min) to 150°C (1 min) with heating rate of
30°C/min and then to 280°C (30 min) with a heating rate of 3°C/min for CRF. The
injection port and detector temperatures were set at 20°C and 15°C, respectively lower
than the column temperature. Products were identified by comparing the retention times
to those of standards where possible but in most cases it was difficult to get the standard
compounds.

Gas Chromatography-Mass Spectrometry (GC-MS)

GC peak assignments was made mainly by obtaining mass spectra for each peak.
This was made possible by using a Hewlett-Packard 5971 mass selective detector
interfaced to a 5890 series II gas chromatograph and computer (Vectra TQ5/165). The
Gas chromatograph was equipped with a HP1 fused silica capillary column (12.5m x
0.2mm L.D. x 0.33um). Injection and temperature programming conditions were kept
similar to those described for GC above. Retention times from the total ion current and
flame ionisation detector chromatographs were in reasonable agreement. Mass spectra
were recorded in the continuous scanning mode.

Electron Microscopy

A Philips SEM 500 scanning electron microscope was used to examine the
surfaces of some of the residues while the degree of agglomeration in the fillers and
sliced thin sections after degradation up to 480°C were examined by transmission
electron microscopy with a JEOL 100C type electron microscope. Residue from blend
26 after 650°C was also examined by transmission electron microscopy.

2.6. BLEND PREPARATION

Most blends were prepared in a Brabender laboratory blender by melt
compounding at 150°C under dynamic nitrogen except for blends 15, 16, 40, 51, 52, 53,
54 and 55. Preparation for these blends is described in chapters 6 (blends 15 and 16) and
7. )
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CHAPTER 3

ETHYLENE AND ETHYL ACRYLATE COPOLYMER

3.1. INTRODUCTION

It is important as a basis to understand the thermal degradation behaviour of pure
low density polyethylene (LDPE) and poly(ethyl acrylate) (PEA) before considering the
effect of altering the chemical structure of LDPE by introducing polar ethyl acrylate
(EA) units into the polymer chain randomly. Thus initial investigations were carried out
on the thermal degradation of PE and PEA.

3.2. THERMAL DEGRADATION OF LOW DENSITY
POLYETHYLENE (LDPE)

3.2.1. Introduction

There are different types of polyethylenes: cross-linked, linear low-density,
branched low-density and high density polyethylenes. The division is somewhat arbitrary
and is based on preparation methods, physical and chemical properties, the commercial
system of naming and the uses of the polymer. Polyethylenes like other polyolefins
possess an attractive balance of chemical, electrical, thermal and mechanical properties,
therefore they have become commonly used industrial polymers.

Most LDPE homopolymer applications are packaging films which include
containers and bags for food and clothing, industrial liners, vapour barriers, agricultural
film, household products and shrink and stretch wrap film. LDPE is also the choice for
wire and cable instruction because of its superior dielectric properties and ability to be
cross-linked. High density polyethylene (HDPE) is used in thinner films, blow moulded
bottles and mouldings when stiffness is preferred over clarity. Linear LDPE (LLDPE) is
used for producing stronger films at equivalent resin density, thus reducing the raw
material cost by reducing the film thickness without compromising product strength.

PE has extremely poor adhesion properties, therefore, for many of its applications,
it needs to be improved by introduction of polar groups into the polymer chain. These
polar groups can be introduced by many means according to the chemical use of the

polymer.
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Thermal stability and degradation behaviour of PEA and PE have been studied
previously. Wall and Straus?3, studied the thermal decomposition of high-pressure
polyethylene i.e. LDPE. Oakes and Richards’4 on the other hand examined partial
degradation of branched polyethylene by infrared (IR) spectroscopy. In each case it has
been concluded that branched polyethylenes do not decompose by random chain scission
as does the linear PE. Branching introduces the presence of the more reactive tertiary
hydrogen atoms and the weaker carbon-to-carbon bonds attached to the ternary or
quaternary carbon atoms, thus these weaker bonds are ruptured first, lowering the
thermal stability. The presence of branching also increases intramolecular transfer at the
expense of intermolecular transfer, thus producing more volatile unsaturated
hydrocarbons. IR studies of partially degraded polyethylenes have indicated some
preferred rupture near the branching points of the chain?4. It has been observed that the
rate of volatilisation increases with increasing the amount of branching in the polymer
backbone. However, it was revealed that the nature of the degradation products does

not change greatly.

The thermal degradation and stability properties of PEA have been investigated by
Grassie and Speakman?3 in great detail. It has been concluded that the mechanism of
breakdown is by random chain scission and that about 50% of the volatile degradation
products consist of ethanol produced by cyclisation along the chain after polymer chain
scission.

Copolymers such as ethylene ethyl acrylate (EEA) copolymer have been the
subject of previous studies but not in detail. Barrall, Porter and Johnson?6 and
Bombaugh, Cook and Clampitt?7 investigated the products of thermal degradation of
random copolymers of ethyl acrylate and methyl acrylate respectively with ethylene. In
each case it has been concluded that the mode of degradation of random copolymer is
discernibly different from either of the homopolymers or from a block copolymer
because of the relatively isolated position of the individual comonomer units. It was also
concluded that the amount of alcohol decreases with increasing ethylene content and
that its production, at the expense of ethylene when a large amount of EEA copolymer
is pyrolysed in bulk, is possibly due to a secondary reaction between ethylene and the
residue.

In order to compare the effect of polar groups (acrylate units) and additives
(inorganic fillers, salts, acids and polymer) on the thermal degradation behaviour of EEA
copolymer as compared with the previous TVA/SATVA studies on PEA  and LDPE,
a further more detailed study has been undertaken which is reported as follows.
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3.3. EXPERIMENTAL

3.3.1. Preparation and Purification of PEA

The polymer used in the present investigation was a commercial EniChem
Elastomeri spa sample of PEA with molecular weight of over one million. This PEA was
purified by precipitation from a 3:1 solution of distilled water and methanol at 0°C. The
rubbery white material was dried in a vacuum oven at about 50°C for 3 days before
subsequent analysis. The PEA-additive blends (discussed in chapters 5, 6 and 8),
however, were made from the original polymer sample. PEA, with molecular weight of
1.47 x 106, was also prepared in the laboratory for comparison. Synthesis was carried
out as in the literature?3.

3.3.2. Source of LDPE and EEA Copolymer

LDPE and EEA copolymer were also commercial samples and were used without

purification.

3.3.3. Microanalysis

Microanalysis data for the PEA and EEA copolymer samples are shown below in
Table 3.1.

Table 3.1.  Microanalysis results for PEA and EEA copolymer.

Elements: C (%) H (%) O (%)
Laboratory prepared PEA: | Found: 60.10 8.60 31.30

Calculated: 59.97 8.07 31.96
Commercial sample of PEA: | Found: 60.16 7.97 31.87

Calculated: 59.97 8.07 31.96
EEA copolymer: Found: 81.35 13.39 5.26

The microanalysis results show that in the EEA copolymer there are about 18
units of ethylene for every ethyl acrylate unit and that ethyl acrylate comprises about
16.54 wt.% of the structure.
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3.3.4. Infrared Spectra

Infrared spectra (films cast from CH,Cly) of laboratory prepared PEA and
commercial PEA are given in Fig. 3.1. There are very small differences between the two
samples. For instance, the peaks in the region 1750-625 cm-1 are similar, only there is
some difference for the intensities of the methyl and methylene groups in the region
2980- 2860 cm-l. The IR spectra are in good agreement with those in the
literature?3, 78,

IR spectra of LDPE and EEA copolymer are shown in Fig. 3.2 (a) and (b)
respectively.

3.3.5. IHNMR Spectra

Nuclear magnetic resonance (NMR) spectroscopy, Fig. 3.3 (a), was used to
determine the stereoregularity of radically polymerised PEA. Since there is no overlap of
the ester methyl protons, triplet located at 1.18, 1.27 and 1.35 ppm, the diad tacticity of
the polymer was determined from the backbone methylene proton absorption from 1.50
to 2.30 ppm. The results show that both laboratory prepared and commercial (purified
and unpurified) samples consist of a random configuration having about 33% of isotactic
diads. Uryu, Shiroki, Okada, Hosonuma and Matsuzaki’?, using the same conditions of
polymerisation, mention 51% of isotactic diads. The results are given below:

4 3 (1) 1.20 ppm
w-CHy G @ 4.05

O¢C\ 2 1 () 224
OCHCHs (4 184and1.58

1H NMR spectrometry (Fig. 3.3 (b)) was also used to determine the relative
proportions of ethylene and ethyl acrylate units in the EEA copolymer. Results are given

-in Table 3.2.

5 4 3 4
#-CHy CHy CH CHy CHy—e

~C 2 1
0" “O-CH,~CH,
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Table 3.2. 1H result for EEA copolymer

C-H groups NMR values (ppm) Intensity Ratio
1 0.75 2.268 2.57
2 4.00 1.999 2.26
3 2.20 0.883 1.00
4 1.50 5.082 5.76
5 1.20 36.031 40.81

Since with every ethyl acrylate unit, the NMR spectrum would show similar
absorption for two methylene groups near to a methine group, one of which belongs to
an ethylene unit, it is concluded that for each EA unit, there are 18.56 ethylene units.
The 1H NMR result, therefore, agree with the microanalysis result.

3.3.6. Thermal Decomposition of PEA, LDPE and EEA Copolymer
3.3.6.1. Thermogravimetry (TG)

TG results in dynamic nitrogen and air are given in Table 3.3 (a) and (b)
respectively.

3.3.6.1.1. TG-DTG Under Nitrogen

The TG curves obtained for the PEA samples, Fig. 3.4, indicate that the weight
loss occurs almost in a single step during thermal degradation and that both laboratory
and commercial samples begin to volatilise before 300°C. The temperature of maximum
rate of evolution (Tpax) for both samples, however, is different. The laboratory
prepared sample reaches Tpyay at 392°C while the commercial sample reaches Typ,y at
425°C. The Tyax value for the laboratory prepared sample agrees within 3-8°C with
literatures?3: 78, The residue at 600°C is 2.25-6% of the total weight of the sample
degraded.

Weight loss of low density polyethylenes (LDPEs), all with different degree and
length of branching, starts at almost 387°C but all three samples show slightly different
threshold and half weight loss temperatures (Figs. 3.5 (a) - (b)), while Ty, of
LDPE:BP77 only differs 2°C from the others. The residue at 600°C for the sample
LDPE:BP77 is 1.75% while for the other LDPEs (LD5310 and LD1310) is about
0.125-0.25% of the total weight of the polymer sample degraded.
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Weight loss of the EEA copolymer starts at 350°C and reaches Ty,,x at 464°C.
The residue at 600°C is 0.9% of the total weight of the polymer sample degraded. The
TG trace is reproduced in the Fig. 3.6.

3.3.6.1.2. TG-DTG Under Air

The thermogravimetric experiments were performed for LDPE:BP77 and EEA
copolymer under an atmosphere of air for purpose of comparison with the results
obtained under nitrogen. These results show lower degradation temperatures, starting at
240°C and 237°C respectively. It was also observed that while LDPE:BP77 showed a
single stage degradation (Fig. 3.5 (b)), EEA copolymer showed a complex degradation
pattern (Fig. 3.6).

Table 3.3. (@) TG results under nitrogen

Sample Tonset Trmax Ts0 (°C) | Tstop (°C) [ % residue at
O (O 600°C

PEA¥ 300 392 378 500 6.0

PEA 300 425 407 500 2.25

PE:LD5310 387 482 465 500 0.13

PE:LD1310 387 478 460 500 0.12

LDPE:BP77 387 480 462 495 1.75

EEA Copolymer | 350 464 444 500 0.9

Table 3.3. (b) TG results under air

Sample Tonset (°C) | Tmax T50 (°C) | Tstop (°C) | % residue at
(O] 600 (°C)

LDPE:BP77 240 480 462 495 1.75

EEA copolymer | 237 464 444 500 0.9

3.3.6.2. Differential Scanning Calorimetry (DSC)

The DSC curve for EEA copolymer exhibits two endothermic transitions as shown
in Fig. 3.7. The peak temperatures occur at about 97°C and 460°C (average) and can be
assigned to melting point, Ty, and the maximum rate of degradation of the copolymer,
Tmax, respectively. The temperature for the maximum rate of degradation agrees well
with the TG results.
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3.3.6.3. Thermal Volatilisation Analysis (TVA) and SATVA Separation of
Condensable Degradation Products

PEA

The TVA curves (Fig. 3.8) of the laboratory prepared (degraded as 100 mg
sample) and commercial PEA show that each polymer starts to volatilise at about 285°C
(Tonset) and reaches maximum rate of product evolution at a temperature (Tpy,y) at
420°C and 430°C, respectively. Laboratory prepared PEA (PEA¥*) also shows a small
secondary peak at 470°C. Both samples show evidence for the evolution of non-
condensable gaseous products (degradation products not trapped at -196°C under
normal TVA conditions), identified as carbon monoxide, methane and hydrogen by the
quadrupole mass spectrometer. The data of Grassie and Speakman63: 68 do not show
the plateau region at the beginning.

The SATVA trace for the separation of the condensable volatile products'of
degradation of PEA, from either sample (Fig. 3.9), shows three peaks or three fractions.
The first fraction was identified as ethylene by IR spectroscopy from the absorption
bands at 950 cm-!, 1443 cm-1 and 1890 cm-1 and by MS from the peaks at m/e = 28
(100%) m/e = 27 and m/z at 26. The second fraction was identified as carbon dioxide
(CO,) as seen from the absorption bands at 2320 cm™! and 665 cm-1 in the IR spectrum
and from the molecular ion peak at m/e = 44 (100%) in the mass spectrum of the
fraction. Traces of ketene, as seen by a doublet in the IR spectrum at 2160 cm-1 and
2130 cm-1 and a peak in the mass spectrum at m/e = 42 are also present in the second
fraction of the SATVA separation from the degradation products of commercial PEA
and also when a large degradation sample is used in the case of PEA*. IR spectrum of
peaks 1 and 2 is given in Fig. 3.10.

Fraction 3 of degradation products from PEA was identified mainly by GC-MS
(Fig. 3.11) since IR spectroscopy only reveals the presence of the functional groups
present and not a clear identity of each product. The results for identified degradation
products from PEA are given in Table 3.4. It is shown that the major degradation
product from PEA is ethanol which amounts to almost half of the degradation products.
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Table 3.4. Mass Spectrum m/e data and assignments for Fraction 3 from SATVA
of PEA (heated up to 480°C)
Peak m/e (% abundance) Structure/Name

31(100), 45(75), 46(65), 43(55), 44(40), 42(20),
47(4)

EtOH, Ethanol

56(60), 83(55), 129(45), 156(40), 102(30),
73(20), 158(5)

2 | 55(100), 45(15), 43(15), 73(15), 99(8), 82(4), CH,=CH-CO,Et,
85(3), 100(2) Ethyl acrylate

3 | 57(100), 75(38), 74(36), 102(10) CH;3-CH,-CO,Et,

Ethyl propanoate

4 ]69(100), 41(78), 39(38), 99(30), 86(18), ' CH,=C(Me)-CO,Et,
114(10) Ethyl methacrylate

5 | 43(100), 71(95), 41(40), 88(38), 60(30), 55(25), CH;3;-CH(Me)-CO,Et,

‘| 101(5), 116(3) - Ethyl isobutyrate

6 | 55(100), 83(60), 100(22), 113(20), 54(18), MeCH=C(Me)-CO,Et,
128(15), 56(12), 69(5), Ethyl 2-propanoate,

7 | 55(100), 83(30), 54(28), 56(25), 128(10), CH,=CH(CH,),-CO,Et,
69(10), 60(5), 100(5) Ethyl 4-propanoate

8 | 41(100), 69(85), 67(76), 97(60), 112(60), Q
95(58), 55(22), 113(15), 142(10), 140(5) eo’ 0" %

af3-unsaturated, y-lactone

9 | 41(100), 67(85), 95(40), 112(50), 140(20), Q
56(26), 111(10), 97(6), e’ 0 Y%

10 | 41(100), 67(85), 95(80), 140(45), 112(40), Isomer of above
111(20), 97(8)

11 | 68(100), 41(22), 69(30), 97(25), 112(18), Unidentified

12 | 143(100), 115(80), 114(76), 87(70), 42(60), Q
55(48), 43(40), 142(30), 73(20), 144(6) EtO o

13 | 157(100), 128(95), 101(85), 55(80), 99(75), T

EtOJ:O:(O
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14 | 98(100), 99(50), 154(50), 155(49), 127(40), Me CHe
126(38), 53(25), 81(20), 69(8), 156(3), 168(1) o .

15 | 140(100), 112(80), 113(70), 111(55), 168(52), m
67(45), 169(35), 95(28), 55(20), 192(5), 196(2) EO 0"

The cold ring fraction (CRF) was a viscous yellowish brown liquid while the
residue which spreads on the bottom of the tube on melting, was brownish black. CRF
and residue were analysed by IR spectroscopy.

The IR spectrum of the CRF from PEA (Fig. 3.12), run in dichloromethane is
similar to the spectrum of the parent polymer except in the following respects:

- two shoulders around 1760 cm-! and 1801 cm-1 appear on the carbonyl peak at 1730
cm1, and the C-O stretching peak at 1165 cm~1 becomes broadened. There is also a
~weak absorption at 1630 cm™! and this absorption along with absorption at 1760 cm-1
accounts for the presence of an ofS-unsaturated 6-membered cyclic lactone. The
carbonyl peak at 1801 cm-! along with 1760 cm-1 is possibly due to the anhydride
formed from the acid groups introduced during the decomposition of ester groups. GC-
MS results, however, did not show the presence of anhydride.

- carbonyl peak and the peaks in the region 1500-1000 cm! show general broadening
which increases when degradation temperature is increased.

- there is also an absorption at 950 cm~1 not present in the parent polymer and possibly
due to C=C double bonds formed at the chain ends. However, there is not any
absorption for unsaturated C-H stretch in the 3000-3100 cm-1 region.

The IR spectrum of the residue from PEA showed following principal changes:

- the C-H stretching frequency for the methyl groups at 2980 cm™! almost disappears,
while the C-H stretching peak for the methylene groups at 2940 cm™! decreases in size
but does not disappear altogether. This would be expected if the principal degradation
reactions resulted in the removal of ethyl groups from the ester units and only the
methylene and methine groups on the polymer chain are left.

- the carbonyl peak at 1730 cm~! becomes broadened and the C-O stretch at 1166 cm™!
is hardly noticeable. The other peaks in the region 1500 cm-1-1000 cm-! either show a
general broadening or are no longer existing.

- there is a broad peak at 1620 cm™1 attributed to unsaturated C=C structure.
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LDPE

The TVA curve of the LDPE:BP77 (Fig. 3.13 (a)) shows that volatilisation starts
at about 380°C and leads to a single peak with Ty,,« at 475°C. The TV A trace after the
liquid nitrogen trap (-196°C) shows a very small rise from the baseline indicating a very
small amount of non-condensable gaseous products, identified as Hy and CH4 by the
quadrupole mass spectrometer attached to the TVA line.

The SATVA trace (Fig. 3.14 (a)) for the separation of the condensable volatile
products of degradation of LDPE:BP77 shows a very small peak at the beginning due to
ethylene and ethane and two sharp peaks after which the trace becomes broad with
poorly resolved peaks The later material was collected as one fraction. The second
fraction was shown by IR spectroscopy and MS to consist of propene and propane while
the third fraction was due to butene and butane. The final fraction was identified by
GC-MS (Fig. 3.15) and results are given in Table 3.5. It is obvious that the major
degradation products are saturated and unsaturated linear hydrocarbons while there are
branched hydrocarbons also present. ’ ' '

The CRF collected, a white solid of which some was powdery while other parts
were elastomeric like the original polymer, accounts for at least 80-90% of the total
weight loss during the degradation. The IR spectrum of the CRF (Fig. 3.16 (a)) is
similar to that of the original polymer except that it now shows absorptions for the
unsaturated C=C bonds. The residue which spreads on the bottom of the tube was also
white but was too small in quantity for analysis.

EFEA Copolymer

The EEA copolymer starts to degrade at about 350°C and reaches Tpay at
450°C. The shape of the TVA trace (Fig. 3.13 (b)) is similar to that of the TVA trace for
PEA except that it starts at a higher temperature and does not show the second
degradation peak. The presence of non-condensable gaseous products was indicated by
the rise in the trace for the -196°C trap. These gaseous products were identified as soon
as they were formed by the quadrupole mass spectrum attached to the TVA line and
were found to be mainly hydrogen and carbon monoxide with traces of methane. It was
found that degradation starts with evolution of H, and that CO is given off right through
the degradation process.

The SATVA trace (Fig. 3.14 (b)) for the separation of the condensable volatile
products of degradation of EEA copolymer showed three gaseous product peaks; and
the remaining material gave a broad, poorly resolved peak showing a number of different
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degradation products. The first peak was due to ethylene and ethane, the second peak
was identified as carbon dioxide (major) and ketene while the third peak was attributed
to propene, butene and their corresponding saturated hydrocarbons. The final fraction
was collected as a liquid and showed pale yellow and colourless layers, being yellow at
the top. The GC-MS technique was applied to identify this fourth complex mixture of
compounds; the GC-MS trace and its results are given in Fig. 3.17 and in Table 3.6,
respectively. The results show some compounds which are identical to the degradation
products of either PE or PEA while others are new.

The IR spectrum of the volatile liquid products in the gas phase showed a broad
peak at 1760 cm™!. The formation of a lactone, which would absorb at this frequency,
again could be possible if two or more ethyl acrylate units were together. However, it is
difficult to tell the presence of a lactone from the GC-MS results.

The CRF of the EEA copolymer collected was a gummy pale yellow material
while the residue was very small and almost the colour of the copolymer. Both were
analysed by IR spectroscopy (Fig. 3.16 (b)). It was obvious from the examination of the
TVA tube that the polymer spreads on the surface of the TVA tube on melting.

The IR spectrum of the CRF is similar to that of the undegraded copolymer except
for the following differences:

- there are absorptions at 990 cm-1, 965 cm-! and 910 cm-! which are characteristic for
the unsaturated group of the type RHC=CH, and absorption at 3075 cm"! confirms for

this type of group.

- there are extra absorptions for the carbonyl groups at 1708 cm™1 and 1815 cm-1.
Acrylic acid units, formed due to the decomposition of the ester units in the copolymer
chain, could account for the absorption at 1708 cm-l. The absorption at higher
frequency could be due to af3-unsaturated cyclic anhydride if the original peak at 1736
cm~! was also due to the anhydride. Also two new weak peaks in the region 1025-1030
cml, due to C-O stretching, which is characteristic of 6-membered ring anhydride
develop. However, this type of structure is only possible if two or more ethyl acrylate
units were together in the copolymer chain. Since ethyl acrylate comprises about 16
wt.% of the structure, most of these units would be isolated, but there would still be
some units together. There is also a weak absorption at 1642 cm™! possibly due to the
of3-unsaturated carbonyl compound.

- the absorptions in the region 1300 cm™1-1260 cm-! show a general decrease in

intensity.
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Fig. 3.13. TVA traces for (a) LDPE:BP77 and (b) EEA copolymer.
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- there is also an extra weak peak at 2120 cm™! and accounts for the ketene formed
during the formation of ethanol.

The IR spectrum of the residue is again similar to that of the undegraded
copolymer except that it shows absorptions for unsaturated C=C structures, the peak at
1736 cm™! disappears and a very weak peak around 1710 cm"! seems to develop. The
absorption at 2980 cm™! (C-H stretch of methyl groups) disappears. This shows
evidence of the ester group decomposition. Also the absorptions in the region 1300
cm-1 - 800 cm! decrease.

The mass spectrum of the CRF gives a base peak at m/z 43 and the highest m/z is
at 714 with six other peaks at high intensities: 69 (60.2%); 71.5 (58.5%); 83 (53.9%);
40 (41.6%); and 111 (25.0%). This type of mass spectrum is usually given by
hydrocarbons and this gives some indication that the CRF contains mainly small chain
fragments of the copolymer.

Table 3.5. Mass Spectrum m/e data and assignments for Fraction 3 from SATVA
of LDPE:BP77 (heated up to 480°C).

Scan | m/e (% abundance) Structure/Name

38 41(100), 56(95), 42(70), 55(62), 43(58), 1-Hexene
39(40), 69(30), 84(20)

40 41(100), 57(65), 69(55), 43(52), 56(50), Hexane
42(40), 39(30), 84(28), 86(5)

63 67(100), 54(68), 41(48), 82(40), 39(38), 97(2), | CH,=CH-CHg-OH
100(1) 5-Hexene-1-ol

68 41(100), 56(90), 55(75), 70(55), 42(50), 1-Heptene
39(38), 69(37), 57(30), 43(20), 98(8),

73 43(100), 41(58), 71(52), 57(51), 56(30), Heptane
70(25), 42(25), 55(18), 100(5)

113 43(100), 57(75), 85( 57), 41(55), 56(40), 2, 4-Dimethylpentane
84(30), 39(8), 100(0)

122 70(100), 55(98), 41(58), 42(35), 43(30), Heptane, 3-methylene
56(28), 39(22), 69(18), 83(10), 112(4)
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131 43(100), 41(41), 57(40), 85(39), 71(30), Octane
56(22), 70(18), 55(12), 114(3)

187 104(100), 78(99), 103(99), 51(60), 77(58), 1,3,5,7-
50(25), 52(22), 105(20), 63(18) Cyclooctatetraene

195 70(100), 55(90), 41(50), 42(25), 56(20), 1-Octene-3-one
69(18), 71(17), 97(15), 83(10), 126(3)

198 43(100), 56(99), 55(90), 41(87), 69(60), 1-Nonene
70(57), 42(42), 39(32), 57(26), 83(23), 97(20),
126(3)

208 43(100), 57(83), 41(40), 85(30), 71(26), Nonane
56(22), 55(18), 39(15), 99(5), 128(3)

267 56(100), 55(35), 41(30), 57(28), 70(20), Nonane, 5-methylene
69(19), 83(5), 97(3), 140(2)

278 55(100), 70(80), 41(58), 69(39), 56(37), | Cyclodecane
43(30), 83(22), 97(20), 111(5), 140(2)

283 56(109), 55(95), 41(90), 70(80), 43(73), 1-Decene
69(70), 57(70), 83(35), 97(20), 111(5), 140(2)

293 57(100), 43(98), 41(40), 71(39), 85(30), Decane
56(20), 55(17), 99(3), 113(2), 142(1)

335 57(100), 43(42), 71(30), 41(28), 55(19), Branched alkane
85(18), 98(12), 70(8), 126(4)

349 | 56(100), 55(45), 57(43), 41(42), 70(40), C;1Hpy, Branched alkene
43(38), 69(37), 82(9), 98(8), 112(4), 154(2)

363 55(100), 70(85), 41(75), 56(72), 69(60), 2-Decene, 8-methyl-, (Z)-
43(40), 57(37), 83(35), 97(20),<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>