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The mechanical properties, morphology, light and thermal stability 
of pure polymers (eg LDPE, PP etc) and blends of PE/PVC, PE/PP 
and PE/PS with and without additives have been studied using a variety 
of physical and chemical techniques. The change in mechanical 
properties occurring during the ultra-violet light accelerated 
weathering of these polymers and polyblends was followed by a 

viscoelastometric technique (Rheovibron), stress-strain and impact 
measurements in the solid phase at room temperature (20 + 19°C), 
The results showed that tensile strength, elongation at break, impact 

strength and tan§ (20°C) decreased with increasing PVC, PP and 
PS content. It was concluded that hydroperoxides are the most 
important initiators in normally processed polymers during the 

early stages of photo-oxidation. On exposure to uv light, the blends 
(PE/PVC, PE/PP and PE/PS) showed lower stability than pure LDPE.. 
A study of the mechanical properties during uv irradiation indicated 
that the tensile strength of the blends decreased initially but at a later 
stage increased with irradiation time. The elongation at break and 
impact strength decreased continuously with exposure time. In the 

thermal degradation of PE/PVC blends, PVC behaved as a stabiliser 
and this effect was significant at high concentrations of PVC (eg 20%). 

Blends of PE/PVC, PE/PP and PE/PS which are found in domestic 
waste exhibit poor mechanical properties due to incompatibility. 

Therefore, reprocessing of such unseparated mixtures results in 

products of little technological value. The inclusion of some 
commercial block and graft copolymers which behave as solid phase 

dispersants (SPD's) increase the toughness of the blends. . Optical and 

electron microscopy were used to study the morphology of the blends 
in order to assist in the understanding of structure/property relation- 
ships of the blends. 
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CHAPTER ONE 

GENERAL INTRODUCTION 

Plastics like other materials such as paper, glass, metal, 

wood and ceramics, once they have fulfilled their primary 

functions and are no longer required, are discarded and have 

to be disposed of in some way. Depending on the manner in 

which the waste is discarded, one can distinguish, at least 

within the context of this thesis, between'plastics waste' and 

‘plastics litter'. Whenever discarded material is treated by 

any of the approved disposal processes, such plastics discards 

represent ‘waste’. By far the largest proportion of plastics 

items which we throw away appears as waste collected with 

general domestic or urban refuse. This also applies to 

industrial rejects and discards which, if not dealt with on the 

site of their production, can not readily be collected and become 

indiscriminately deposited and randomly scattered discards. 

Irrespective of their origin, these materials constitute 'litter'. 

The disposal of solid waste, both municipal and industrial, has 

become @ vexing problem and in the recent concern for the 

environment, attention has been focussed upon plastics because 

they present a pollution problem greater than their weight 

percentag in waste would suggest. This is due to a combination 

of their volume/weight ratio, their omnipresence and their 

seemingly indestructable nature. These factors prompted a 

number of research programmes which are investigating this 

Problem from a variety of points of view. For example, 

separation into individual components, pyrolysis of mixtures 

and indirect degradation are among the methods proposed for



the disposal of waste. 

The rate of generation of solid wastes in general has been 

documented over the years. Currently about 1.69 x 10° tons 

(UK tons) 380 billion pounds (US) are collected annually by 

disposal authorities in the ust), Reports on the role of 

plastics in solid waste are less complete, with the earliest thorough 

study dating back to 196765 ), Several have appeared?” ) 

since then and it is not surprising to learn that the contribution 

of plastics is growing at a rate much faster than the overall 

growth of solid wastes. This is evident from the vigorous 

growth and product diversification exhibited by the plastics 

industry in recent years, especially in packaging. The exact 

weight percentage of plastics in solid waste is a little uncertain 

but is estimated to be about 2% currently in both the UK and usa’ : , 

A comparison of growth rates indicates that this percentage will 

increase markedly in the coming years. A particularly sobering 

finding is that in Japan,plastics comprised 7% of all solid waste 

in 1968,and the disposal of industrial waste there costs about 

$0.05 per pour ) . These facts lend considerable impetus 

to research in reuse of plastics as a means of solving certain 

disposal problems. 

Generally, recycling of the various municipal and industrial 

solid waste streams is attractive,if marketable products can be 

made from them, since it will reduce the volume of refuse that 

must be disposed of by conventional techniques. These include 

incineration and landfilling, which are already over—burdened 

in some areas, It also conserves natural resources, since: the 

Products made from the waste may be a substitute for something 

that would otherwise require the consumption of virgin ~



resources. Currently, recycling is practical to varying degrees 

for some materials, eg glass, paper, metals and rubber. 

Recycling of plastics could be accomplished in a variety of ways. 

Approaches have been considered which destroy the polymeric 

molecular structure to produce useful chemicals a: ) or 

energy? 1). The simplest sample of recycling plastics where 

the useful product is also a plastic is returnable cartons or 

bottles which may be reused in the same forms ), This is 

certainly a preferred method where applicable. However, it 

is easy to see that many uses will not permit this, particularly 

where contamination is involved. The recycling must therefore 

generally involve melt reprocessing of the plastics. For years 

the plastics industry has practical in-house reuse of scrap plastics 

generated during manufacturing operations’? 714), Numerous 

small companies in the US make a profitable business of 

dealing in scrap plastics. However, most of these efforts are 

restricted to scrap plastics of the same genetic types and 

frequently of the same grade, and the reuse of the plastics that 

might be recovered from municipal solid wastes is normally 

not considered. Consequently, these efforts make only a 

limited contribution to the general problem. 

Only a few studies aimed at recycling plastics recovered from 

Ee om aera solid wastes by reprocessing have been reporte 

implement such an approach it is generally necessary to first 

separate the plastics from the rest of the solid waste stream. 

Currently, there is no method in operation which does this for 

the general municipal solid waste; however, there are 

experimental processes in operation designed to separate 

other parts of the solid waste stream which could potentially 

¢ 1 
aid in the separation of plastics e; a Some novel approaches



for the separation of a solid waste stream into basic 
(20,21) 

components are being examined If the incentive were 

great enough, the crude technique of hand sorting could be 

employed, or if the public concern were high enough, 

segregation at source could be practiced. In the present 

study, this problem will not be considered further, since it is 

the aim here to evaluate the value of mixed plastics as a 

reusable material. Beyond the separation of 'plastics' from. 

the rest of the refuse, lie other profound problems, since the 

plastics recovered would be composed of a variety of generic 

polymer types ‘such as the polyolefins, polystyrene and poly- 

(vinyl chloride), as well as a multiplicity of grades of each of 

these polymers. It is generally known that a mixture of 

thermoplastic polymers results in a considerable down-grading 

of properties when processed compared to pure polymers. 

Separation of these waste plastics into their generic types would 

be desirable and efforts are being directed towards this 

21 
ebiective. ae Ms Further segregation into pure polyethylene 

polystyrene etc may be possible in certain cases. Evenif 

sophisticated techniques are developed for this purpose, it is 

highly unlikely that they would be 100% efficient, and thus each 

stream would still be composed of an assortment of chemical 

types with a preponderance of one. The objective of this 

research is to explore the potential for recycling without 

generic separation. The first step is to make a thorough 

determination of the properties of the blends that might be 

recovered. The second step is to investigate approaches to 

upgrade these properties and the third step is to investigate 

the effect of reprocessing on the degradation of the final 

products.



oa
 

1.1 Polymer Waste Statistics 

@2,5, 
Several studies oe) have considered the percentage of 

the total solid waste stream which may be classed generally 

as plastics. Such information is invaluable for assessing the 

overall economics but they are not very useful in the planning 

of research on recycling at this time, Of more critical concern 

is the generic breakdown, ie what fraction of the plastics segment 

is polyethylene, polystyrene, poly(vinyl chloride} etc? The 

answer to this question is also dependent on the specific 

segregation-reuse scheme considered, since certain components 

will necessarily be excluded because the segregation mechanism 

does not identify them as plastics or because the reprocessing 

scheme cannot accommodate them. Further, this breakdown 

will fluctuate both in place and in time, except for certain 

commercial wastes. Regardless of these factors, some 

characterisation of the plastics in municipal solid waste is 

desirable and numerous estimates have been published’ ?© 18,22) 

Most of these are based on an analysis of production statistics 

and end-use patterns with some limited sampling of actual 

refuse. From perusal of production figures, it is Becentatnede. 

that low density polyethylene, high impact polystyrene and 

poly(vinyl chloride) (PVC) are the main polymers used in 

domestic packaging applications. 

  

1974 1975 

Low density polyethylene 295.0 232.0 

High density polyethylene 72.0 70.0 

Poly(vinyl chloride) 58.0 48.0 

(in '000 tonnes) 

(Source: 'Packaging Review, 1976, UK).



At the present time, there is no estimate of the fraction of the 

plastic which is combined with other materials such as metal 

or paper, which would severely limit the possibility of 

reprocessing them. The character of commercial wastes is 

Peculiar to each situation. 

Within each general chemical type of plastic there are many 

variations of grades which arise from tailoring the materials 

to meet spectrum of uses. These fractions, however, are 

likely to be of some importance in plastics reprocessing and 

reuse and therefore more information is needed. For 

polyethylene, the principle factors are density, molecular 

weight,and molecular weight distribution. For the purpose of 

initial characterisation, density and melt index range are 

eo) probably adequate. An analysis of available sales statistics 

yielded the rough breakdown shown in Table 1. It reflects 

the large use of polyethylene in film and bottles. 

For poly(vinyl chloride) the major factors are molecular weight, 

copolymer versus homopolymers, plasticised versus rigid and 

the presence of impact modifiers and Processing aids. Data 

are not available to characterise fully the waste PVC. Packaging 

uses account for essentially half of the waste PVC where nearly 

comparable amounts of flexible and rigid polymers are 

employed. Much of the rigid PVC is impact modified grades. 

For polystyrene these variables are molecular weight and 

general purpose versus impact modified grades, and again 

suitable data for full characterisation of this segment of the 

waste is not readily available. Most general purpose polystyrene 

in waste appears as disposable foamed products. Probably a
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similar amount of impact modified polystyrene will also be 

Present in the waste. At this present time it is not known to 

what extent copolymers such as SAN or ABS contribute to waste 

although it is not thought to be large. 

1.2 Problems Arising in Polymer Recycling 
  

The desirability of recycling of waste is considered to bear no 

reason to doubt the economic viability. In America the 

Environmental Protection Agency (EPA), is already positively 

Promoting the recycling of town refuse and in February 1973 

the EPA,in a report presented to Conanesst | stressed the 

necessity for recycling. Part of the conclusions are quoted 

below. 

(1) In manufacturing processes using reclaimed materials 

obtained by recycling as 'raw materials', it is considered 

that, compared with the case of using virgin raw materials, 

there are generally decreases in environmental pollution, 

occurrence of waste material and consumption of energy. 

(2) Recycling is greatly influenced by economics. The cost 

of producing articles from recycled material is generally 

greater than when using virgin raw materials. Therefore, 

at present,there is only marketability when using as 'raw 

material’ town refuse which is of high quality and also easy 

to obtain. 

(3) Today technically it is possible to obtain material for 

recycling from mixed town refuse. However, since the cost 

of collection is high the recycling business is only



attractive in cities where the waste disposal cost is great, 

or in cities where a market for recycled material is in the 

close vicinity. 

(4) To obtain material for recycling from town refuse is, as 

@ general concept, the ideal solution. However, it is 

necessary to lower the equivalent manufacturing cost and 

it is necessary to improve the quality of the recycled 

material. Also it is necessary to establish an economic 

and social system which makes recycling economically 

attractive. 

Recent production figures reveal that four major thermoplastics 

(26) make up about 75 percent of the total US plastics output 

US Production Figures % 

High density polyethylene HDPE) 9.5 

Low density polyethylene (LDPE) 20.2 

Polypropylene (PP) 7.4 

Polyvinyl chloride) (PVC) 16.5 

Polystyrene (PS) 18.3 

Together these 'volume' thermoplastics accounted for 6,300 

million lbs of the urban and industrial waste mix in 1970,and 

this figure is expected to rise to 18,000 million lbs in 1980. Of 

this total,the polyolefins (LDPE, HDPE, PP) account for around 

66%, with the remaining 34% split nearly evenly between PS 

and PVC. 

It is clear then,that any large-scale attempts to recycle plastics



will have to deal mainly with the materials discussed above. 

Unfortunately, the thermodynamic incompatibility of these 

chemically different polymers results in very poor mechanical 

properties of mixtures compared to the virgin material>”), 

limiting such mixtures to a few low-grade, non-critical 

applications. 

1.8 Technical Aspects of Polymer Blends 

Some of the polymers discussed above are more important in 

industry, notably polystyrene (PS) and poly(vinyl chloride) (PVC) 

have disadvantages in use in that they are brittle and show poor 

resistance to impact. This is at present overcome by the use 

of modifiers, themselves polymers, which are blended with the 

polymer in small proportions (normally not more than 5-20%). 

These materials normally contain a polymer with a low glass 

transition temperature such as polybutadiene or copolymers of 

polybutadiene with other monomers such as styrene, acrylonitrile, 

methacrylonitrile methylmethacrylate to improve compatibility 

with the main polymer matrix. 

The simplest method involves simple mechanical blending of 

2 
the two polymeric components in the molten pistes . The 

earliest form of high impact polystyrene (HIPS) was made by 

this techniuge. 

While the impact resistance of mechanical blends is clearly 

superior to that of the parent polystyrene, they have two 

important deficiencies that cause them to be inefficient. First 

due to the high viscosity of the melts, the problem of attaining 

intimate mixing cannot be entirely overcome. As a result,the



V4 

dispersed phase maintains a relatively large particle size“), 

Secondly, the two phases are bonded together only by a weak 

Vander Waals force,so that the material as a whole exhibits 

poor cohesion. 

Still higher levels of toughness in rubber-—modified polystyrene 

can be obtained by the graft polymerisation techniques, 

which give both more intimate mixing and better interfacial 

bonding than is possible by mechanical blending. In effect, the 

efficiency of the rubbery component in toughening the matrix is 

considerably increased. In general, the graft polymers are 

Prepared by bulk polymerisation processes in which the rubber 

component is first dissolved in the styrene monomer to a level 

of 5-10% by weight. For such bulk processes, efficient mixing 

is required during polymerisation of the styrene monomer until 

the mass has a fairly high viscosity, that is, until a conversion 

of about 50% is reached (Malace and Keskkula, 19686"), 

During this time, the rubber (eg polybutadiene) while soluble in 

the pure styrene monomer, becomes insoluble as the polystyrene 

concentration increases and undergoes phase separation and 

later phase inversion, When this occurs, both polymer phases 

contain considerable quantities of styrene monomer. 

After polymerisation is complete, a complex cellular structure 

exists (Huelckand Covitch, 197108), with polystyrene in the 

continuous phase. However, the styrene monomer that remains 

within the polybutadiene phase after phase separation forms 

discontinuous droplets upon polymerisation within the polybutadiene 

phase. It is believed that most grafted polymer formed is located 

(30), at the interfacial regions of the cellular structure If mixing 

is not carried out during the early stages of polymerisation, a



gross honeycomb-like or cellular structure may result, in 

which the rubber remains as the continuous phase. This is 

true even though the rubber is present at a level of only 5-10%2"? 

A product of this type is usually softer and lower in impact 

strength than the phase-inverted materials just discussed. 

Scott and his co-workers investigated the mechanical 

properties of this copolymer and also studied the effect of uv 

light on mechanical properties of Rinse 37 

Like the rubber-polystyrene blends, ABS (acrylonitrile- 

butadiene-styrene) resins are two phase systems in which an 

elastomeric phase is finely dispersed in a glassy matrix of a 

styrene-acrylonitrile (SAN) resin. The rubbery phase usually 

consists of polybutadiene, NBR (acrylonitrile—butadiene rubber), 

or a random copolymer of styrene and butadiene (SBR),which 

may itself be modified by grafting of a third monomer (for 

example acrylonitrile) in order to alter its compatibility with 

the matrix. A wide range of resins may be produced that 

combine good resistance to heat and chemicals with ease of 

Processing, stiffness,and toughness. Indeed, the ABS resins 

are considered to be true engineering plastics, suitable for 

many applications requiring a high level of mechanical 

performance and durabitity$S> , 

The simplest type of ABS is made by mechanically blending the 

2 
two polymers** , In this case the. two copolymers always have 

a certain fraction of one monomer, styrene, in common to 

improve compatibility. 

Poly(vinyl chloride) (PVC) homopolymer is a stiff, rather 

brittle plastic with a glass transition temperature of about 80°C,
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which is somewhat more ductile than polystyrene and hence has 

somewhat improved toughness. For example, methyl 

methacrylate—butadiene-styrene (MBS) elastomers can impart ; 
45,4 
co P ABS resins impact resistance and also optical clarity 

are also frequently employed for this purpose. Another of the 

impact mechanical blends of elastomeric polymers with plastic 

resins is based on poly(vinyl chloride) as the plastic component 

and random copolymers of butadiene and acrylonitrile (AN) 

i as the eiastomen On incorporation of this elastomeric 

phase, PVC, which is ordinarily a stiff, brittle plastic, can be 

considerably toughened. A non-polar homopolymer rubber 

such as polybutadiene (PB) is incompatible with the polar PVC. 

Indeed electron microscopy-shows a well-defined two-phase 

system for simple blends of PVC with pal?®) | However, the 

introduction of a small amount of AN as a comonomer in the 

PB component results in more polar and more compatible, 

acrylonitrile-butadiene rubber. As shown by Matsuo", 

the addition of 20% AN to PB (NBR-20) causes the phase 

boundaries to become less distinct-an indication of enhanced 

compatibility. Addition of AN to a level of 40% (NBR-40) 

destroys the phase boundaries entirely, resulting in the micro- 

(28) 
heterogeneous system shown by Matsuo 

One of the typical developed polyblends is EPR (ethylene- 

Propylene rubber) with PP (polypropylene). ‘The blend is 

not a molecular dispersion; at low EP content, PP is the 

continuous phase of high crystallinity in which the EPR 

particles are embedded. As shown by the work of Onogis***9) 

in which dynamic viscoelasticity was measured as a function 

of temperature and PP-EPR blend compositions. Stress- 

strain curves as well as orientation function were studied, was
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measured and phase immersion occurs in the blend when the 

EPR content exceeds 50%. However, even at low EPR 

concentration in the system the crystallisation of polypropylene 

(PP) is influenced by the EPR content and leads to changes of 

initial Young's moduli for crystalline deformation and micro- 

scopic deformation. The lower EPR content also influences the 

temperature dependence of both the initial Young's moduli 

and the size of the supermolecular structures obtained by the 

slow and fast cooling processes in which samples were 

prepared. 

1.4 Compatibility of Polymers in Blends 

It has been found experimentally that a glass—rubber polymer 

system in which the components have such a strong affinity so 

that they are mutually soluble is of no value as high impact 

resistance plastic. On the other hand, a two polymer system in 

which the affinity of the components is so low that they cannot 

be mechanically blended in a uniform fashion are also 

worthless as impact modified plastics. An optimum 

compatibility between the phases must be achieved, great 

enough to provide necessary adhesion at the glass rubbery 

interface, yet not so great that discrete two-phase character 

is destroyed by solubility. 

In general, the change in Gibbs free energy of a mixture of 

two phase polymers at constant temperature and pressure to 

form a true molecular solution can be given by: 

AG = ArH TAS



where AH is the change of enthalpy and AS represents the 

change in entropy which occurs in the system and T is the absolute 

temperature, if AG is negative, the solution process is 

thermodynamically favoured, if positive, the two-phase system 

is stable. The change in entropy AS for a mixing process is 

always positive, since mixing is associated with increasing 

the randomness or disorder of the system. With increase 

absolute temperature, it is seen that the entropy contribution 

to the free energy change, T AS always favours the solution 

= The important point here, however, is that because 

of their high molecular weights, the entropy change which 

occurs when two polymers are mixed is quite small, orders 

of magnitude less than that for mixing equivalent masses of 

low molecular weight tiquias©°? , The enthalpy of mixing is 

a measure of the affinity of the molecules for their environment, 

so that a negative value indicates a decrease in energy of the 

system upon mixing, ie the molecules prefer the environment of 

the mixture to that in their pure state. Such a situation is 

exceedingly rare in the case of polymer molecules which almost 
1 

invariably prefer their own kinds ), 

The exception arises when there are strong hydrogen bonded 

interaction between different components. A qualitative means 

of predicting the affinities of the polymer-pairs has been 

designed in terms of easily measured properties of the 

compounds. One possibility is through the use of the 

solubility parameter ( § ) which has proved useful in the study 

of the dissolution and swelling of polymers in low molecular 

weight liquids. For non-polar liquids, the internal energy 

change upon solution is given by:



ils; 

AE = QQ, ¢ Deo §) cal/ec of solution 

where the Q, 2Q5 are the volume fractions of the components. 

Realising that amorphous polymers are essentially liquids and 

assuming that the volume change upon mixing is negligible, this 

is an expression for change in enthalpy on solution Since AH = AE 

for a constant volume, constant pressure process 2. 

Whilst not too much work has been done on the compatibility 

of the polymer-pairs alone, there has been extensive work done 

on polymer-polymer sotvent system in which the individual polymers 

are dissolved in a common solvent,and should aid the formation 

of a single phase system. In almost all cases, however, at 

polymer concentration of a few percent when initially 

homogeneous solutions are mixed, a two-phase system is formed, 

one liquid phase containing all of one polymer and the other 

layer all of the second polymer This result applies even 

when the polymer-pairs are quite similar. As predicted by 

the theory, as the molecular weight of polymers decreases and 

the AS term increases, compatibility becomes greater6>5) | 

Also as expected hydrogen bonding exerts a favourable influence 

on compatibility but even so, only a few completely soluble 

polymer-polymer solvent systems have been reported and it 

is doubtful whether they would maintain compatibility at higher 

concentrations. These facts are of interest in conjunction with 

the graft polymerisation in bulk technique. Although the initial 

rubber solution may be homogeneous, as soon as an 

appreciable amount of second component has been formed, a 

two-phase system will result. In fact it has been found that 

there is only one rubber glass pair for which adequate evidence 

has been presented to indicate complete compatibility in the



bulk phase (PVC and NBR-40 blends) compatibility is 

undoubtedly the result of the strong interaction between the 

polar-chlorides ard nitrile groups. Since true solubility will 

rarely (if eve ) be a problem, the design of successful two- 

phase impact system by means of polymer blends focusses on 

achieving the greatest compatibility or adhesion between the 

phases. The first approach to this would be to match the 

solubility parameters as closely as possible. This may be done 

by varying the proportion of a monomer common to both 

phases, but this method often presents drawbacks. For example 

@ 60/40 butadiene-styrene rubber is more compatible with 

polystyrene than a 75/25 copolymer but it has a higher glass 

transition temperature and low temperature impact resistance 

suffers. 

The most successful method of improving phase adhesion has 

been to graft glassy monomers to the rubber backbone. The 

grafted material is quite compatible with the surrounding glass 

phase and is chemically bound to the rubber resulting in 

excellent adhesion and improved impact strength. 

It has been reported that cross-linking of the rubber phase 

improves impact strength. Although it does improve melt 

processability, reasons for the impact improvement are not 

clear unless the polymers were soluble to begin with. 

Cross-linking the rubber would eliminate this solubility and 

also eliminates this viscose flow which might aid in the 

initiation of drawing.



1.5 The Effect of Compatibility on Transition Behaviour 

Another technique which has recently been used to study the 

two-phase polymer system is dynamic mechanical eee 

Basically, it consists of subjecting a sample to an oscillating 

stress (or strain) and measuring the resulting strain (or 

stress) as a function of frequency (time) and/or temperature. 

Two fundamental quantities are obtained from this test: 

(i) a storage modulus E' which is a measure of the amount of 

applied energy stored in the material elastically, and 

Gi) loss modulus or damping decrement E" which is a 

measure of the amount of applied energy dissipated by 

materials as heat. 

Such time or temperature dependent quantities in the case of 

polymer blends yield particular information about compatibility 

of two phase polymers. For incompatible polymer pairs, each 

polymer exhibits its own characteristic glass transition 

temperature. A good example of this case is PVC/PBD 

polymer blends (Fig 1.5.3). The Tg for the PBD is observed 

at temperatures in the range of -100°C depending on PBD 

concentration. While only a slight decrease in €' can be 

observed in this temperature range, the value of €&" exhibits 

distinct peaks with temperature increase when PBD is present. 

On the other hand, at 480°C the continuous phase PVC undergoes 

its Tg resulting in a much larger change in &' the material 

which softens from a plastic to viscoelastic mass and €" 

exhibits a separate loss peak. Similarly, in the blends of 

PVC and NBR-20 (Fig 1.5.2),the presence of an E" peak
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corresponding to the Tg of NBR-20 at -40°C is evident; however, 

its upper tail overlaps with that of the PVC transition. This 

could indicate that although the rubber phase exists independently 

in this semi-compatible system, the interaction between the 

two phases is marked, The values of Ee: do not exhibit two 

transition; instead the glass transition is broadened and 

shifted to lower temperatures. 

The PVC and NBR-40 systems show a third distinct type of 

behaviour somewhat reminiscent of the behaviour of random 

copolymer compositions (Fig 1.5.1). Values of 6' exhibit 

only one transition, which systematically moves down the 

temperature scale as the NBR-40 content is increased. 

Further the glass transition for the NBR-40 blends assumes 

a sharpness characteristic of homopolymers or random 

copolymers. Clearly an increase in the AN content of NBR 

results in an increased compatibility with PVC. 

Idealising the above somewhat, it can be said that a blend of 

two incompatible homopolymers results in two sharply 

defined phases, each with its own glass transition temperature. 

As the two polymers attract each other more (but remain 

incompatible) so that extensive mixing is obtained, the two 

glass transitions shift inward towards each other and broaden. 

A point is reached where one very broad transition is noted, 

which may span the temperature range between two components. 

On.the other hand, if the mixing is complete on the molecular 

level and a true solution is formed, the single glass transition 

tends to revert to a narrow transition again, at a temperature 

controlled by the weight fraction of the components.
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While most polymer pains exhibit pronounced incompatibility, 

several important pairs are apparently either compatible or 

Reshiye ce (see Tables 2 and 8). 

1.6 Mechanical Properties of Polymers and Polyblends 

The mechanical properties of polymers are of interest in any 

applications where they are used as a structural material. 

Changes in mechanical properties provide information as to the 

useful service life of polymers. They are also important, 

however, because they show how mechanical behaviour is 

related to different physical structures that may be produced 

under varying conditions. 

Thermoptastics are viscoelastic materials whose properties are 

very dependent on temperature. Their behaviour depends on 

the relative values of the viscous and elastic components of 

the dynamic mechanical spectrum. On the application of stress 

there follows: 

(a) an instantaneous elastic deformation (owing to the bending 

and stretching of primary valence bonds), 

(b) a retarded,and recoverable,elastic deformation (owing to 

the molecular confi guration moving to the new based 

equilibrium associated with an elongated or orientated 

stressed state), 

(c) an irrecoverable deformation (owing to polymer chains on 

segments slipping past one another).
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These effects can be shown diagrammatically by showing the 

variation of strain with time when a stress is applied and then 

removed (Fig 1.6.1). 

A number of mechanical tests may be used to study visco- 

60 r rs 
elastic Pasteriete >, The most important tests include creep, 

stress-relaxation, stress-strain (tensile test),and dynamic 

mechanical behaviour. 

For creep measurements, a load is applied to a test specimen 

and its length is measured as a function of time. In stress— 

relaxation measurements, the test specimen is rapidly 

stretched to a given value and the force required to hold the 

length constant is measured as a function of time. 

Tensile tests, are made by stretching the sample at a constant 

rate of elongation until failure occurs. The stress is gradually 

built up until the specimen either breaks or yields. From the 

stress-strain curve one can calculate a modulus (ratio of 

stress/strain over the initial part of the curve at low strains), 

the ultimate elongation and the breaking on ultimate tensile 

strength of the material. The stress-strain curve also indicates 

eer The whether a material is brittle or ductile in nature 

types of stress-strain curves obtained with polymers are often 

divided into five classes. These classes are: soft-weak, 

hard-brittle, soft-tough, hard-strong and hard-tough. The 

various types are illustrated in Fig 1.6.2. If the rate of strain 

is very high, this type of test becomes similar to an impact 

test which measures toughness or energy required to break 

the test specimens. The area under a stress-strain curve is 

proportional to the energy absorbed in breaking the material.
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Fig 1.6.1 Variation of strain with time 
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The speed at which test pieces are stressed is important, since 

their mechanical properties are time-dependent by virtue of their 

long chain structure. At very slow speeds, molecules will tend 

to slip past each other and the magnitude of the force between 

the molecules. At very high speeds however there will be no 

time for the molecules to move relative to one another and the 

specimen will break only when the individual molecular chains 

are broken. The tensile stress will generally be higher in the 

latter case. 

Brittle materials have low toughness while ductile materials 

with cold drawing are very tough because of the large elongation 

to break. Two phase polymeric systems such as polyblends 

and block copolymers are important for their stress-strain 

behaviour in at least two major areas of application: 

(1A) where high toughness and elongation at break is required 

a rubbery phase is added to a brittle polymer; and 

(2A) where an increase in tensile strength and reduced 

tendancy to flow is required a rigid phase (often as part 

of a block polymer) is added toa rubber“ 8289 | 

Fig 1.6.3 illustrates the usual changes in stress-strain curve 

on adding increasing amounts of the rubber phase to a brittle 

polymer such as polystyrene. The same general trends are 

found with polyblends, block polymers and graft polymers in the 

temperature interval between the glass transition temperature 

of the two components. Small amounts of rubber produce a 

rigid material which has a yield point and shows necking or 

cold-drawing. The yielding phenomenon is largely the result of
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crazing or breaking up of the rigid continuous phase oo-89) | 

Large amounts of rubber produced indistinct yield points with 

uniform elongation. High elongation is generally the result of 

the rubbery phase being the continuous phase. Crazing may 

still occur, but it is more likely that cavitation occurs with the 

production of voids resulting from phase separation at the 

rubber-rigid polymer interface. 

There are also other types of polyblends such as mixtures of two 

2 9.1 
autigces © peo) in which the components are less miscible 

(92-95) 
to form one phase systems and mixtures of rubbers 

and crystalline polymers whose Tg is below room fences aa 

Such polyblends generally behave as rubbers or crystalline 

polymers with a reduced degree of crystallinies >. 

Most commercial high-impact polymers, including ABS 

polymers, are complex polyblends of a rigid polymer with a 

rubbery graft polymer“ omicay The grafted chains or the 

rubber are similar to the matrix, and these grafted chains 

Promote good adhesion between the phases. Good adhesion 

is one of the requirements for a tough polymer with high 

impact strength(2o-29) | 

‘The properties of block polymers have been reviewed by Estes, 

y! 03) (104) 
Cooper,and Tabolsk and by Aggarwal .» There area 

number of other papers which discuss the stress-strain 

1 
properties of block polymers a2 oc? 05). Graft polymers 

have been reviewed by Battaerd and “jeeqears 9.
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Fig 1.6.3 Typical stress-strain behaviour of polyblends of a 

rubber in a brittle polymer (numbers refer to the 

approximate percent of rubber in the polyblends) 
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Fig 1.6.1.1 Typical dynamic mechanical behaviour -vs- temperature 
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1.6.1 Dynamic Mechanical Properties of Polymers and Polyblends 
  

(60) 
Nielsen shows a typical graph of dynamic mechanical 

Properties -vs- temperature for an amorphous uncross-linked 

polymer (Fig 1.6.1.1). 

It can be seen that initially the modulus decreases very slowly 

as the temperature increases until in the region of the glass 

transition the modulus decreases by a factor of about a thousand 

in a short temperature interval. The modulus takes another 

drop at still higher temperatures due to the increasing role of 

viscous flow. The damping goes through a maximum and then 

a minimum as the temperature is raised. In the transition 

region the damping is high because some of the molecular 

chain segments are free to move while others are not. Below 

and above the glass transition, the chain segments are frozen 

and free to move respectively and both states can store energy 

without dissipating it into heat. 

Cross-linking has a dramatic effect on the dynamic mechanical 

properties over Tg. The vulcanised rubbers are typical of 

relatively low degrees of cross-linking. If the frequency of the 

test is too high, the modulus does not reach an equilibrium 

value and the expected increase in modulus with degree of 

cross-linking becomes partly obscured by entanglements and 

imperfections such as trapped entanglements on pendant 

(107, 108) 
cross-linked structures However, the damping is 

Se ae = (109-111) 
@ sensitive indication of cross-linking . At temperatures 

well above Tg, the damping decreases with increasing degree 

of cross-linking as illustrated in Fig 1.6.1.2 where the swelling 

ratio is an inverse function of the degree of cross-linking.
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Damping (logarithmic decrement) at 50°C a function of the 

Swelling ratio for cross-linking SBR rubber. Benzene was the 

solvent for the swelling tests(O>), 

Crystalline polymers generally show more complex dynamic 

mechanical behaviour than do amorphous polymers. 

Crystalline polymers always have a glass transition and 

generally at least one or two secondary transitions. There 

may also be transitions within the crystalline phase. In 

addition according to Nielsen, the mechanical properties are 

strongly dependent upon the degree of crystallinity, the size 

of the crystallities and the melting of the crystallities. The 

modulus decreases as the crystallinity decreases. Crystallities 

containing short chain sequences of polymer melt before 

crystallies which contain long chain sequences. Thus, small 

and imperfect crystallities melt at a lower temperature than large 

and more perfect crystallities. For this reason, the 

temperature dependence of the modulus above the glass 

transition temperature gives an estimate of the distribution of 

crystallities size. The difference between a highly crystalline 

isotactic polypropylene and a slightly crystalline nearly atactic 

one, is illustrated in Fig 1.6.1.8. The high crystallinity of 

the isotactic polymer is reflected in its high modulus. The 

small size or imperfections of the crystallities in the nearly 

atactic material is partly responsible for its low melting 

point. Increasing crystallinity shifts the main damping peak 

to a higher temperature. 

The damping above Tg is also strongly dependent upon molecular 

weight as illustrated in Fig 1.6.1.4. The value of the damping 

at the minimum above Tg decreases as the molecular weight
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Fig 1.6.1.2 Damping (logarithmic decrement) at 50°C as a function 

of the swelling ratio for cross-linked SBR rubber. 

Benzene was the solvent for the swelling tests(60) 
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, (112-115) 
increases . The minimum occurs near the mid-point 

of the rubbery plateau region where the modulus curve has an 

inflection point. In contrast to what might be expected, Cox, 

Isaksen and Merz‘! me) found that the damping is a function of 

the number average molecular weight rather than the weight 

average molecular weight. They also found that the valley 

around the minimum in damping broadened as the ratio of the 

weight to number average molecular weight increased. 

116: 
However, Oyanogi and FerryS Ftound that the minimum was 

relatively insensitive to very low molecular weight polymer. 

Marvin® =>) developed a theory and predicted that: 

9 ie 2Me,0.80 Be Ge 
n 

9 

; « Byok 
(6% 6’ resfats ( Imercqimerrg modules awl reecl Modules Rape oh) 

where Me is the molecular weight entanglement as determined 

from the equation for the kinetic theory of rubber elasticity. 

The factor should be omitted if Me is determined from the 

break in log viscosity versus molecular weight curve. 

Dynamic mechanical measurements have been widely used to 

study the thermo-mechanical properties of polymers and 

polyblend CSOD 

degradation: mes 129 

changes during oxidative 

and to study the curing of resins f20y but 

little literature information is available on the change in 

dynamic mechanical properties of polymers during uv 

irradiation. Scott and co-workers‘ ‘187129 studied the changes 

in dynamic mechanical properties of some commercial 

polyblends such as HIPS (high impact polystyrene) and ABS 

during uv and thermal oxidation. They also attempted to



Fig 1.6.1.4 Damping versus temperature for a polymer of three 

different molecular weights 
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improve those changes in dynamic mechanical properties by 

adding different stabilise pees eo 

Many instrumental techniques have been developed to determine 

the dynamic mechanical properties of polymers. Details were 

reported in the literature OO), The choice of instrument for a 

particular polymer system is judged by the initial physical state 

of the polymer (eg glass or rubber) size and shape of the 

specimen, experimental conditions used. It also depends on 

which of the variable parameters such as temperature, 

frequency etc are to be followed. Torsional braid analysis 

(TBA) has been used for studying cross-linking reactions in 

Mees oae) which has been 

(237) 

polymers by Gillham and Lewis 

further modified by Plant and Scott to follow the thermal 

degradation of polypropylene both during processing and on 

accelerated oven ageing. 

1.7 Microscopy 

This is a powerful tool for visually studying the distribution of 

the two phases in the polyblend. One can tell not only the 

domain size of the dispersed phase but also which polymer 

forms the dispersed phase from refractive index. A phase 

contrast light microscope can detect heterogeneity at the 

0.2-10¥ level. If the sample can be stained preferentially and 

sectioned with micro tome, then under favourable conditions 

electron microscopy can show heterogeneity on the fine 

microscopic scale. Ina study of PVC-poly(butadiene-co- 

ao showed that acrylonitrile) blends, Matsuo, Nozaki and Jyo 

heterogeneity at 100 R scale and finer can be detected readily. 

Thus, microscopy can offer a measure of heterogeneity down
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to 0.01f which is much smaller than the domain size of most 

polyblends. Results of microscopy have established 

convincingly that nearly all polybiends are heterogeneous two- 

phase systems. A major problem is to interpret the results 

since heterogeneityas revealed by microscopy is a relative 

Property. If compatibility is used in a qualitative sense, a 

polyblend with a fine domain size will be more compatible than 

one with a larger domain size provided equilibrium size 

distribution has been attained in both cases. 

Of the methods listed, glass transition temperature, dynamic 

mechanical measurements and microscopy undoubtedly give 

the most useful information on the compatibility of polyblends. 

Phenomenologically, compatibility can best be described by 

the degree of homogeneity of the polyblend as measured and 

compared by the domain size of the dispersed phase. The 

finer the distribution of the dispersed phase in the continuous 

phase, the better will be the compatibility. Since the fineness 

of a dispersion is relative, compatibility will also be a 

relative and not an absolute attribute of the polyblend systems, 

As in the case of small molecules, if two polymers have a 

strong affinity for each other owing to strong intermolecular 

interaction, they will mix more intimately. In other words, 

compatibility is a relative measure of the affinity of two 

polymers for each other. Shut212©) has reviewed rigorously 

the thermodynamienature of this interaction. We can 

generalise that where two polymers show strong affinity for 

each other, they can be dispersed to small domain size and 

, the smaller the domain size the more compatible the system.
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CHAPTER TWO 

DEGRADATION OF POLYMERS AND POLYMER BLENDS 
  

The first important publication concerned with the weathering 

of a commercial high polymer appeared in the Journal of the 

Chemical Society for 1861, when A.W.Hoffman reported upon 

his examination of the quitta percha covering of cable used in 

the construction of the East Indian Telegraphs which had 

deteriorated rapidly after installation, involving a substantial 

financial loss, . The history of synthetic plastics is 

usually accepted as dating from the following year when 

Alexander Parks presented his plasticised nitrocellulose, 

later known as Parkesine, at the Great International 

Exhibition. Hoffman's earlier work on the naturally occurring 

materials did illustrate a number of fundamental facts which 

are quite generally true of the modern synthetic plastics as 

well as of the naturally occurring high polymers. His work 

showed, for example, that deterioration could be associated 

with the absorption of oxygen and that it is accelerated by heat 

and also by light. As a result of these chemical changes, such 

effects as discolouration, surface cracking and deterioration of 

mechanical and electrical properties are manifested. Surface 

cracking or embrittlement can lead to drastic reduction in 

toughness, tensile strength and ultimately to mechanical 

failure. 

The important accelerating environmental influences apart 

from oxygen which are deleterious to polymer stability are 

heat, light, contamination by metal irons, ozone and 
(127) 

mechanical deformation .
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The absorption of several types of energy by polymers initiates 

or accelerates those chemical reactions responsible for 

deterioration. Various forms of radiation and mechanical 

stress contribute to polymer failure. Acceleration of 

deterioration by heat is a general phenomenon responsible for 

the degradation of polymers both in the presence and absence 

of chemical reactants. Ultra-violet radiation initiates the 

deterioration of many polymers and mechanical stress also 

contributes to failure, particularly in combination with thermal 

energy during processing or fabrication. 

Deterioration of polymers takes place in two phases of their 

tre, Firstly, during fabrication, in processes like 

moulding and extruding into the form in which it is to be used. 

This period is characterised by exposure to relatively high 

temperatures over short intervals of time. Deterioration of 

some polymers can and probably does occur even during 

synthesis but protection at this stage is generally impractical, 

since stabilisers that inhibit deterioration usually retard 

polymerisation, Conditions encountered during fabrication 

can be extreme, both in temperature and in mechanical 

stress. Sensitising groups are often introduced into small 

fraction of the total number of molecules, and their trace 

impurities can accelerate deterioration of the polymer during 

its service life. 

Secondly, during the subsequent useful life of the fabricated 

article, it is usually subjected more or less continously to air 

and light and oxidative and photodegradative processes are 

therefore most important. During this period the polymer is 

exposed to conditions of actual use and deterioration is more
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gradual. Exposure conditions usually vary in cycles in contrast 

to the more constant conditions of fabrication. This phase 

also includes storage. In many applications polymers may be 

stored at temperatures above those encountered during the 

service life. Also, ona time scale, storage can be significant 

portion of the overall life of a polymer. Although temperature 

and mechanical stress are usually lower during ageing than 

during fabrication, the time of exposure is much longer and 

failure usually occurs during this period. 

Although the energy distribution in the solar spectrum in space 

(1293150) extends to wave length below 200 nm almost all the 

radiation of wavelength less than 280 nm is absorbed in the 

earth's atmosphere; therefore very little of the shorter wave 

length radiation reaches the earth's eunrace, Soiet)s Most of 

the absorption at the shorter wavelength is caused by a layer 

of ozone which exists at higher altitudes. Therefore only 

light having a wavelength exceeding 290 nm reaches the earth 

surface. The energy distribution of solar radiation as a 

function of wavelength (A ) is shown in Fig See). Curve 

(A) represents the energy which would reach an object on the 

surface of the earth if there were no atmosphere to absorb 

part of the radiation. Curves @®) and (C) represent the energy 

distribution reaching the earth after passing through the 

atmosphere at high noon when the angle of the sunis 30° to the 

horizontal respectively. It is readily apparent that no 

radiation with a wavelength shorter than 2900 A is transmitted 

by the atmosphere. Fig 2.B shows the proportion of the 

suns total energy greater than hc/v is plotted as a function of 

E, . Values of the strength of several chemical bonds are 

included for reference. It is evident from the figure that although
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over. half of -the suns radiation has sufficient energy to break 

weak bondssuch as the O-O in a peroxide or N-N bond, very 

little of the total radiation is sufficiently energetic to break 

strong bonds such as the C-C bond and none is expected to 

break strong bonds such as C-H, O-H, C=C and C=O which 

have energies greater than 100 Kcal/mole. Therefore pure 

polyolefins containing only C-C and C-H bonds are not 

expected to show any uv ebsonotion aes Consequently, 

they should not be affected by sunlight when exposed to the 

atmosphere. The fact that free radicals are formed and 

photodegradation reactions occur after irradiation of 

polyolefins with uv light in the wavelength range 290-350 nm 

which constitutes about 5% of the total solar radiation reaching 

the earth's surface indicates that some kind of chromophores 

must be present in these polymers. Presumably these are 

introduced during polymerisation and processing resulting in 

light absorption by the polymer which may initiate photochemical 

reactions. 

The most important chromophoric groups and impurities which 

can initiate photochemical reactions are believed to be hydro- 

peroxide and carbonyl groups formed during processing. Other 

agents which may photo-sensitise polymers include aromatic 

compounds absorbed from the urban atmosphere, metallic 

impurities during polymerisation and processing and oxygen 

polymer charge transfer complexes with the polymer. 

2.1 Photo-initiation 

(1) Initiation due to the metal impurities: The polyolefins 

obtained by polymerisation in the presence of Ziegler—Natta
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catalysts always contain transition metal (eg titanium) 

residues, which cannot easily be removed. The 

concentration of such metal impurities (generally <50 

ppm) and their nature generally depend on the purification 

process. 

(135,136) 
It is well known that transition metal ions act as 

sensitisers promoting the photo-oxidation of polyolefins. 

Japanese aurnors ) have recently found that the 

degradation of polypropylene induced by uv light (8650,2537, 

1800 Ay depends on the oxygen concentration and on the 

residues of the polymerisation catalyst. They concluded 

that photo-oxidation in an oxygen atmosphere is sensitised 

by metallic iron catalyst residues. 

The available data suggests that the transition metal 

compounds extend their sensitising action by uv light 

absorption and the generation of free radicals that initiate 

photo-oxidation. Electronic transitions, constituted by 

electron transfer from one ion to another (or to the solvent) 

are responsible for most inorganic photochemical 

reactions“! 38) . 

Initiation due to oxidation products of polyolefins: A large 

amount of the uv light absorbed by the polyolefins between 

800 and 340 nm is commonly attributed to absorption by 

peroxidic groups and by two types of carbonyl access ae 

These groups are introduced into the polymer by air 

oxidation during polymerisation, or processing (moulding, 

extrusion, spinning etc) or by very slow metal catalysed 

(141,142) 
oxidation at room temperature Also
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copolymerisation with carbon monoxide during the 

Preparation of the polyolefins has been Beene as 

@ source of carbonyl groups in the polymer. Therefore, 

the primary photochemical reactions in polymers may be 

understood only when the effect of light on the carbonyl and 

hydroperoxidic groups is known, also how such an effect 

depends on the chemical and physical nature of the 

medium. 

Initiation due to hydroperoxidic groups: Alkyl 

hydroperoxides show the maximum of the first absorption 

band in the 200 nm region,but the :tail of the band extends 

to about 820 nm. Therefore, they can absorb a part of 

the sunlight that reaches the earth ( 2 300 nm). 

Thus light absorption by peroxides is due to transitions that 

Probably involve the two chosen lying levels nen ab 6 P25 

reflected in the absorption shift to the longer Wavelengths"), 

Therefore the sunlight they absorb breaks the O-O bonds 

and created the two radicals according to the schemes'“4) 

ROOK as RO: + OH 

The quantum efficiency for this reaction is found to be 
i 4 

near unity‘ ee 

Carisson and Wiles“ a3 studied the photolysis of 

polypropylene hydroperoxide generated by prior thermal 

oxidation of the polymer. These workers found a quantum 

efficiency of about four for hydroperoxide photolysis in 

polypropylene. Theypostulated that photolysis of tertiary
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hydroperoxides present in the polymer is a key step in 

the photodegradation mechanism. Their postulation of 

hydroperoxide initiated photodegradation of polypropylene 
. ._(147b ) 

was later supported by evidence from ESR studies . 

148-152 
According to Scott and co-workers* ) the hydro- 

peroxides formed during processing are the main 

photo-initiators in the early stages of photo-oxidation of 

commercial polyolefins. The initial photo-oxidation rate 

of polyolefins is found to be directly proportional to the 

hydroperoxide concentration in the polymer formed during 

Processing. Scott also concludes that the hydroperoxides 

formed during thermal processing of polyolefins are the 

precursors to carbonyl formation, When carbonyl compounds 

are formed by thermolysis or photolysis of hydroperoxides, 

they take part in the later stage of photo-oxidation. 

Initiation due to carbonyl groups: Aliphatic ketones and 

aldehydes show in the near uv a relatively weak absorption 

band with a peak around 280 nm and with tails that extend 

beyond the region of 300 nm as far as 320-330 nm for the 

ketones and 340-343 nm for the aldehydes (eg the molar 

extinction coefficient at 313 nm of diethylketone in 

isoctane is 2.07). This absorption is due to a forbidden 

singlet-singlet transition, involving the promotion of an 

electron from a non-bonding n orbital localised on the 

oxygen atom to a more delocalised antibonding fh orbital 

(153), The same distributed over the entire carbonyl group 

process of light absorption may be assumed to occur in 

polyolefins containing carbonyl groups in their chain.
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Before dissipation of the excitation energy a part of the 

carbonyl groups that are present in the excited singlet 

state Non, ns may undergo a4 radiationless transition 

CIntersystem crossing) and pass to the triplet state 

3(n, n) with lower electronic energy. The number of 

individuals populating the triplet state will also depend 

on the reactivity of the carbonyl compound in the singlet 

state. 

Coco) es 8 1G O=ayt ts eoc=a) 

This reactivity, in its turn, is influenced by the structure 

of the carbonyl compound and by the presence of molecules 

in its close neighbourhood capable of interacting with it. 

The known photo-chemistry of aliphatic ketones suggest 

that the principle reactions involving ketone are Norrish 

I type and Norrish II type resections! ot51 55) | 

Norrish type I process: It has been shown! 288) that both 

the excited singlet states and the excited triplet states of 

ketones are the precursors of this reaction. However, 

intensive investigation are still being carried out in order 

to establish the contribution of each of these two 

states‘157> u 58 Tp the type I reaction, the bond between 

the carbonyl group and adjacent a-carbon, is homolytically 

cleaved producing two radicals.
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or 

I 1 
‘+ CO + -G- 

14 le 

G) 
Norrish type II process a) This reaction may occur 

provided that the ketone possesses at least one hydrogen 

atom on the carbon atom in %—- position with respect to the 

carbonyl group. The type II reaction proceeds by inter- 

molecular hydrogen transfer to yield one olefin and one 

enol,which then rearranges to the final ketone of smaller 

eee Te), It was demonstrated that the hydrogen 

transfer takes place via a six-membered cyclic 

intermediate“ oi5t 62) Although the cyclic intermediate 

Proposed allows a convenient representation of the process, 

alternative mechanisms for the type II scission are 

possibies'S! u 162 | 
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‘The importance of type I and type II processes in the 

photolysis of polyolefins is obvious; their occurrence may 

“cause, by rupture of the main chains, considerable 

decreases in the molecular weights with consequent 

failure of the physical properties of the polymer. 

It is now generally accepted that photodegradation of polymers 

involves the same free radical chain mechanism as thermal 

lees tee) which is largely similar to 

(1638-165) 

oxidative degradation 

simple hydrocarbon oxidation Hydroperoxides are 

key initiators for the process of oxidative degradation of 

polymers both during thermal oxidative degradation and uv 

initiated degradation. The main difference between thermo- 

oxidation and photo-oxidation lies in the rate of the initiation 

step. Cicchetti’ aco) observed that rate of uv initiated oxidation 

(both in polymers and in model compounds) is very much 

faster than that of thermo-oxidation. The high rate of 

oxidation in uv light is believed to be due to rapid homolytic 

cleavage of initially formed hydroperoxide by light, forming 

radicals. 

All types of polymers tend to degrade on weathering at least 

167 168 
to some extent (Gesnens, 19686 ) ¢ », » Hirai, 1970 

Shimada and Kabuki, 1968 169 - The analysis of weathering 

behaviour becomes quite complicated in the case of polyblends, 

because not only do the two phases age at different rates, but 

continuing interactions between the two phases remain of 

prime importance. 

The most important target of oxidative attacks involves carbon- 

carbon double bonds. In fact, at the initial stage of oxidation
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of rubber modified plastics it is possible to consider that only 

the rubber phase oxidises, with no attack in the plastic 

(168) 
portions. Hirai has shown that polymers with a high double 

bond concentration are more oxygen sensitive than those having 

@ low or zero concentration of double bonds. 

The recent developments and the prominence of a new class of 

materials has stimulated an interest in the stability of polymer 

blends. It is often surprising how the polymers in the blend 

influence the stabili ty of each other in spite of the fact that 

this influence must usually act across the discrete phase 

boundary which exists between the constituents of the blend. 

This is quite different from the situation in copolymers in 

which the constituent monomers are chemically bonded to 

each other. 

2.2 Thermal (non-oxidative) Degradation of Polymer Blends 

The possibility of interactions between a polymer on its 

degradation products and a second polymer in the same 

environment (eg polymer blends) has been examined ina 

number of recent thermal degradation studies. Some pairs of 
(170) 

polymers for example PS and PMMA’ show no evidence 

of interaction in the degradation of a blend. In other cases, 

it has been found that the products of degradation of one 

polymer can greatly influence the degradation behaviour of the 

other. Thus polymethyl methacrylate depolymerises much 

readily in the presence of degrading PVC and this effect has 

been used as evidence in favour of a radical mechanism for 

T3172 PVC dehydrochlorination in a bulk system“! wae », In 

(173) further investigation » it has been found that several
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polymers form block and graft copolymers when degraded with 

polypropylene. The deacetylation of PVA is substantially 

accelerated by the presence of PVC and other chlorine 

eo (174) 
containing polymers . 

For the PVA-PVC systems, it has been suggested ee 

since it is unlikely that the polymers themselves could interact 

across the phase boundary between them, an explanation of 

these phenomena has been given in terms of catalysis by the 

volatile products, acetic acid’and hydrogen chloride, which will 

readily diffuse across the phase boundaries. The 

degradation of blends of PVA and PMMA in the form of films 

cast from a common solution of the two polymers has been 

studied by thermal volatilisation analysis and analysis of 

evolved gas for acetic acid!) , Volatile degradation 

products were characterised by spectroscopic and GLC 

techniques. These blends behaved in a closely analogous 

manner to PVC-PMMA blends and the results suggest that the 

PMMA component of the heterogeneous blend is modified in 

two ways: 

(1) ina destabilisation reaction series initiated by attack of 

acetate radicals generated in the PVA phase which migrate 

into PMMA phase, and 

(2) ina stabilisation reaction involving conversion of ester 

side groups to acid and subsequently to anhydride ring 

structures which act as blocking points for depolymerisation.
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2.3 Mechanism of Oxidative Degradation of Polyolefins 
  

It is generally accepted that the breakdown of polyolefins in 

ultraviolet light is an oxidative chain reaction and proceeds 

through the same free radical mechanism as thermal-oxidative 

(128, 148) 
degradation which is essentially similar to simple 

hydrocarbon oxidation” Goa Ce) . Hydroperoxides are key 

initiators for the process of oxidative degradation of 

polymers both during thermal oxidative degradation and uv 

initiated degradation. The basic reaction scheme consists of 

three steps: initiation, propagation and termination. 

Initiation: 

aisle] SS icles = ion = HO Thermal [1a] 

OR ROOH — “=> RO: 4°0H Photo [1b] 

ROO: + RH ——— ROOH +R- 

Oo Serer cee, ROH + R- 

*OH + RH EY a Re 

Propagation: 

i 
Ro, ee ROO: [ic] 

ee 
FROG serene es ROOH + R- [1d]
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Termination: 

  

2ROO: ROOR + O, (or non-radical 

product) [tel 

(primary or Seqoncary) 

5 : 
R* +R ——_——> unreactive products [1f] 

Ke 
PENS) Sets EP erent ROOR [19] 

Radical forming termination: 

2 tert-ROO: ———— Bt-RO- O5 [th] 

tR-OH + R"- 

R"H 
(a) 

tert-RO: A 

B a 
RaSGo ns ters [1i] 

oO 

The main difference between thermo-oxidation and photo- 

oxidation lies in the nature and rate of initiation steps, 

(166) 
On the basis of recently published results it is observed 

that the rate of uv initiated oxidation(both in polymers and in 

model compounds) is very much faster than that of thermo- 

oxidation,but the nature of the initiation is not yet fully 

established. The high rate of oxidation in uv light (even in 

hydrocarbons without any added activator) is believed to be due 

to rapid homolytic cleavage of initially formed hydroperoxide 

by light, forming radicals (reaction [1b]. 

At partial pressures of oxygen equivalent to air or higher, the
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rate of combination of R* with Os (reaction [1c]) is so fast that 

ERsy K[RO,+] and the only termination reaction of consequence 

will be the bimolecular combination of the two RO," radicals 

(reaction [1e]). 

Since the rate of uv initiated oxidation is higher, the rate of 

termination is also higher and the kinetic chain is shorter. 

Under steady state conditions, and under normal atmospheric 

pressure, & general expression for the rate of oxidation of 

12 
the above reaction scheme was ebsenved™ 2) and is given as: 

es 
Rate of oxidation: [R_] = JR — [RH] [ti] 

‘Ox 1 K, 

Under these circumstances the reaction rate depends on the 

chemistry of the hydrocarbon RH. The easier it is for hydrogen 

to be abstracted from RH, the higher will be the value of Kg 

and faster will be the rate of oxidation. The ease of abstraction 

of hydrogen from different types of carbon atom has been shown 
VIL 

by Bolland© ) to increase in the following order: 

Primary C-H Secondary C-H <teriary C-H allylic H m 

H in position a to aromatic ring 

‘Therefore it might be expected that small amounts of chain 

branching or unsaturation in the polymer might be responsible 

for initiating degradation by slowing peroxidising or by 

providing easily oxidisable sites.
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CHAPTER THREE 

EXPERIMENTAL 

3.1 Materials 

The polymers used were: 

(i) “Two grades of low density polyethylene (LDPE) in 

granular (bead) form, one containing no antioxidant and 

identified as 'Alkathene' polyethylene WJG 47 and the 

other in the stabilised form supplied commercially as 

'Alkathene' (no 806) were obtained from Imperial Chemical 

Industries Limited. The polymers were of 0.918 grm/cm® 

density and of melt flow index 2.0 originally. 

Cit) Unstabilised polypropylene (PP) in powder form identified 

as 'propathene' HF 20C, CV 170 supplied by Imperial 

Chemical Industries Limited. 

Grades of polyvinyl chloride and polystyrene used are 

described in Chapter 6. 

8.2 Melt Processing 

The samples were processed on a RAPRA torque Pheometer 2? 

which is essentially a small mixing chamber, containing mixing 

screw contrarctating at different speeds. Throughout the 

Processing operation for various blends high shear rate 

(72 rpm) were used. The hot melt was chilled in water on 

removal from the rheometer to avoid uncontrolled thermal
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oxidation. If the blending was carried out an a-two-roll mill 

the melt would be exposed to air,whereas in the torque 

rheometer mixing takes place in the closed chamber, free 

from air. The processing time was kept constant at 5 minutes 

from the time the cavity was closed until the polymer melt was 

taken out. 

The additives and polymers were mixed at room temperature 

by tumble mixing for one hour before processing in the torque 

rheometer, or extruder. An operating temperature of 180°C 

was maintained throughout the mixing cycle. 

Continuous film of even thickness was extruded using an 18 mm 

Betol (Betol Machinery Limited, Luton, Bedfordshire). Both 

polymer and polybiends were extrdued. Fixed temperature 

settings were used throughout all operations. These were as 

follows: barrel zone 3 at 180, barrel zone 2 at 170, barrel 

zone 1 at 160, die zone 1 and 2 at 180°C. A 10°C 

temperature gradient was used on the take off rollers. The 

step rollers were set at 60°C and the bottom at 40°C. Take-off 

speed was fixed at 5.0 ft/min and screw speed at approximately 

20 rpm was adjusted to produce various thickness of extrudate 

ranging from 0.0135-0.024 cm. Film produced from both the 

torque rheometer and extruder were examined and compared. 

8.3 Preparation of Films from Processed Samples 
  

Polymer films were prepared for ir and uv spectroscopy 

measurements , tensile measurements, dynamic and impact 

tests by compression moulding.
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The films were pressed out of the polymer samples, removed 

from the torque rheometer at the times stated, using @ special 

grade of cellophane as a mould releasing agent between two 

stainless steel glazing plates. Control of film thickness was 

achieved by using a definite amount of material, about 5-6 grm 

of material was found to produce film of approximately (1 .3- 

2.0x 1072 cm thickness. The weighed amount of polymer was 

placed between the glazing plates in two cellophane sheets and 

inserted into the press, 

The pressing of films involved three stages: 

(a) preprocessing for 1 minute with a platen temperature 

of 180 ae 5°C toa thickness of about 0.045 cm (5-7 tons), 

(b) final pressing, for 2 minutes, with a platen temperature 

of 180 + 5°C and maximum ram pressure (30.0 tons), 

to a film thickness of between(1.3 - 2.0)x 10° cm, and 

(¢) water cooling the plates to 50 - 60°C and removing the 

plates from the press and the films stored in the dark 

at o-o. The thickness of each film over its entire area 

was measured with a micrometer in order to select 

portions of uniform thickness. 

3.4 Evaluation of Torque versus Time Curve 

: i : CWS) | Idealised torque -vs- Processing time curve is illustrated 

in Fig S.4). When the polymer is introduced into the torque 

rheometer the torque rises sharply. The polymer is heated and 

when it reaches its glass transition temperature (Tg) it
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Fig 3.4 General shape of the torque-time curve 
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becomes rubbery. The torque then decreases and reaches a 

minimum which gives rise to a peak 'a' (Fig 3.4). This stage 

is followed by the gellation of the material. The polymer 

starts to melt causing the torque to increase, When the melting 

(or gelation) is completed the torque increases again giving 

rise to a peak 'b'. The time to reach the peak 'b' is called 

fusion or flux time. The fusion time for a particular polymer 

mainly depends on mechanical stress, temperature and the 

presence of additives. Cross-linking or chain scission of 

polymer is also reflected from torque ~vs- processing time 

curve. 

8.5 Determination of Gel Content in the Processed Polyethylene 
  

Samples 

Gel content in the processed low density polyethylene sample 

were determined in chlorobenzene at 90°C. 0.5 grm of 

polymer films (in small pieces) were placed in the Erlenmeyer 

flask and 50 ml chlorobenzene was added. After heating for 

30 minutes at 90°C, under nitrogen the solution was filtered, 

hot, gel was collected and vacuum dried to constant weight. 

3.6 Measurement of Melt Flow Index (MFI) 
  

Melt Flow Index was determined on low density polyethylene and 

blends samples which have been processed with or without 

additives. The apparatus used was Davenport polyethylene 

grader. 

The melt flow index is a measure of the melt viscosity of the 

polymer which in turn is related to the molecular weight. The
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melt flow index (MFI) is defined as the amount of polymer in 

grammes extruded through a standard die in a given time 

(usually 10 minutes). A low melt flow index corresponds to a 

high melt viscosity and since melt viscosity is directly 

related to the molecular weight of the polymer a low MFI 

corresponds to a high molecular weight and Hoe-verses o 

A strict relationship obviously only applies to polymers of the 

same chemical constitution,but it also is restricted to polymers 

of the same density since density also effects melt viscosity. 

In the case of the polyethylene and EVA the standard 

temperature is 190°C but for polypropylene the temperature is 

230°C in order to allow for its higher melting point. 

The appropriate relationship of MFI with molecular weight 

(M,) and melt viscosity (7™*) are given by the following two 

equations respectively (in case of Lope’), 

JM, = 188 - 30 log MFI 

1 Ns 4 A GOSS, Sie Go 

Since thermal oxidation brings about changes in the molecular 

weight of the polymer by virtue of such reactions as chain- 

scission, cross-linking etc, these are expected to be reflected 

in the melt flow index values. Hence melt flow index 

measurement provides a means of detecting any oxidation 

which may occur during heat treatment of the polymer. 

The apparatus was brought to a steady extrusion temperature 

of 190 + 0.5°C before beginning an experiment. The barrel was 

then charged with 4.0 grm of polymer, tamping down with the



changing tool to exclude air. The time taken to charge the 

barrel should not exceed one minute. The barrel was closed 

airtight and nitrogen gas was passed from the cylinder to the 

barrel. The pressure of nitrogen gas was maintained at 

160 1b/ine and the polymer was allowed to extrude through 

0.2095 cm diameter die. The extrudate was cut with a 

suitable sharp-edged instrument. The time interval for the 

first extrudate was 60 seconds and was discarded; then 6 

successive cut-offs were taken each at the end of 30 seconds; 

any cut-off that contained atr bubbles was rejected and each 

cut-off was weighed separately and their average weight was 

determined. If the difference between the maximum and 

minimum values of the individual weighings exceeded 10% of - 

the average, the test result was discarded and the test 

repeated on a fresh portion of the sample. The melt flow 

index was calculated from the following relation: 

600 x average wt of cut-off in grm 

MEL = 
(interval of time in sec) 

3.7 Ultraviolet Exposure Cabinet 

Uv irradiation of the samples was carried out in the ultraviolet 

cabinet. Ultraviolet cabinet comprised a metal cylinder of 

about 110 cm in outer diameter and having a concentric 

circular rotating sample drum whose circumference was 15 cm 

from the periphery of the metal cylinder (photograph number 1). 

Thirty-two fluorescent tube lamps were mounted on the inside 

of the cylinder. The rotating arrangement of the samples 

allows an identical amount of total radiation to fall on every
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sample. The cylindrical cabinet was opened to the 

atmosphere on both the lower and upper sides, and the 

circulation of the air in the cabinet was ensured by the driven 

ventilator situated under the rotating frame. 

The samples were attached to a separately made hard brown paperboard 

with aluminium foil backing which was mounted vertically on the 

circumference of the rotating wheel fixed inside the cabinet. In this 

position the light beam fell perpendicularly on the surface of the film. The 

tempenature recorded inside the cabinet with the lamp onwas 30 + 196. 

The radiation source consisted of the cylindrical array of 

20 W fluorescent tube lamps, positioned on the inner side of 

the cabinet. 24 lamps, type C (Phillips actinic blue OS) and 

8 lamps, type A1 (Westinghouse sunlamps FS20) were used and 

these were symmetrically distributed so that the combination 

was one lamp type A1 for every 3 lamps of type C. The spectral 

distribution of both types of lamps used is shown in Figs 

8.7A-and 8.7B for the lamp A1 and lamp C respectively. The 

maximum in the relative intensity of the lamp A1is at 317 nmand 

of the lamp C, 874nm. The available wavelength with the above 

combination of lamps was between 280 nm —- 500 nm and the 

radiation intensity Io at the sample surface was Io = 44.3 Wines 

To minimise the problem of decline in lamp output, the tubes 

were replaced sequentially every 2000 hours of exposure. 

8.8 The Accelerated Thermal Oxidation of Processed Polymers 

Experiments on low density polyethylene and blends were 

carried out in a Wallace oven at 110°C fy 2°C. Polypropylene
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Fig 3.7.A Spectral distribution of fluorescent lamp type A1 

(Westinghouse Sunlamp FS20) 
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Fig 3.7.8 Spectral distribution of fluorescent lamp C (Phillips 
Actinic Blue 05) 
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films were examined at 140 + 2°C,. This has separated seven 

cells and has very good temperature control. There is an 

arrangement for controlling air flow through the cells. Each 

sample film was contained in a separate cell. Air flow was 

maintained between 8-4 CFH/hour. 

3.9 Measurement of Brittle Fracture Time of Polymer Samples 

This is a destructive test method. Film of identical size 

(2-5 cm) and of uniform thickness (0.015 cm) containing 

different additives and percentages of second polymer along 

with a control sample were irradiated and were periodically 

checked and their time to embrittlement was determined by 

folding the film back on itself 1809 manually. The method 

was found to be inconsistent in some cases and reproducibility 

was not very good. This was perhaps due to phase 

separation of blends and slight variation in thickness along 

the different parts of the sample and also due to unequal 

application of force at the time of testing which was done by 

hand. 

8.10 Infra-Red Spectroscopy 

All the infra-red spectra were recorded using a Perkin-Elmer 

grating infra-red spectrophotometer model 457. The spectra 

from 4000 to 250 em! were recorded at medium scan speed. 

Infra-red spectroscopy has been widely used to determine the 

nature of oxidation products and rate of formation of these 

products during thermal and photo-oxidation of polymers. It 

is a non-destructive test and particularly useful for



quantitative purposes since the same test sample can be used 

repeatedly. 

Since thermal and photo-oxidation of polymers results in the 

build up of different oxidation products, for example hydroxyl, 

carbonyl, carboxyl, vinyl etc the kinetics of the growth of 

these functional groups, as the irradiation proceeds have been 

followed by observing the change in the characteristic 

absorption peaks at different wavelengths and these were 

assigned by a comparison with the values for the long chain 

182 
ketones, aldehydes, acids, esters, etc! : >, 

Procedure 

In all quantitative analysis, the following combined form of 

BeerLambert's equation was Gsec 183) 

A= logigl /1 = ECh 

where: 

A = absorbance or optical density 

I, = intensity of radiation effectively entering the sample 

I = intensity of radiation emerging from the sample 

E = extinction coefficient expressed in litres mole7! em7! 

C = concentration of absorbing group present in the sample 

in mole/litre 

path length of radiation in the sample in cm 

The samples were exposed for regular intervals of time and 

the spectra were run on the same chart paper for comparison
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purposes. 

To minimise errors due to variation in film thickness as well 

as errors due to the instrument and internal standard, a 

characteristic absorption peak at 1895 em! for low density 

polyethylene and 905 cm™1 for polypropylene were used. These 

peaks remained constant during irradiation. The growth or 

decay of observed absorption peaks (for functional groups) 

were expressed as indices which were defined as the ratio of 

the absorbance of functional group peaks to that of the reference 

peak. 

Absorbance of the functional group 

Index = 

Absorbance of a standard peak 

3.10.1 Calculation of Absorbance 

(184) 
The base line technique was used to calculate the optical 

density or absorbance due to various functional groups. This 

was done as shown in Fig 3.10A, by drawing a straight line 

(base line) tangential to adjacent absorption maxima or 

shoulders, then erecting a perpendicular through the analytical 

wave length until it intersects the base line. At 'A' the 

concentration of the functional group to be determined is zero 

and at 'B' there appears an absorption peak whose height serves 

to calculate the concentration. Before putting the sample in, 

the spectrophotometer was adjusted to read 100% transmission 

(background line). 

However,with an absorption such as shown in Fig 3.10B, the
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proper location of base line is less obvious but in the present 

work to determine the absorbance of peak 'A', the base line 

is taken to be either a, b or c, depending on the width of the 

shoulders, B, C, and D. If all three shoulders, B, C and D 

are narrow, ‘'a' is used as the base line and soon. And in 

this situation which frequently occurs, one particular way to 

draw the line is adopted in all the samples for the same 

functional group. 

8.11 Uv Spectroscopy 

Ultra-violet spectra of polymers and polyblends with or 

without additives were recorded using Perkin Eimer 137 

Ultraviolet Visible Spectrophotometer. For obtaining 

compensated spectra of films containing additives, a film 

of unprocessed polymer of identical thickness without additive 

was used in the reference beam. 

3.12 Rheovibron (Dynamic Viscoelastometer) 
  

A direct reading dynamic viscoelastometer was used for the 

measurement of the temperature or frequency dependence of 

dynamic mechanical properties of polymers in both amorphous 

and crystalline state. The Rheovibron used in the present 

study was Model DDVII, Toyo Measuring Instruments Company 

(imited CEM) Tokyo (photograph number 2). 

The sample in the form of films (having dimensions of length 

between 0.5 - 6 cm, breadth maximum 0.5 cm and thickness 

maximum 0.1 cm is set horizontally in the furnace with both its 

ends attached to the two gauges (T-1 stress and T-7 strain)
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with the help of a chuck and connecting rod. Of the two 

gauges, one is a transducer of displacement (T-7) and has a 

maximum force and displacement of 8 grm - 0.8 mm and an 

output of 4000 x 6 strain. The other is a transducer of 

generated force (T-1 stress). It has a maximum force of 

550 grm and output of approximately 4000 x 10° strain. Both 

the amplitude of displacement and the main magnitude of the 

load applied on the specimen is measured by T-7 and T-1 gauges 

respectively and when they are adjusted to unity, their phase 

angle tans can be read directly from the main meter. 

8.12.1 Theory and Derivation of Basic Dynamic Equations 
  

Dynamic mechanical methods measure the ability ofa material 

to store and to dissipate energy on mechanical deformation. 

In such measurements, free or forced sinusoidal vibrations 

are set up ina specimen. These may be shear, flexural or 

compression vibrations and changes in the frequency or in the 

amplitude of such vibrations is followed using a suitable 

instrument. The changes in the frequency of free vibrations 

arise from motions of molecules and molecular segments 

which, in turn depend on the physical and chemical state of the 

material being investigated. Two quantities may be obtained 

from dynamic tests: 

ci) Modulus of elasticity is a measure of stress accompanying 

@ unit deformation and for material obeying Hook's law, 

is the ratio of stress to strain. It also provides a 

measure of recoverable potential energy. However, not 

all materials perfectly follow Hook's law and the energy 

utilised in deforming a body is not fully recoverable, a
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part is always lost 2S heat. The extent of this energy 

dissipation, however, varies from material to material. 

cii) Mechanical damping is a measure of loss of energy as heat 

and is defined by the ratio of the energy dissipated as heat 

to the energy stored as potential energy. The mechanical 

damping can be calculated as logarithmic decrement (4) 

which is the logarithmic ratio of amplitudes of two 

successive damped oscillations (Fig 3.12.1.1). 

A perfectly elastic material (eg the ideal spring) has no 

mechanical damping. Here the stress applied in deforming 

or stretching is stored as potential energy and is fully 

recoverable when the applied load is removed. Viscous 

liquids are examples of the other extreme where all the energy 

used in deforming is dissipated into heat. High polymers are 

the best known examples Ofthe class of material known as 

viscoelastic, having the characteristics of both the viscous 

liquid and elastic spring. If a stress is suddenly applied toa 

polymeric material the resulting strain reaches some value 

immediately and then decays or relaxes over a period of 

time. Thus sinusoidal experiments involving viscoelastic 

material appear to show two stress components, one in phase 

with the applied strain ( & ')@r parallel to the direction of 

strain, Fig 3.12.1,2) and the other, out of phase with the 

applied strain ( €") (or perpendicular to the direction of the 

strain). 

The magnitude of two stresses is given by:



Figpeetesic Schematic representation of typical damped 

oscillation curve 
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Fig 3.12.1.2 Vector diagram 
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&' = E'x strain (351) 
" Se E" x strain (3.2) 

where E' and E" are real and imaginary parts of the complex 

modulus defined as E* =E'+ie", 

The quantity of E' and E" are also called storage and loss 

modulus respectively. The former is related to the stored 

and recoverable energy and the latter is related to the damping 

terms which determine the dissipation of energy into heat 

when the material is deformed. 

The equation E™ = E'+i E" can also be expressed in terms of 

the absolute value of complex modulus of elasticity JES and 

phase angle § between the stress and strain 

  [EY = Beit = eEne+ceme = mex (3.8) 
max 

JE*/ = /E*/ (Coss +i Sins ) (8.4) 

where t= /E*/ Cos § (3.5) 

E" = /E*/ Sins (8.6) 

being the real and imaginary parts of the complex tensile 

modulus JE*/ respectively. In the case of very low damping, 

(ie § ——+0)Cos § =1 andE! =/e"/ (ie E' is the same as 

modulus). From the equations 3.5 and 3.6, 

" 
ce tans (4.7)
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The term E'/E' is called mechanical dissipation factor and is 

proportional to the ratio of the energy loss to the energy 

stored during a cycle of deformation. 

8.12.2 Principles Involved in the Rheovibron 
  

The procedure used in the measurement of dynamic mechanical 

properties by 'rheovibron' involves the production of an 

oscillatory motion in the specimen with the help of the 

driving device which deforms the specimen sinusoidally. In 

the viscoelastic state (as has been discussed above) the 

sinusoidal stress is developed at the other end of the 

specimen but out of phase with the applied strain and 

differing by a phase angle, tan § . To obtain the angle, § 5 

both the magnitude of the oscillating displacement AL and 

oscillatory force AF are measured by transducers (T-7 and 

Ti respectively). When the absolute values of the electrical 

outputs of both deformation and load transducers are 

adjusted to unity (full scale deflection of meter), vector 

substraction is made by changing the connection of the output 

circuit of the output circuit of two strain gauges (7 and Teigs. If 

lost and | | are output voltage of the T-i and 77 respectively, 

een ier =la51= 1 is satisfied, tang is given by Fig 3.12.1.2. 

= Vi 2 e oe 2 coss i 1 a, a, ere er > OO (by cosine rule) 

= 2(1-Cos¢) 

= j4sin?s /2 

= 2Sing 72 

= tang (6 being very small)



Tt 

The operation flout =e5t = 1 can be performed using the 

dividers S, andG, (Fig 3.12.2.1. The value of tan§ can 

therefore be directly read from the meter. 

x 
The absolute value of the complex modulus |E | can be 

calculated from the following equations: 

AF 

ious emmex Si mow force length 
4L area elongation 

= 

(i 
aa ae (8.8) 

z ar
 ® 3 g > e " oscillating load or amplitude of tensile force 

S = cross-section of sample in ernin 

L = length of the sample 

AL = oscillating displacement of the sample or 

amplitude of elongation 

If the supply and output voltages of the transducers T1 and 77 

are E,, E, and c,, C, respecitvely, then the relation of AF 
ce 2 

and AL can be calculated as follows: 

  

Cy Ca 
ae ar ’ al = Eaty 

where fy and fp are the calibration factors of the transducers 

T1 and T7 respectively. 

Putting these values in the equation 3.8,



Fig 3.12.2.1 General concept of rheovibron 
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f Eo 
= aoe (8.9) (e*1 = ae je 

C5 1 1 

Ci 
By adjusting the dividers G, and Go, condition — = eer. set, 

Co Gy 

since the products of C,G, = CoGp are made equal at the time 

of measuring tan& ( 1041 = LO) = Ws 

Replacing these values in the equation 3.9, 

f ES G 
2 ey 2 2 

ee 3.10) UE ee Ske Gs ae 

Lfo 

Now -—=— is constant for the sample and transducer used 
F418 1 

and Eo/E 1 is previously calibrated. Therefore IE" is only 

dependent on the reading of G; and Go. 

Calculation of oscillating load, AF 

This is obtained from the following equation: 

3 

F= 104 dynes 2 ios oN 
D 

where 104 dynes = calibration value of T-1 gauge (= 10 grm) 

D = value of the dynamic force dial (D.F) at the 

time of measuring tan§ 

N = the value of the tang range at the time of 

measuring tang and obtained from Table 

3.1 

Calculation of oscillating displacement, AL 

AL = 5x 10° AN-em



Table 3.1 

  

  

Tan& range or amplitude factor NorA 

O db 31.6 

10 10.0 

20 3.16 

30 1.0 

40 0.316 

50 0.1 

60 0.0316     
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where: 5 x 1073 cm = calibration value of 7-7 gauge 

A Wt the value of the amplitude factor when 

measuring tan§& -and obtained from 

Table 3.1 

Putting the above values of AF and AL in the equation of 

complex modulus equation 3.8 

i 
~ = beet CD   x = a 10° dynes/em~ (8.11) 

Since during the displacement of the sample, there is also a slight 

displacement in the chuck rod and T1 rod which give an error 

in the final AL values. To eliminate this, an error constant, 

'K' is included in the above equation and the final equation of 

complex modulus of elasticity takes the form: 

* 1 ie 9 2 = — =x im 12: hes 2x AND=K) xo x QO dynes cm (3.12) 

The real and imaginary parts of the complex modulus ee 

however, are obtained from the equations 3.5 and 3.6, where: 

L = sample length (cm) 

: 2. 
cross-sectional area (cm ) S = 

A = value corresponding to amplitude factor 

selected (usually A was equal to 1.0) 

D = dynamic force reading on dial 

K = error factor
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3.13 Tensile Strength 

The tensile tests were carried out on an Instron Tensile 

Tester (model TM. SM) using @ cross head speed of 

2cm per minute. 

Tests were carried out on 6-8 samples from each run and 

the average result was taken. The error involved in the 

measurement was in the region of 15%. The dimensions of the 

dumb-~bell test piece was as follows: 

Length 5.0 cm 

Breadth 0.35 cm 

Thickness 0.012-0.019 cm 

Gauge length 3 cm 

Temperature 21-23°9C 

Specimen number, average thickness and blend composition 

was recorded for every test. From the stress-strain curves 

obtained, modulus, tensile strength, yield strength and 

elongation were measured. The resuit being calculated 

from the equation given blew:



CT 

force at break 
Tensile strength (TS) thickness x wisth 

force at yield 

thickness x width 
Yield strength (YS) 

chart length x cross head speed x 100 

chart speed x gauge length 
Percentage elongation (%E) 

chart length x gauge length x initial slope 
Modulus = cross head speed x thickness x width 

8.14 Impact Strength 

The falling dart method was used. It involves raising a dart of 

known weight to a certain height and dropping it on the film 

which is firmly clamped (see Fig 3.14.1). 

A relatively simple laboratory-made impact tester was used. 

It consists of two metal blocks with concentric drilled holes in 

the middle. A metal pipe with a slit along its length is mounted 

directly above the hole of the upper metal block. A meter 

ruler is attached closely beside the pipe. Metal rods of 

different lengths (and therefore different weights) were used to 

act as falling darts. 

To perform the impact test, the film is clamped between the 

two metal blocks. A ball bearing is dropped from the top of the 

pipe to rest on the film. A suitable falling dart (metal rod) is 

supported by a spatula and the height adjusted before letting go
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Fig 3.14.1 Impact tester 
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to drop on the ball bearing which is in contact with the film. 

The breaking of films was examined visually. The result was 

recorded as 'broken! if the specimen tore through from one 

surface to the other. 

The impact resistance of the film would then be the potential 

energy of the dart which would just break the film, ie: 

E = impact resistance = mxgxh Joules 

where: m = mass of dart in kg, g = acceleration due to gravity, 

9.81 m/sec and h = height of the dart in meters. 

It was found that impact strength was very sensitive to film 

thickness. Hence, in every film thickness of exactly 0.015 

cm was used. Five tests were performed for each 

sample and the average impact resistance computed. The 

error involved in the measurement was in the range of 15%. 

8.15 Estimation of peroxide in low density polyethylene and 
  

Polypropylene 

(a) Chemical method: Iodiometric method based on the oxidation 

of sodium iodide was used. Liberated molecular iodine was 

determined by titration with standard 0.01 N sodium thiosulphate. 

The method used by Manasek et aoe Cee) and Geddes wes 

modified as follows. 0.5-1 grm of polymer film (in small 

Pieces) was introduced into 21.7 ml (approximately) of 

chloroform and purged with nitrogen for half an hour. This 

was then allowed to swell for 18 hours (this time was 

determined to give a maximum hydroperoxide concentration),
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83.3 ml of glacial acetic acid was then added and the solution 

was purged with nitrogen for 5 minutes before and after 

addition of 2 ml of a freshly prepared deaerated 5% solution 

of sodium iodide in methanol. In addition to deaeration during 

carrying out hydroperoxide determination, all solvents were 

also deaerated in bulk prior to use with nitrogen gas and the 

procedure using rubber seals was employed. After storage 

for 4 hours (low density polyethylene) and 2 hours 

(polypropylene) in the dark for complete reaction the liberated 

iodine was titrated using standard 0.01 N sodium thiosulphate. 

(b) Ir method: Thermally oxidised LDPE gives a sharp band 

in the ir spectra at 8555 cm71 which isdue to O-H stretching 

182, 1 tT 
of free hydroperoxide: eee 20, This band is measured as 

index (defined as A3555/A1895), No such sharp band was 

found in polypropylene. 

38.16 Microscopy Examination 

The versatility of the Vicker's photoplan optical microscope 

enables both polarised light and phase contrast microscopy to 

be used to investigate the polymer and the degree of dispersion 

of second polymer in the first polymer matrix (Cantinuous phase. 

The instrument had provisions to take photographs, of the slide 

in view. Photographs were taken under polarised light and 

phase contrast conditions. 

Phase contrast microscope specimens were photographed using 

@ piece of the polyblend which sandwiched between the object 

lamp of the microtone. With the use of solid carbon dioxide 

the polyblend was cooled. This made the material 'hard' and
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therefore facilitates easy cutting with a microtone blade. The 

microtome knife was tilted and set at a slicing angle of 45°. 

The piece of polyblend wes sliced until a flat surface appeared. 

The automatic feed was then locked at 24. Now, it was necessary 

to cut slowly but steadily in order to produce a sample of 

uniform thickness. 

The slice was removed from the blade with a single bristle 

from a brush and transferred to a hot glycerol bath. The 

slice rolled out on contact with the hot liquid. The glycerol 

was maintained at 90 + 50C and this was found to be suitable 

for the polyblends used. Polyblends with a higher or lower 

heat distortion temperature would need a higher or lower 

bath temperature. However, the use of a heated bath 

destroys any orientation in the blends. 

The roll out slice was taken onto a microscope slide and 

after reaching the room temperature, transferred to another 

microscope slide with the aid of a bristle. A cover slide 

was placed on top of the specimen and pressed gently with a 

glass rod. The specimen was sandwiched between the cover 

Slide and the glass slide and the glycerol on the surface of 

the polyblend acts as the mounting medium. 

Polarised microscope specimens were examined using glass 

slides which were cleaned by putting them into a saturated 

solution of sodium hydroxide and methanol for 24 hours. The 

slides were taken out and washed with distilled water. 

A glass slide was placed on a hot plate and above it another 

slide was placed. The first slide acts as a heat transfer medium
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and prevents any dirt from the hot plate getting on to the 

second slide. A small piece of the polyblend is placed on the 

second slide and it is melting a cover slide placed above it. 

Using a glass rod the cover slide is pressed and when the 

glass cools the polyblend is firmly sandwiched between the 

glass slides.
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CHAPTER FOUR | 

THE EFFECT OF PROCESSING AND REPROCESSING ON 

THE THERMAL OXIDATION AND PHOTO-OXIDATION 

STABILITY OF LOW DENSITY POLYETHYLENE (LDPE) 

  

  

4.1 Introduction: Structure of LDPE 

The simplest structure for the polyethylene molecule is 

completely unbranched chain of -CH,- units as shown: 

~CH,-CH,-CH,-CH,-CH,- 

The vigorous nature of the high pressure process, however, 

militates against the straight forward process of chain 

growth and a great deal of chain branching occurs which has 

an important bearing on the properties of low density 

polyethylene. Both the short and long chain branches are 

produced and investigation of low density polyethylene prepared 

by high pressure process using infra-red spectroscopy: ©) 

indicates the presence of about 20-30 methyl groups per 1000 

carbon atoms. The quantitative determination of methyl 

content based on the measurement of the intensity of 

absorption band at 1878 cm71 (7.264 ) was reported by Cross, 

Richard and wits“ ED. From their results it was shown that 

a typical LDPE of molecular weight 32000 and MFI 1.8 contained 

23 methyl groups per 1000 carbon atoms and 52 methyl groups 

per molecule, indicating about 50 branch points in the chain. 

Although the presence of branches in LDPE has been established, 

the length of such branches is still under debate. It is 

generally assumed that both short and long branches are
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(191) 
present in polyethylene. Fox and Martin 

(192) 
assumed 

branching to be methyl but Elliot et al suggested that 

the branches were longer than the methyl group. Careful 

quantitative analysis of the ir spectra of low density 
: (198, 194) 

polyethylene (LDPE) indicated the presence of ethyl 

and butyl branches in the polymer. The structure of low 

density polyethylene molecule also effects the physical and 

chemical properties of the polymer. One important 

Property is crystallinity. Many factors limiting both the 

crystallisation rate and attainable degree of Sryeealliniey oh 

These include such considerations as chain length and repeat 

unit symmetry, stereospecificity, size and flexibility of side 

groups and chain stiffness. 

Polyethylene in the crystalline state takes up the extended 

conformation in which the carbon atoms in the backbone are 

in zig-zag ee encement. ey The hydrogen atoms take up 

the staggered conformation (see below) so that they are as 

far apart as possible and are thus in position of minimum 

energy. In the crystal, these chain pack so that the hydrogen 

atoms on alternate carbon atoms are stacked vertically above 

each other; this arrangement also helps lateral packing.
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(196) 
Packaging of polyethylene chain in the crystal 

In addition to chain branching, low density polyethylene also 

contains unsaturation. Three different olefinic double bonds 

normally terminal or vinyl group (RCH = CH, absorbing at 

909 and 1640 cm™? in the infra-red spectra), internal chain 

double bonds (RCH = CHR', absorbing at 964 cm7!) and 

vinylidene or side chain methylene groups R, RoC = CHo, 

absorbing at 888 em71) are found to be present in LDPE. 

Low density polyethylene is a tough, slightly translucent 

material and is waxy to touch. The density can vary between 

about 0.916 g/cm? to 9.35 g/em®. Low density polyethylene 

film has a good balance of properties such as tensile strength, 

burst strength, impact resistance and tear strength.
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4.1.1 Effect-of Processing on LDPE Properties 
  

It has been shown that commercial processing operations have 

a deleterious effect upon the mechanical properties and 

subsequently light stability of polyolefins unless the effects 

of thermal oxidation during processing are minimised by the 

use of antioxidants’? 5 “J thermal oxidation of polyethylene 

differs from photo-oxidation in the nature of the chemical 

species produced in the two processes. Thermal oxidation 

involves the small amount of unsaturation initially present 

in the polymer in the formation of allylic hydroperoxides nooo 

which subsequently break down to give aldehydes and ketones 

with destruction of the unsaturation\'2), Photo-oxi dation 

leads to the rapid photolysis of peroxides and of subsequently 

formed aldehydes and ketones with the formation of vinyl 

(149, 200) 
unsaturation and of carboxylic acids Vinyl 

unsaturation, particularly in the presence of hydroperoxides 

accelerates the thermal and photo-oxidation of polymersco'? 

during processing and in service. 

4.2 Experimental 

Stabilised and unstabilised low density polyethylene (LDPE) 

were processed at 180°C in the RAPRA torque rheometer in 

a closed chamber for 5 minutes. The polymers were then 

compression moulded at 180°C for 2 minutes on photographic 

glazing plates of thickness 0.015 + 0.001 cm. Reprocessing 

was carried out on chopped up film under similar conditions 

to that used in processing. This was carried out 5 times 

for each polymer and reprocessed samples were indicated 

as number 2, number 3, number 4 and number 5. The



number O and number 1 were compression moulded and 

initially processed samples respectively. 

Infra-red examination of the processed and reprocessed and 

subsequently photo-oxidised film were carried out using 

Perkin Elmer 457 spectrophotometer. The carbonyl index 

at 1710/1895 em-1, vinyl index at 909/1895 cm™! and 

vinylidene index at 889/1895 cm~1 were measured as discussed 

in Chapter 3. 

Hydroperoxide content of processed and reprocessed samples 

were measured chemically (see Chapter 3). Melt flow index 

and gel content of processed and reprocessed unstabilised low 

density polyethylene samples were determined as discussed in 

Experimental Chapter 3. 

The deterioration of the physical properties was followed by 

measuring the stress-strain parameters as a function of 

exposure time. The tensile test carried out on an Instron 

Tensile Tester (model TMSM) using cross—head 2 and chart 

speed 5 cm per minute at room temperature (22 + 19°C). 

The dynamic mechanical tests were carried out using a direct 

reading viscoelastometer (Rheovibron) (see Chapter 3). The 

tests were carried out at room temperature (20 + 19°C) and at 

constant frequency (Hz = 110). 

4.3 Results 

The change of torque with processing time of low density 

polyethylene in the RAPRA torque rheometer ‘at 180°C in



90 

closed chamber is shown in Fig 4.1, curve 6 (see Chapter 3 

for details of measurement). Fig 4.1 (curve 1) shows the gel 

which formed after each processing time increase with time 

and torque when the polymer was processed in closed 

chamber. 

Melt flow index (MFI) of the polymer decreased in an 

autoretarding mode from the beginning of processing at 180°C 

(Fig 4.1, curve 2). This is associated with changes in 

mechanical properties such asltan §)20°C, % elongation and 

strength at break. The % elongation at break increased with 

an increase in gel content and processing time as shown by 

Fig 4.1, curve 4. Tensile strength at break increased for the 

first 30 minutes of the processing time and then decreased as 

shown in Fig 4.1, curve 5, (Tang) 20°C also decreased with 

processing time (Fig 4.1, curve 8) in the same way as MFI. 

The ir spectra (Fig 4.2B) of reprocessed unstabilised low 

density polyethylene gives a band at the 3555 cm71 which is 

Gee, 182) iee re 
due to -O-H stretching of free hydroperoxide 

band was calculated as an index (A3555/A1890 em71) (see 

Chapter 3). A good correlation was found between 

hydroperoxide measured chemically and hydroperoxide 

measured by infra-red (ir) method for unstabilised low density 

polyethylene (Fig 4.3). 

The behaviour of LDPE on reprocessing (Fig 4.4) is rather 

different from LDPE processed continuously for the same 

length of time (Fig 4.4, curves 1-4). The reduction in MFI 

and increase in gel content were both lower (Fig 4,4curves 1,4).
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Fig 4.2.A Change in the carbonyl formation of LDPE at 1710 cm7! 

during uv irradiation (numbers on curves are¢xposure time 

in hours and No.1,No.3and No.5 arg. processing cycles respectively) 

0 25 

o
o
 

  

7 

25° 
124, 

No 1 152" 

230. 
New 187 

23 

40 NOS 

     

  

    band at 8555 em! iE 

band at 8555 cm 

  

No 1 No 3 No 5 

= 
Fig 4.2.B Change in hydroperoxide (3555 cm ) of LDPE during 

processing cycles (numbers No.1,No.3,and No.5 are 

processing cycles)
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Gel content (grm) 
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Infra-red absorption spectrophotometry has previously been 

used to determine the nature of oxidation products and the rate 

of their formation during thermal and photo-oxidation of 

polyethylene’! ae 202) Since photo-oxidation results in the 

build-up of different oxidation products, for example, hydroxyl, 

as well as bringing about changes in unsaturation in the 

polyethylene polymer, the kinetics of the growth of these 

functional groups, as the irradiation proceeds were followed 

by observing the change in the characteristic absorption peaks 

at a definite wave lengths!) Table 4 shows the absorption 

frequencies of various carbonyl compounds and olefinic 

unsaturation groups which are studied in the present work. 

Fig 4.24 shows the effect of uv irradiation on the carbonyl 

absorbance of polyethylene film reprocessed at 180°C for 

5 minutes in a closed chamber. The rate of photo-oxidation 

of LDPE as measured by the rate of formation of carbonyl in 

the polymer is shown in Fig 4.5. The most significant effect 

of reprocessing is the increase in the initial rate of photo— 

oxidation in the third reprocessing compared with polyethylene 

which has been subjected to a normal single processing 

operation (Fig 4.5). The formation of vinyl at 810 em7! 

(Fig 4.6) which has a negligible concentration in the processed 

polymer increased in an auto-accelerating mode with uv 

irradiation time. This is the expected sequence of events if 

vinyl is formed by Norrish II photolysis of carbonyl 

commnoene.| 58) The vinylidene index at A890/1985 cm71 

decreased rapidly to a low value during the early part of 

photo-oxidation sequence (Fig 4.7). Vinylidene index cannot 

be measured accurately during the later stages of 

photodegradation due to interference from the growing vinyl
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Table 4: 

Wavelength Functional gro Int it Ref | (ema1) u group ntensity eference 

83555 -OOH (free) Sharp 182, 187,203 

8380 Polymeric associated | Strong 204 

-OH 

3628 Phenol Variable, 205 

sharp 

3632 Primary alcohol at 205 

1725 Terminal, ketone or methyl | Strong 147(a) 

ketone CH CH= 

1720 +1 Internal ketone vt 182,187 

eRe ae 27 

1780 Long chain " 182, 187 
1 

aldehyde -C-H 

1745 Ester Strong 182,187 

| 
-C-OR 

1785 Peracid 187 

9° 
ll 

+C-O-OH 

1765 Perester 187 

Il 
-C-OOR 

1685 a, B-unsaturated 182,206 

ketone O° 
I 

-CH=sCH-C- 
Continued ... 

|       
 



Table 4 Continued 

  

1645 

1185 

887 +14 

903 

964 

990 

1878 

1305 

1080     

Internal double bond 

R-CH=CH-R 

(non-conjugated) 

C-O in carboxylic acid 

R vinylidene 
1 

ae group 

Re 

Vinyl group 

RyCH=CH . 

Vinylene group or 

disubstituted trans— 

alkene 

R,CH=CH-R, 

Disubstituted cis— 

alkene 

-CH=CH- 

-CHg group content 

in PE 

CH,- chain in 

amorphous phase 

(C-C) in long chain 

in the amorphous 

phase   

Weak 

Weak 

Strong 

Variable 

Variable 

Variable 

Weak 

Weak 

Weak   

182 

190 

182 

182 

182 

82 

207 

207 

207 

100 
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band at 910 cm71 resulting from Norrish II photolysis of 

ketone. Decrease of vinylidene on uv irradiation proceeded 

the formation of significant amounts of carbonyl (Fig 4.5) in 

accordance with earlier udies: The initial rate of 

photo-oxidation as measured by carbonyl formation was 

found to be linearly related to the initial hydroperoxide 

concentration (Fig 4.8). This was also observed by other 

workers ; oe) 

The mechanical properties of LDPE are intimately related to 

the physical structure of the polymer (eg,crystallinity and 

morphology). The change in the mechanical properties of 

LDPE processed at 180°C for 5 minutes were followed during 

uv irradiation with and without additive. Fig 4.9 (curve 1) 

shows that the loss of elongation at break is auto-accelerating. 

Tensile strength decrease follows a similar course (Fig 4.10). 

In order to simulate commercially used polymeric products 

with reprocessed polymer the stabilised polyethylene or 

polypropylene was initially processed in the RAPRA torque 

rheometer and subsequently uv irradiated for 90 hours. These 

samples were then processed in the torque rheometer for 5 

minutes. Figs 4.11 and 4.12 show the change of carbonyl 

index and complex modulus for the processed and reprocessed 

polymer samples after subjecting to uv light (90 hours). (The 

reason for 90 hours irradiated polymers is to produce an 

artificially 'used' polymer which has had some environmental 

exposure.) 

Most polymers produced on an industrial scale contain 

metallic impurities since it is not possible to avoid
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contamination during processing or reprocessing it, particularly 

in the presence of small amounts of acid. Fig 4.13 shows the 

effect of transition metal ions (eg,ferric stearate, FeSt) on the 

rate of oxidation of low density polyethylene during uv 

irradiation. 

The increased rate of oxidation has a powerful effect on the 

rate of mechanical property change. Fig 4.9 (curves 2 and 

8) shows the % elongation at break decreased much more 

rapidly than LDPE without any transition metal ions. Tensile 

strength decrease followed a similar course to elongation 

at break, up to a certain point and then began to increase 

(Fig 4.10) (see more details in Chapter 6). 

(Tan6),a1s0 increased rapidly with irradiation time but then 

fell rapidly after reaching a maximum (Fig 14, curves 2 and 8). 

Complex modulus increased from the beginning of uv 

exposure whereas the control showed an initial drop (Fig 4.15). 

4.4 Discussion 

The above results show marked changes in the torque (Fig 4.1, 

curve 6), melt flow index (Fig 4.1, curve 2), tans) (Fig 4.1, 

curve 8), % elongation at break (Fig 4.1, curve 4) and tensile 

strength (Fig 4.1, curve 5) in LDPE subjected to relatively 

mild processing conditions. This indicates a very delicate 

balance of cross-linking and chain scission reactions during 

the early stages of thermal oxidation of LDPE which has 

Previously been observed in LDPE by Scott and comworkers: o> 

They observed a significant increase in average molecular 

8) 19 
weight (Fig 4. 16 even at 20 minutes of processing ina
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The effect of thermal processing at 150°C in a limited amount of 

air on the molecular weight distribution of LDPE. (Numbers on the 
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closed chamber. This increase in molecular weight and the 

formation of solvent insoluble gel under conditions of limited 

oxygen supply (closed chamber) can probably be related to the 

similar cross-linking reactions observed in the photo— 

oxidation of LDPE at ambient temperatures 4 

(60 ) 
It was 

previously suggested that the cross-linking process must 

be intimately related to the changes in mechanical properties. 

The mechanical damping value of LDPE at 20°C changes 

rapidly during the early stages of processing (Fig 4.1, curve 

3). It has been shown by Rictsencce. that the damping above 

Tg is strongly dependent upon molecular weight (Chapter 1, 

Fig 1.6.1.4. The value of tang in the region just above Tg 

decreases as the molecular weight increases (see Fig 1.6.14) ae 8) 

Conversely, hence cross-linking has a dramatic effect on 

dynamic mechanical properties above Tg6107-108) (Chapter 1). However 

Gi0S—141) aie 
it is a sensitive indication of cross-linking 

temperatures well above Tg, damping decreases with increas— 

ing cross-linking. Vulcanised rubber is typical of materials 

having a relatively low degree of cross-linking and the 

measurement of the damping of vulcanised rubber is a rapid 

(60 ) method of determining cross-linking Decreasing tan$ 

is therefore related to the cross-linking of LDPE during 

Processing (Fig 4.1, curve 3). A similar decrease in tang 

is observed in the rubber modified polymers¢=?" +208) and 

in Pye 92112) both of which contain significant amounts of 

cross-linking. Initial cross-linking during thermal oxidation 

of LDPE has also been observed by Turi and his coworkers! » 

as indicated by an initial increase in elongation at break and 

tensile strength and by Gan and Seat in the initial 

formation of gel. Changes in MFI (Fig 4.4, curves 1, 2) also 

reflect the cross-linking reaction occurring in continuously



processed and reprocessed LDPE for the same length of 

time. The difference between the two is that the reprocessed 

polymer has been subjected to greater oxygen contact and it 
(198) 

has been shown previously that the effect of oxygen is to 

reduce the extent of cross-linking during processing. It was 

198,123 
C198» 12°) that the also suggested by Scott and his co-workers 

addition of alkyl and alkoxy radicals to the double bonds 

could account for cross-linking through a dimerisation of 

allylic radicals (Scheme 1). 

Scheme 1 

OOH 
O02 

Ben Hen — -CH,-C-CH 
enll ell 

CH, CH, 

CH 

ee : 
Oe GOGneGoCn.— o 

-CH 2 G-CH, a aac ae —CH,-C-CH- 

i is 
Ite 2 

+ (c) Chain scission 

i 
SCE OeH -CH,-C-G  -CH,-C-CHO + CH 

2 I e ay tT ai 2 

Ho CH, CH, 

(b) (a) 

QOH OH 
=CH--C-CH Dimers + CH,-C-G- 

4 te (cross-link) . Mi 

2 2 

Disproportionation
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This reaction will predominate in an oxygen deficient system 

until all the oxygen is used up whereas further hydroperoxide 

(followed by carbonyl formation and chain-scission) will occur 

when Scheme 1(b), 1(¢) in the presence of excess oxygen. 

The hydroperoxide measured by infra-red at 3555 cm! shows 

an increase during the reprocessing operation (Figs 4.2 and 

4.3) and acts as a powerful initiator when the polymer is 

subsequently subjected to uv light. Fig 4.8 shows a linear 

relationship between chemically measured hydroperoxide and 

the infra-red absorbance at 8555 cm™!. 

4.5 Processing of commercially stapdilised polyethylene 

The primary purpose of the present study is to simulate the 

effect of repeated processing on polyethylene in order to 

determine the effect of recycling operation on the behaviour 

of such polymers. Most commercial polymers contain small 

amount of antioxidants added during manufacture and it is 

important to examine commercially available stabilised 

Products. In Fig 4.17 is shown the change with irradiation 

Produced in the spectrum of polyethylene film without any 

additive. The three regions in the spectrum, viz 3500 - 

3000 cm! J 1850-1600 em™! and 1200-850 em! where the 

changes were found to be most pronounced, have been related 

broadly to the absorption frequencies associated with O-H 

stretching vibration in carbonyl oxidation products and C-H 

bending or deformation modes in olefinic compounds 

respectively. The band at 8380 cm! which is typical of 

hydrogen bonded alcohol and hydroperoxide groups was 

initially present in the polymer but of weak intensity and as
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the reaction progressed, the intensity of absorption around 

3400 em! frequency increased gradually and finally became 

much more broad indicating formation of more hydroxyl 

compounds as a result of photo-oxidation. The determination 

of the nature of the hydroxyl group was very difficult by ir 

because of various overlapping hydroxyl group bands. It is 

generally accepted that the rate of hydroxyl group production 

is however;much slower as compared to carbonyl formation’ 188) , 

No free hydroperoxide groups (at $555 em) were detected by 

ir methods although such groups were detected in thermally 

oxidised film (Fig 4.2.8). This may be as suggested by 
(213) 

Winslow because hydroperoxides photolyse more 

rapidly than they are formed in polyethylene. This does not 

mean that all hydroperoxides are removed from the system 

but that their concentration is low to be detected by the ir 

method. This has ‘been confirmed by Chakraborty and 

scott 89) who found that thermally induced hydroperoxide 

disappeared rapidly from LDPE during uv irradiation. 

In the carbonyl region (1800-1680 cm” '),photo-oxidised 

Polyethylene showed a complex absorption with a large number 

of bands. The intensity of which increased with exposure 

time. Each of these bands was due to a different type of 

carbonyl compounds formed during photo-oxidation (Table 4). 

During prolonged irradiation the absorption peaks were 

dominated by doublets at 1710 and 1730 em”! (due to acid 

and aldehyde respectively). The formation of acid in highly 

photo-oxidised film was further substantiated by the 

occurrence of another band at 1185 cm7! which was 

accounted for by the single bonded (C-O) vibration within the 

carboxyl group. In the later stages of photo-oxidation, the



absorption due to the carboxylic group predominated, 

indicating the formation of this species as one of the major 

oxidation products in the uv degradation of LDPE. Other 

carbonyl compounds such as peracid (1785 em7!) (Fig 4.17), 

perester (1763 em) and conjugated carbonyl (1680 cm!) were 

also found as shoulders in the main peak (Fig 4.17). Another 

major effect of uv irradiation on polyethylene was observed in 

the region 1650-800 em corresponding to different types of 

olefinic unsaturation. These groups, viz vinyl (910 cm~1), 

vinylidene (890 cm71) and internal double bond (1645 cm71) 

have been shown to be present in the polymer as impurities. 

(190) 
Cross et al have shown a markedly different behaviour 

_ of carbon-carbon unsaturation in polyethylene during 

photo-oxidation compared with that during heat oxidation. In 

the present work, relative changes in absorption due to 

various olefinic double bonds was also used as a measure 

of changes caused by photo-oxidation and the results obtained 

coi”) . In summary, were consistent with previous work 

vinylidene group concentration decreases gradually where as both 

vinyl unsaturation and internal double bond increase during 

irradiation. Thesé results are shown in Fig4-5,4.6and4.7. 

Figs 4.18 and 4.19 show the general change in the ir spectra of 

commercial LDPE films containing ferric stearate during uv 

exposure. The overall absorption pattern was the same as in 

the control film, but the rate of development of oxidation 

Products functional groups was strongly influenced by the 

‘ addition of activators. The common transition metal ions are, 

however; likely contaminents during processing and particularly 

reprocessing operations due to inadequate removal from waste 

plastics. The effect of a typical pro-oxidant transition metal



117 

      

 
 

oN 
=
 

NIoWO 

ins 
(2s 

S
n
R
I
V
W
R
I
 

1h 
Z
O
O
L
 
A
W
S
 

(wo) 
nanvinnaay an 

(wo) 
damwaniaadn 

o09r 
oon 

0
n
n
g
 

005%, 
O
n
e
 

WII! 
f 

W
N
L
 

WA 

 
 

 
 

 
 

  

Maat 
if 

\ 
: 

| 
m
a
n
 

2 if 
A 

Vf NU
 

N
N
 
N
H
 

i 
ih 

A
O
 

WN 
| 

1 

s
n
o
w
 

os 
ov 

alt 
I 

Mi 
Mi 

1 
| 

1 
i 

(
s
u
n
o
y
 

ul 
a
u
l
]
 
s
u
n
s
o
d
x
d
 

a
u
e
 
s
a
A
u
n
o
 

uO 
s
u
a
q
u
u
n
u
)
 

W
H
 
F
d
a
 

Jo 
u
o
n
e
p
i
x
o
 

-oj0yd 
Bulunp 

u
o
d
u
o
s
q
e
 

(;—-WW9 
9091-0081) 

M
u
o
q
u
e
s
 

pure 
(;_W9 

O
9
0
B
-
0
0
S
H
)
 
M
x
o
u
p
A
y
 

ul 
e
B
u
e
u
g
 

L
L
 

614 

      
  

  
              

  
        

  
          

    
            
            

              
    

  
          

  
    

    

 
 
 

  
    

                        
              

              
        

                          
                

                      
            

      
  

  
      

  
              

    
  

     



 
 

 
 

 
 

a
 

a
 
e
e
 

“€ 
J 

—— 
— 

- 
— 

-¢ 
J- 

— 
+ 

' 

SP 
ON 

i
s
 
T
e
 

a
e
 

i
 

a
e
 

a
 

s
s
 

S
l
 

~
~
 

N
I
D
K
O
:
 

oO 
7 

= 
e
e
 

a
 
n
e
e
 SO
R
T
S
 
g
O
 

=
 

ins 
{oT 

a 
<
a
 

N
O
I
L
V
Y
L
N
I
D
N
O
D
 

Nvos 
1 

gas 
syuywae | 

aap 
e
N
O
S
 

| 
Sel 

a
 a 

(| W9) 
aaaWwaNdavm 

cs 
ae    

 
 
  

 

(Wo) 
wawnnanvm 

i 
oooe 

oose 

auawys 
| 

         

| 0001 
0021 

- 
oon! 

0091 
7 

ose 

  
                                              

    
o£ 

' 
i 

ses 
=
|
 

# 
= 

(
S
u
n
o
y
 

ul 
e
w
 

s
u
n
s
o
d
x
e
 

e
u
e
 
s
a
A
u
n
o
 

UO 
S
u
e
q
u
u
N
U
)
 

GS 
A) 

eyeUeeyS 
S14494 

6 
COL 

/1OW 
g
O
}
 

x 
J 

Buyuyequos 
Wily 

A
d
G
 

1 
Pesp}xo-ojo0ud 

Jo 
eujoeds 

p
e
—
e
u
J
u
]
 

B
L
"
 by 

o14 

  
 



  

   

( 
co) 

“
C
a
e
 

tee 
c 

> 
‘ 

NW 
e
e
e
 

a 
ON 

=
>
 
o
e
 MS 

2 
W
i
e
 
e
e
 
L
a
 

“118d. 
i 

ay 
i
 

~ N
O
U
V
Y
L
N
I
D
N
O
D
 

a
s
s
 

ete 
S
e
 

E
S
 
|S 

ine 
ee 

—____INaA1os 
Heo 

/e 
21% 

        
   

       
 

(WO) 
waaWANSAVM 

8. 
. 

a 
oat 

. 
002 

oose 
000¢ 

    
      

  
                      

            
  

09 =
 

SNO;DIW 
os 

ov 
Si 

N
t
 

ty 
(
s
u
n
o
y
 

ul 
atu1y 

e
u
n
s
o
d
x
e
 

e
u
e
 
s
e
~
u
n
o
 

UO 
S
u
e
q
u
u
n
u
)
 
4
S
e
-
)
)
 

ayeuee}sS 
o
1
4
4
e
4
 

6 
oo) 

/jow 
p
o
l
 

x
e
 

Bujuyequos 
W
y
 
B
d
 

p
e
s
i
p
i
x
o
-
o
j
o
u
d
 

jo 
eujoeds 

p
e
u
-
e
u
y
u
l
 

61 
"py 

B14    



120 

ions complex on the uv stability of LDPE and polypropylene 

(see Chapter 5) are shown in Figs 4.17 - 4.19 and Fig 4.13. 

It is clear that ferric stearate has a catastrophic effect on the 

uv stability of such polymers. Copper, mangonese, cobalt 

and iron are particularly powerful thermal pro-oxidants in 

the form of soluble salts on metal complexes and their effect 

is to catalyse the breakdown of hydroperoxides to free 

radicals (see equation 1). 

ROOH + Mo _—_—— RO’ Nae BO} 

ROOH + Mt? —- ROO’ +M' +H" 

The overall reaction is identical to normal thermal breakdown 

but it occurs much more rapidly, effectively removing the 

induction period (Fig 4.13). Ferric ions also powerfully 

catalyse this process which partially explains their uv pro- 

oxidant effect. However, a direct photolysis (equation 2) of 

the ferric salt also seems to be involved in the photo-pro- 
148 

oxidant effect® 5 , 

Eas Sea” Se ae ee Fee 

ee) 

The removal of the induction period by addition of FeSt has the 

same effect on the mechanical properties. If samples of 

polymer containing varying amounts of ferric stearate (2 x 1074 

and 2x 107° mol/100 grm polymer) are exposed to photo— 

oxidation it is found that the rate of decay of mechanical 

Properties is related to the concentration of ferric stearate 

(Figs 4.11 and 4.9).
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4.6 Relation between mechanical properties and polymer morphology 
  

It is evident from Chapter 1 that mechanical properties are 

intimately related to the crystallinity and morphology of the 

(60 ) polymer. Nielsen has established @ good correlation 

between the modulus of a series of polyethylenes having different 

crystallinity and the specific volume of the polymer at the 

same temperature and has shown that modulus is directly 

proportional to crystallinity; that is, the greater the 

crystallinity, the higher is the modulus. In the present case, 

it is found that photo-oxidation resulted in an increase in 

dynamic modulus. The rate of such increase in modulus 

however was greatly influenced by the presence of an 

activator in the polymer sample and differed with different 

concentrations used. The increase in the modulus in LDPE 

during uv irradiation may be correlated with an increase in 

crystallinity of the polymer. Surprisingly it was also 

observed that prior to attaining a steady rate of increase in 

modulus, there was an initial drop in modulus. This is 

attributed to the fact that pro-oxidant of polyethylene 

proceeds through a competition between cross-linking and 
(198) 

chain-scission and during the initial exposure time, it 

seems possible that cross-linking predominates. The initial 

cross-linking during uv irradiation of LDPE has been observed 
215,214 

by other workers 97°11), 

An additional explanation for the initial drop in modulus due to 

cross-linking is as follows. Polyethylene is a typical semi- 

crystalline polymer, made up of small regions of ordered 

structures. It is generally accepted that photo-oxidative 

degradation primarily starts in the amorphous region where the
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diffusion of oxygen is easier than in the crystalline region 

For a high modulus polymer, deformation occurs by the 

movement of segments of a chain when the stress is applied. 

For a segment to move, it must have free volume to move 

into and this will in turn depend on the degree of packing of 

the molecules. For lightly cross-linked material (as it 

occurs in the amorphous region of LDPE during photo-oxidation) 

there is still enough free volume for segmental rotation and 

consequently deformation will be longer for a small applied 

stress and thereby the modulus should be low. For highly 

cross-linked material, however, there will be an increase 

in modulus since network structure will resist segmental 

rotation. Senne also reported an initial decrease in 

modulus during gamma irradiation of silicone and bypolar 

elastomers before a steady rate of cross-linking was 

obtained (when the modulus increased). 

As the irradiation time is increased the modulus should 

rapidly increase due to secondary crystallisation. This process 

which is sometimes referred to as chemi-crystallisation is 

a result of predominant chain scission in the amorphous 

phase leading to reallignment of the chains into crystalline 

structures. It has been shown that’? crystallinity in 

polyethylene greatly depends on chain branching. Since bulky 

side groups inhibit the close packing of molecules, they 

therefore reduce the crystallinity and hence density of the 

Polymer. The photo-oxidation of LDPE is found to be 

accompanied by a reduction in chain branching (see below) 129 

which is favourable for close packing of molecules and gives 

rise to high density and crystallinity.
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Another factor influencing crystallinity is the mobility of the 

chain segments. Short chain segments or repeating units of 

high symmetry formed through photo-oxidative chain scission 

permit the chain to align themselves more readily than long 

chain repeating units of low symmetry. 

The mechanical damping (tan¢) (20°C) of low density polyethylene 

shows appreciable change during early stages of irradiation 

(Fig 4.14). After prolonged exposure ,jhowever,the damping
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values passed through a maximum as the embrittlement time was 

approached. Damping finally fall off after embrittlement. In 

polyethylene samples containing ferric stearate, damping 

attained a maximum value before the control, the maxima 

appeared earlier with increasing concentration of ferric 

stearate in LDPE. E 

Scott et a16200) found an increase in % elongation at break up 

to 200 hours of uv irradiation with an associated initial drop 

in modulus for metal ion sensitised uv degradation of LDPE. 

This was much higher than that of commercial LDPE and it 

appears that cross-linking may not be very important for 

commercial LDPE. In commercially stabilised polymers, 

change in crystallinity and molecular weight seem to be 

important factors during uv irradiation. The mechanical 

damping behaiour of crystalline polymers is generally more 

complex than that of amorphous poten ee 2), Since the 

damping is due primarily to the amorphous phase, the damping 

above Tg is strongly dependent on molecular weight. The 

value of the damping above Tg decreases as the molecular’ weight 
¢ 60 

increases ) (see Fig 1.614 in Chapter 1).



CHAPTER FIVE 

EFFECT OF REPROCESSING ON THERMAL AND PHOTO- 

OXIDATION STABILITY OF POLYPROPYLENE (PP) 

5.1 Introduction 

Polypropylene has found wide commercial application in the 

form of fibres and films, despite the problem of thermal and 

photo-oxidative instability associated with this polymer. A 

Partial solution of these problems has been achieved by the 

development of ultraviolet (uv) stabilisers and antioxidant 

ae 
systems for use with polypropyienes = >, 

The crystalline phase has been shown to be mostly isotactic 

whereas the amorphous phase is considered to be mostly 

atactic. Isotactic polypropylene has the following structure: 

    

H H 
OE a ea ee reece 

Ah a ee te 

Both the isotactic and syndiotactic forms of the polymer are 

easily crystallised. The alternating cH,- groups in the 

sSyndiotactic polymer can be easily packed together in the 

Planar~ zig-zag erystal form typical of polyethylene. In the 

case of the isotactic form, the polymer molecules in the 

crystal take the form of a helix,as shown in Fig 5.1.1. This 

staggers the CH,- side groups and allows the chains to pack
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Fig 5.1.1 Helical packing of isotactic polypropylene 

chain in the crystal (196) 
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together without strain. It can be seen that there is one 

complete turn of the helix for every three monomer units. In 

atactic polypropylene because of the random arrangement of 

the CH, side groups, the chains cannot pack together closely 

and so it is non-crystalline. 

The last five years have seen steady advances in polypropylene 

technology. This has been encouraged by the increasing 

competitiveness of isotactic polypropylene compared with 

polyethylene and PVC in that the price of polypropylene on a 

weight basis is now only just above that of polyethylene. 

Isotactic polypropylene competes on almost level terms in 

injection moulding and film applications and has considerable 

1 
advantages in fibre ppplieations = a As far as blow moulding 

is concerned, polypropylene is still less easy to process than 

polyethylene, but it has the advantages of higher temperature 

stability (for hot fill applications), higher clarity and the 

absence of stress cracking. Polypropylene is more 

susceptible to oxidation than polyethylene due to the presence 

of labile hydrogens on the tertiary carbon in each repeating 
e128» 197) 

unt . 

The infra-red spectra of oxidised isotactic polypropylene have 

19+224 
been studied thoroughly by a number of Mercere x 

Many bands in the infra-red spectra, eg 1450, 13870, 1171, 975 

and 890 em7! were found to be nearly independent of the 

temperature. Bands whose intensity decreased at higher 

temperatures were found at 1880, 1305, 1220, 1105, 995, 846 

and 810 em7! . In view of the sharp drop of these intensities 

in the melting region of the polymer and from a comparison of 

the spectra of crystalline and fully amorphous polypropylene,
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it was concluded that the temperature sensitive bands are 

1,22. 
connected with the crystalline comeine 52 =), Blais and 

Carlsson have shown surface restructuring during photo- 

oxidation of polypropylene aia Gee ). The 977/974 cm-1 

absorbance ratio of the film surface was found to increase 

steadily during uv degradation and was related to an increase 

in helical ordering resulting from backbone scission during 

(225) irradiation This was also shown by an increase in density. 

The 974 cm7! absorbance is due to the CH, unit 226), 

CHg 

-CH-CH,- 

and the ratio 987 em-1/974 coe is a measure of the isotactic 

content of the polymer which is in turn related to percentage 

crystallinity of the poner The increase in 

crystallinity is expected to be greatest in areas of extensive 

photo-oxidation such as film manacea ae This was 

confirmed by the data where 977/974 crn. ratio at the 

surface approached a maximum with increasing exposure 

time and the same ratio acquired a constant value towards the 

(225) interior of the film 

5.2 Experimental 

Unstabilised polypropylene was processed at 180°C in the 

RAPRA torque rheometer in a closed chamber for 5 minutes. 

The polymers were then compression moulded at 180°C for 

2 minutes on photographic glazing plates of thickness 0.015 + 

0.001 cm. Reprocessing was carried out on chopped up film 

under similar conditions to the initial processing. This was
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carried out four times for each polymer and reprocessed 

samples were indicated as number 2, number 8, number 4; 

number O and number 1 were compression moulded and 

initially processed samples respectively. 

Infra-red examination of the processed and subsequent 

photo-oxidised films were carried out using 457 and 599 

Perkin Elmer spectrophotometer. The rate of photo-oxidation 

(150). 
was measured by the following carbonyl index 

expressed as A1710/A905 em7! 

and the hydroperoxide content of the processed and 

reprocessed samples were measured chemically (see 

Chapter 3). 

The deterioration of physical properties was followed by 

measuring the stress-strain parameters as a function of 

exposure time. The tensile tests were carried out on an 

Instron Tensile Tester (see Chapter 3) using cross-head 2 

and chart speed 5 cm per minute at 22 + 1-Ce 

The dynamic mechanical tests were carried out using the 

Rheovibron (Chapter 3). The tests were carried out at room 

temperature (20 + 1°C) and at a frequency of 110 Hz. 

5.3 Results 

The ir spectra from processed and reprocessed samples of 

polypropylene are shown in Figs 5.1 and 5.2. The first point 
1 

of interest is the 4000-3000 cm™', OH stretching region of the
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“spectrum. A broad band from 3500-3300 cm™~' with two peak 

heights at 3400 and 83850 em~! respectively was observed in 

the ir spectra (Figs 5.1 and 5.2). Both the peak heights 

continued to increase steadily with time of irradiation. 

The carbonyl region, from 1850 to 1650 cm7?! is also shown 

in Figs 5.1 and 5.2. The carbonyl index at 1710 to 1715 em~1 

increased in an auto-accelerating mode as the number of 

reprocessing increased. The conjugated carbonyl shoulder 

band at 1685 om which was found to present initially in the 

unprocessed polymer, disappeared either on extended 

reprocessing or on uv irradiation (Figs 5.1 and 5.2), 

Like low density polyethylene (Chapter 4), the main carbonyl 

band in photo-oxidised Polypropylene has a number of shoulders 

indicating the presence of various carbonyl species. Although 

the typical -C=O bands due to aldehyde, esters and ketones 

were merged into a single broad band between 1715 and 1750 cm! f 

the band due to carboxylic acid near 1710-1715 em7! was quite 

distinct. This peak began to form almost from the beginning 

and remained the major carbonyl absorption during oxidation, 

showing carboxylic acid to be the major oxidation product of 

polypropylene. Adams(*"2) also found various carbonyl 

Products in photo-oxidised polypropylene and he calculated 

the concentration of various carbonyl products by infra-red 

spectroscopy and chemical reactions. 

The infra-red spectra from oxidised and unoxidised 

polypropylene have not shown any bands for specific olefinic 

unsaturation. Bands at 964 em! for ethylinic unsaturation, 
a) ee ; 910 cm for vinyl and 888 cm7! for pendant type unsaturation



were not detected due to the presence of various bending or 

wagging bands of polypropylene itself in those regions. But 

@ broad band at 1645 emi indicated the presence of olefinic 

unsaturation in polypropylene (Figs 5.1 and 5.2). Moreover, 

the presence of conjugated carbonyl in unprocessed polypropylene 

also confirms the presence of unsaturation, although the 

nature of the unsaturation is not known. 

No band at 3555 cm! (due to non-hydrogen bonded 

hydroperoxide group) was ebserved either in photo-oxidised 

or thermally oxidised polypropylene film as was observed in 

thermally oxidised LDPE (Chapter 4 and Chapter 6). The 

absence of this peak from the polypropylene film spectra may 

be due to the presence of predominantly hydrogen bonded 
229 

¢ ) has shown from the infra-red hydroperoxide. Chien 

spectra of ethylene-propylene copolymer that about 70% of 

hydroperoxides are intramolecularly hydrogen bonded. The 

broad band in the hydroxyl region is probably due to hydrogen 

bonded alcohols and hydroperoxides. 

The hydroperoxide concentration (measured chemically, see 

Chapter 8) showed an induction period up to the first processing 

and then rapidly increased with reprocessing (Fig 5.8). The 

shortest uv lifetime was observed at the highest hydroperoxide 

concentration for reprocessed polypropylene (Fig 5.4). 

The rate of photo-oxidation was measured by following the 

carbonyl index at 1710-1715 cm7',and Fig 5.5 shows that the 

rate of oxidation is highest for reprocessed samples, eg No 4, 

which had the highest initial hydroperoxide concentration (see 

Fig 5.3).
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The deterioration of the mechanical properties of polypropylene 

with reprocessing has been followed by measuring complex 

modulus andtané at 20+ 1°9C. Figs 5.6 and 5.7 show that 

the complex modulus increases with the number of 

reprocessings and with exposure time. Tané (20°C) shows a related 

decreasing relationship for reprocessing and uv exposure time 

(Figs 5.8 and 5.9). A linear relationship between hydroperoxide 

concentration and complex modulus (Fig 5.10) of reprocessed 

polypropylene was also observed. 

Figs 5.11 - 5.14 show the infra-red spectra of reprocessed 

polypropylene samples which were thermally oxidised for 

various times at 110 and 140°C in an oven (flow rate). In 

the carbonyl region (1800 - 1600 em7!) (Figs 5.11 - 5.14), 

thermally oxidised polypropylene showed a complex absorption 

with a large number of bands, the intensities of which increased 

with heating time. Each of these bands was due to a different 

type of carbonyl compound formed during thermal oxidation in 

air. The initial weak carbonyl absorption in the unprocessed 

film was observed at 1710 - 1715 cm71. The growing carbonyl 

increased towards 1710 - 1715 cm7! (acid) with increasing 

heating time. This increase of carbonyl was faster for the 

samples at 140°C (Figs 5.14 and 5.15). Other 

carbonyl products were also observed as shoulders in the later 

stages of thermal oxidation. The shoulders on the main 

carbonyl band were identified as peracid (1780 em”), perester 

(1760 em) and conjugated carbonyl (1680 - 1685 cm-1). 

Luongo87) suggested that all oxygen containing groups formed 

are breakdown products of hydroperoxide. Fig 5.15 shows 

the formation of carbonyl in polypropylene film which has been 

reprocessed. The heavily reprocessed samples, No 4, and
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very mildly reprocessed samples, No 1, at two different 

temperatures, 110 and 140°C in an air oven showed a 

significant difference in carbonyl formation on heating 

(Fig 5.15). 

As mentioned in the previous chapter (4), it is not possible 

to avoid contamination by transition metal ions during 

processing and reprocessing(20, Therefore it is necessary 

to study the effect of some common transition metal ions 

(eg Fe, C&, Cr, Mn, Cu, Zn) during thermal and photo- 

oxidation of processed and reprocessed polypropylene. Figs 

5.16 and 5.17 show the effect of such transition metal ions 

on the stability of polypropylene when subjected to uv light 

and thermal ageing. Fig 5.18 shows also how transition 

metal ions act when polypropylene undergoes reprocessing. 

5.4 Discussion 

Both the rate of development of carbonyl and the time to 

embrittlement of polypropylene subjected to uv exposure are 

markedly dependent on previous thermal treatment (Figs 5.4 

and 5.5). It has also previously been observed by Scott and 

(197) co-workers that polypropylene is markedly sensitised 

to photo-oxidation by the thermal processing sequence involved 

in its Conversion to fabricated products. 

_ (150, 151, 230) . 
Hydroperoxides and ketonic carbonyl 

¢ 

(147,281,140) 

232 
and conjugated carbonyl ) have all been proposed as 

photo-initiators during the early stage of photo-oxidation of 

polypropylene. All these impurities are formed as a result 

of thermal oxidation during processing or fabrication of
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polypropylene. It is seen (Fig 5.3) that the further growth of 

conjugated carbonyl (index A1710/A905 cm71) shows an 

induction period. Hydroperoxide rather than saturated 

carbonyl or conjugated carbonyl is the main photo-initiator 

during the early stages of photo-oxidation of polypropylene. 

Furthermore, the rate of photo-oxidation as measured 

by carbonyl formation can be directly related to the 

concentration of peroxides (Fig 5.5). 

= ¥ 

Scott and Couarkers< 7) observed a linearity of [ROOHT* 

with time of initial uv irradiation, implying that hydroperoxides 

initially formed are alone responsible for the photo-oxidation 

oe) showed a4 kinetics. More recently, Carlsson et al 

similar type of half order hydroperoxide concentration 

dependence on initial irradiation time and concluded that the 

low hydroperoxide level detectable in a commercial 

unstabilised polypropylene sample is alone adequate to account 

for the photo-initiation kinetics and additional initiation by 

(234) 
carbonyl impurities is insignificant. Emanuel also 

demonstrated the formation of hydroperoxide on uv irradiation 

of polypropylene which precedes the formation of carbonyl. 

There is now a great deal of evidence to suggest that 

hydroperoxide formed during the processing operation (Fig 

5.3) are responsible for the photo-sensitisation during 

photo-oxidation. 

Rete, em ee 

Samples of reprocessed polymer containing varying amounts 

of carbonyl (Fig 5.21},when subsequently exposed to photo— 

oxidation show rapid carbonyl formation (Fig 5.5), the rate
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of formation being related to the severity of processing and 

eS Tne initial carbonyl concentration in the polymer 

embrittlement time also decreased as the number of 

processing operations increased (Fig 5.4). 

Infra-red spectra showed the general change in the polypropylene 

films containing transition metal ions during uv irradiation. 

The overall absorption pattern was the same as in the control 

film, but the rate of development of oxidised product functional 

groups was strongly influenced by the addition of activators 

(eg nickel, stearate and ferric stearate) (Figs 5.1, 5.2, 5.19 

and 5.20), showing that ferric stearate is a more powerful 

photo-pro-oxidant than other transition metal stearates. The 

effectsof thermal oxidation are different for that of photo-oxidation. 

In the carbonyl region 1800 - 1600 em™! (Fig 5.11 - 5.14), 

thermally oxidised polypropylene showed a complex absorption 

with a large number of bands, the intensity of which increased 

with heating time. Each of these bands was due to a different 

type of carbonyl compound and some but not all were observed 

in photo-oxidised polypropylene. The growing carbonyl band 

shifted towards acid (1710 - 1715 em71) with increased heating 

time. Other carbonyl products were also observed as shoulders 

in the later stage of oxidation (Figs 5.11 — 5.14) at 1780, 

1760 - 1763 and 1725 cm7! (for detailed characterisation, see 

Table 4, Chapter 4). Co, Cr, Mn and Cu stearates are more 

powerful thermal pro-oxidants than ferric stearate (Fig 5.17), 

which was however more effective as a photo-—pro-oxidant 

(Fig 5.16). The effect of soluble salts such as metal complexes 

is to catalyse the breakdown of hydroperoxide to free radicals 

(see Chapter 4). Scott and co-workers observed similar 

results in LDPE showing that cobalt was a powerful thermal
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pro-oxidant for Lope® =), Therefore, reprocesed = 

polypropylene which contains different transition metal ions 

when subjected to uv light shows different carbonyl formation 

characteristics initially and at the later stages of photo- 

oxidation (Figs 5.16, 5.17 and 5.18). Fig 5.18 shows that the 

initial carbonyl index for cobalt stearate is higher than for 

ferric stearate but at the later stages of photo-oxidation, ferric 

stearate produced a higher concentration of carbonyl than 

cobalt stearate, 

5.5 Relation between mechanical préperties and poiymer monphology 

The dynamic mechanical properties, mechanical damping and 

complex modulus of polypropylene change rapidly during the 

early stages of irradiation. After prolonged exposure, however, 

the damping value decreased (Fig 5.9) and went through a 

minimum as the embrittlement time was approached. Since 

photo-oxidation started in the amorphous phase this led 

subsequently to an increase in eevseliniy = ocr 

Nielsen‘ 60 ) has shown different values of damping with 

Polypropylene of different degrees of crystallinity . 

The damping behaviour of crystalline polymers is generally 

more complex than that of amorphous polymers since 

crystalline polymers have a damping peak corresponding to 

the glass transition. However, since part of the polymer is in 

the crystalline state, the intensity of the damping peak is 

290 
reduced. The intensity of the damping peak is given By >, 

GI/G' = We (GIVE), + (1 -WXB'76 5 

where subsripts c and arefer to the contribution of the pure
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crystallinity and amorphous phases respectively. Also Nielsen 

has related the modulus of polypropylene to the degree of 

60) 
erystallinitywes ? @s the complex modulus increased with 

crystallinity (Fig 5.7). Fig 5.10 also shows a linear 

relationship between hydroperoxide (measured chemically) and 

complex modulus E* (for further discussion of the effect of 

photo-oxidation on mechanical properties of polymers, see 

Chapters 4 and 6).
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CHAPTER SIX 

STUDY OF BLENDS OF LDPE AND PVG 
  

6.A_Introduction 

Blending of incompatible plastics usually gives a reduction in 

mechanical properties compared with their polymer 

eoReenen 27) 4 As mentioned previously, the interest in the 

study of these systems partly arises from the re-use of 

polymer waste. Segregation into generic types in an expensive 

operation and it was proposed that the blend be used without 

separation. Research was carried out oo? to upgrade the 

inferior mechanical properties of the blends by controlling the 

domain sizes as well as the addition of compatibilisers and 

fillers etc. 

Han et al have found¢?S®) that in PE/PVC systems (45:55), PVC 

was dispersed in the PE matrix. This structure accords with 

the results of Han et a? who showed that material with the 

lower melt viscosity would constitute the continuous phase. 

There is an optimum mixing time. Refinement of the domains 

size decreases with increasing mixing time up to a stage where 

236 
coarsening in the structure takes place” , The effect of 

increasing the mixing temperature had a similar ehece =e 

Furthermore, there is a limitation since high temperature 

and or long mixing times increases the risk of degradation 

and discoloration of the blends. 

(235) 
It was found that the tensile strength increased with
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decreasing domain size. In general, coprecipitation gave a 

higher tensile strength product than melt blendings. The 

reason is that the domain size increases on melt blending. 

The precipitated sample also showed an improved elongation 

(287) 
at break over the melt-blended samples This was 

explained in terms of improved dispersion and the existance 

of a similar stress concentration around the similar PVC 

peer aco In melt mixing, there was a limit to the 

reduction of-domain sizes. The blend properties were found 

to be further improved by the use of various fillers and cross- 

linking Beets 2 

PVC has a higher tensile strength than pees) If PE and 

PVC were to be truly compatible, the tensile strength of the 

blend would be expected to increase linearly from minimum 

(100% PE) to maximum (100% PVC) with increasing PVC 

content. It was shown"2>) that a blend of mutually compatible 

polymers(eg:PPO and PS) exhibited such a linear relationship 

and directly related to the specific ratio selected. 

6.A.1 Experimental 

Materials: Stabilised low density polyethylene was used as the 

base polymer market under the trade name of Alkathene 805 

and produced by the Imperial Chemical Industries (ICI). 

BP Brean M90/50 (mass polymerised grade PVC) was used to 

blend with low density polyethylene. 

The solid phase dispersants GPD's) to improve the toughness of 

blends consisted of EPDM, ABS, ACS, SBS, NR, BR, HIPS
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and CPE (20% and 42% Cl) (see Table 6.1). 

Processing: The blends were processed at 180°C in the 

RAPRA torque rheometer for 5 minutes in a closed chamber. 

Samples were then compression moulded at 180°C for two 

minutes into sheets as discussed in the Experimental Chapter 

(3). 

Processing additives: (a) Commercial dibutyltin maleate 

based stabiliser (Irgastab T290), manufactured by Ciba-Geigy 

(UK) Limited. Infra-red spectroscopy analysis suggested that 

this stabiliser may contain 'hindered' phenol component. 

(b) Calcium stearate, BDH Chemicals Limited (analar grade). 

(c) Lubricant Wax E (trade name of Hoechst AG) was obtained 

from RAPRA, Shawbury, Shrewsbury, Shropshire. Wax E 

was obtained in the form of flakes and prior to use was 

produced in a mortar. 

Table 6.2 shows the formulations with varying proportions of 

PVC (0.5, 10, 15 and 20%). The formulations used were all 

based on 35 g of polymers. 

Tensile strength was measured as described in Chapters, 3, 

4 and 5. Impact strength and rheovibron were used as 

discussed in Chapter 3. 

Microscopy: Optical and scanning electron microscopy 

examination were performed on the blends, in each case 

photographs were obtained of unoxidised and oxidised samples. 

The percentage of grafted PVC was calculated from infra-red



162 

  

  

  

  

  

  

  

  

      

Table 6.1 

EPDM | Ethylene-propylene diene rubber, supplied by 

Esso Petroleum under trade name of ENJAY 4608 

NR Natural rubber supplied by Dunlop Ltd, under 

trade name of SMR (CV) 

BR Butyl rubber, supplied by Polysar under trade 

name of Butyl 100 

ABS Acrylonitrile-butadiene-styrene terpolymers, 

Produced by Monsanto 

SSS Styrene-butadiene-styrene (which contains 72% 

butadiene) was supplied by Shell Industry 

CPE Chlorinated polyethylene made from Union 

Carbide DGU5320, 42% and 20% (Cl) were supplied 

by ICI 

ACS Acrylonitrile-chlorinated polyethylene-styrene 

supplied by Showa Denko KK 

HIPS High impact polystyrene used under the trade 

name of BI 1008 containing 6.5% polybutadiene 

and 1% phenolic antioxidant 

Pu Polyurethane which was supplied by Porvair Ltd    



Table 6.2 

  

  

  

      

Compositions (%) Charge weight mixer (g) 

No So PVC rE PVC 

1 100 ° 35.00 0 

2 95 5 83.25 1.75 

3 90 10 31.50 3.50 

4 85 15 29.75 5.25 

5 80 20 28.00 7.00     

The PVC was stabilised as follows: 

(a) Irgastab (T2890), 2.5 grm/100 grm PVG 

(b) Wax E, 0.65 grm/100 grm PVC 

(c) Calcium Stearate, 0.8 grm/100 grm PVC
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spectrum by measuring the intensity of bond at 1250 cm7! (due 

to C-Cl band) after 32 hours of hot extraction, (40-50°C) and 

expressing this as a function of the absorption measured using 

a sample containing pure PVC (100% PVC) of the same 

thickness. 

6.A.2 Effect of PVC concentration on mechanical properties 

of LDPE / PVC blends 

  

6.A.2.1 Result and discussion 

The result obtained from the mixing of 5, 10, 15 and 20% PVC 

in LDPE at 180°C for 5 minutes indicates some grafting of 

PVC to LDPE (the % graft was calculatedas described in experimental 

section 6.A.1). The increase in grafting with increase in 

PVC concentration and a commensurate decay in vinylidene 

absorption at 890 cm~1 was observed (see Fig 6.1, curve 2). 

Figs 6.2, 6.3 and 6.4 show that with the addition of PVC to 

PE, the tensile strength, elongation at break and impact 

strength dropped with increasing PVC content. These results 

are in agreement with an experimental study carried out by 

(239) 
Han et al who showed that the tensile strength went through 

a minimum with increasing amount of the weaker component 

when two incompatible polymers such as PE and PS were 

blended. 

These differences in properties between the compatible and 

incompatible systems can be explained by two phase 

morphology of the incompatible blends contrasting with the 

single homogeneous phase structure of mutually compatible



165 

880 cm7! (vinylidene) 

cl 

vl 

OL 

8I 

OG 

oS   

pusiq 
OAd/Ad 

Ul 
OAd 

% 
Oe 

St 
OL 

Ss 
a 

T 

 
 (2) AdG7 Uy 

UoWyeuquedu09 
euap1AUIA 

pue 
(1) 

3dQ74 
0} 

peyeub 
% 

24) 
Uo 

O/Ad 
JO 

JuNOWe 
BulAUeA 

Jo 
yOejJ4 

bg 
B14 

Ov 

  
 
 

OAd Jo weub %



166 

spuelq 
O
A
d
/
A
d
 

Ul 
O
A
d
 

% 
02 

Sh 
OL 

S 
 
 

  
spueiq 

O
A
d
/
A
d
 

JO 
(%) 

e
e
u
q
 

ye 
U
O
I
V
Z
e
H
U
O
]
e
 

984] 
UO 

O
A
d
 

JO 
U
O
}
J
e
E
U
U
S
D
U
O
D
 

B
u
l
K
u
e
A
 

Jo 
}998jj4 

Z°9 
B14 

OL 

oc 

Ov 

OS 

4 
09 

  
 
 

OTX(%)Heezq 4e uoTZeBu0TH



167 

SPUeE1q 
O
A
d
/
A
d
 

Ul 
O
A
d
 

% 
Og 

St 
2 

QL 
(SF 

 
 

  
SPUP1q 

O
A
d
/
A
d
 

JO 
YIHUSUYs 

2]}SUE} 
84] 

UO 
UOIVeUQUe9UCD 

O/Ad 
JO 
W
E
]
 

E°9 
B14   

 
 

OS ° 
° 

ost 

/6>) yrBusujs el1sueL Cis 
¢



168 

S
P
U
B
1
Q
 
O
A
d
/
A
d
 

UI 
O
A
d
 

% 
0g 

St 
OL 

Ss 
 
 

  

t 
T 

spusiq 
O
A
d
/
A
d
 

JO 
y
{
H
U
e
d
j
s
 

yOedtU} 
243 

UO 
O
A
d
 

JO 
U
O
W
e
U
\
Q
U
B
D
U
O
D
 

BuUlKUeA 
Jo 

4
9
9
j
j
4
 

p
g
 

BIY 

OL 

ok 

  
 
 

Bues 640! x ujBueujs yoedwy



polymers. It can be seen from the optical micrographs of 

PE/PVC, plates 1-4, blends that they are heterogeneous 

blends. The PVC exists as domains which are dispersed in 
5 

the PE matrix. McGill and Fousie(*?™) blended 55 parts of 

PE with 45 parts of PVC and found that PE formed the continuous 

phase and PVC the dispersed phase. This was so as PE had 

the lower melt viscosity at the temperature of blending and 

moulding. This structure is also consistent with the findings 

of Han and yuP8®) andJL Work(?40) who both showed that 

in any incompatible mixture, the component having the lower 

melt viscosity at the temperature of processing tended to form 

@ continuous phase in the mixture. The greater the viscosity 

difference, the greater was this tendency. The viscesity of 

one component relative to the other could be changed by 

changing the molecular weight of the components and or the 

temperature of mixing. 

The PVC domain can be seen to increase in amount and size 

with increasing PVC content in the blends. The PVC particles 

tend to exist in spherical shape. In contrast to the blend, the 

polyethylene optical micrograph showed a single continuous 

phase (plate 1). 

The production of continuous film by the use of an extruder 

(18 mm, Betol with barrel zone 3 at 180°C, barrel zone 2 at 

170°C , barrel zone 1 at 160°C, die zone 1 and 2 at 180°C) did 

not show improved mixing over the torque rheometer. Plates 

5 and 6 show the particle size of PVC on the surface of extruded 

film. This can be related to insufficient mixing in the 

extruder.
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(OPTICAL) 100 % LDPE Plate 1 

Mn x 200  
 

(OPTICAL) (PE+5% PVC) 2 Plate 

Mn x 400
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(OPTICAL) (PE + 10% Pvc) Plate 3 

Mn x 400 

 
 

(OPTICAL) (PE + 20% PVC) Plate 4 
Mn x 4oo
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Plate 5 (PE + 10%PVC) (Optical) 
Mn x]00 

we 
r- 

  

Plate 6 (PE + 20%PVC) (Optical) 

Mn x loo



Plates 7-10 show scanning electron microscope photographs 

of specimens cut directly from the torque rheometer samples; 

these demonstrate the distribution of the particles throughout 

the matrix. The white bands could be due to surface cracking 

on cooling, due to contraction of the sample. All the 

photographs show nodules of PE coated PVC particles and 

give a good representation of the random distribution of the 

PVC phase. These results are in agreement with a study by 

Scott and co-workers@41? in which it was shown that the PVC 

exists as domain in the continuous phase of PE under 

microscope examination. The PVC domains do not adhere 

well to the surrounding PE matrix due to their incompatibility. 

(242) 
Kerner predicted that if there were mutual adhesion the 

two phases of a blend, the tensile strength versus 

composition curve would be an 'S' shaped relationship. 

Since the result obtained for PE/PVC blend is not 'S ' shaped 

, it can be assumed that adhesion between the dispersed 

and continuous phase is poor. 

When a blended sample is subjected to the tensile force, the 

domains detach themselves partially or completely from the 

continuous phase and voids are created between the two 

phases. This explanation is supported by results obtained by 

41) Scott and co-workers who studied the morphology and 

mechanical behaviour of a similar system. Plates 11 and 12 

show the fracture surface of 10% PVC sample. This photograph 

clearly shows the 'wells' which have contained the particles 

although no large voids can be seen, probably due to the 

recovery of the sample after fracture. The diagram of the 

photograph (Plate 12) indicates some important features of the 

241 
fracture surface: ?,
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Plate 7 (PE + 15%PVC) X 500 (S.E.M) 

  

Plate 8 (PE + 15% PVC)X 2,000 (S.E.M)
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Plate 9 (PE + 20% PVC)X200 (S.E.M) 

  

Plate 10 (PE + 20% PVC)X1000 (S.E.M)
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Plate 11 Fracture surface of a 

10% P.V.C sample X1,000 

    

void evidence particle'wells” 

Plate 12 Diagram of above
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Optical microscopic examination was used to observe the 

changes in morphology of samples under tensile stress. 

Initially, elastic deformation occurs equally within the matrix 

and particles. At the point of plastic deformation, the weak 

adhesion between the particle and the matrix is broken, and the 

matrix begins to deform. As PVC is much stronger than LDPE, 

the PVC particle is still within its elastic region and at this 

point the PVC particle will revert to its original unstressed 

form. The matrix and particle are parted at right angles to 

the applied stress. A void is thus formed between the matrix 

and particle. This break between the matrix and particle 

occurs at the point of highest stress concentration within the 

specimen. As further stress is applied, separation between 

other particles and the matrix occurs leading to a gradual 

spread into the particle region (see Fig 6.A.2.1). 

As deformation continues, the more plastic LDPE is caused to 

flow around the particle in the general direction of the applied 

stress creating extended voids with the particles suspended at 

their centres. At an advanced state of deformation, the voids 

around the particle are highly extended along the stress 

direction. Failure occurs when the number of coalescing voids 

reduces the particle cross-sectional area to a limit where the 

stress cannot be sustained and fracture of the specimen occurs. 

The tensile forces are mainly borne by the continuous phase and 

the tensile strength of the film decreases with increasing amount 

and size of the discrete PVC particles. McGill and Fourie: 

reported that the physical properties of PE/PVC blend improved 

considerably with decreasing domain size. This explains why 

increasing PVC content from 0 to 20% increases the amount and



   
Plastic region 

   

—
>
 

' 1 ' 1 ' ' 1 ' ' 1 ' i ! ' t ' 

S
t
r
e
s
s
 

E
l
a
s
t
i
c
 

r
e
g
i
o
n
 

Strain ———,» 

  

  

Fig 6.4.2.1 Graphical representation of the stress/strain 

curve produced by the blends.



size of domain and decreases the tensile strength of the blends. 

The impact strength follows a similar decrease to the 

elongation curve (Fig 6.4). This is again due to the increased 

viscoelasticity (Fig 6.4) as a result of the addition of 

polyvinyl chloride (PVC). Impact energy is dissipated by 

relaxation mechanisms, ie chain rotation. 

Fig 6.5 shows the decrease in tan§ at room temperature 

(20+ 120) -vs- PE/PVC blend compositions. There is often 

@ good correlation between the impact strength and the dynamic 

(243-248) mechanical properties of polyblends Impact 

strength generally increases as the size of the damping peak 

due to the rubber phase inereeses 70 1 

(249) 
(see Figs 

6.4 and 6.5). Boehme et al studied the effect of fillers 

on dynamic mechanical properties of polyethylene. They found 

that fillers often decrease the damping as expressed by 

G"/G'; in which case the damping can generally be approximated 
1 

py6250,25 ) (see Chapters 1 and 4 for fuller discussion): 

OY Man ae FO. 
(Q;1 and Qo refer to the matrix phase and dispersed phase respectively) 

The damping of most rigid fillers is very low compared to that 

of the polymer, so (G'/G oe is nearly zero and can be 

neglected. So it might be expected that tan$ (at room 

temperature, 20 + 1°) will decrease as the PVC content 

increases, Fig 6.6 shows an increase in complex modulus 

251 
with increase of PVC content. This is supported by Nielsen St) 

(249) and Boehme who found that fillers often increase the 

modulus.
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6.A.3 Effect of PVC Concentration on Thermal Oxidation of 
  

PE/PVC Blends 

6.A.8.1_ Introduction 

The degradation of polyethylene and polyvinyl chloride as pure 

polymers have been extensively studied@9" 2 BRE SEER), Little 

work has been previously reported on degradation of blends. 

Before discussing this, it is useful to consider briefly the 

degradation of each polymer contained in the blends. 

‘The thermal and uv degradation of LDPE has been discussed 

in Chapter 4. Photochemical degradation of polyvinyl 

chloride can be discussed in relation to thermal and high 

energy degradation because these processes are well known 

and several fundamental reactions occur in a similar 

wayl210,281, 292, 252) 

Although the access of air is restricted in the torque 

rheometer, it has previously been shown that oxygen is 
148,198 10148) ) 

always presen! . It has been suggeste ” “that the 

effect of oxygen during processing may have a significant 

(2515202)210) san 
effect. Scott and Vyvoda 

systematic and detailed study of the degradation of rigid 

polyvinyl chloride during processing in the RAPRA torque 

rheometer have suggested the following fundamental reaction 

sequence to account for the chemical modification undergone 

by the polymer:
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Scheme _ Continued 
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During commercial processing operations, the solid polymer 

is subjected to high temperature and high mechanical shear in 

order to cause melting and mixing. The melt is moulded, 

extruded or fabricated by a variety of suitable means. The 

solid polymer initially p.a sses through the rubbery phase 

during which macroradical formation occurs by chain scission. 

The rubbery phase is most susceptible to scission due to its 

limited deformability on application of shear. When the 

rubbery phase fuses to the melt phase (liquid), the polymer 

is more readily deformed by applied shear and macroradical 

formation would be less favoured. The macroradicals formed 

by the scission process (see Scheme 1(a) and 1(b)) undergo 

rapid chemical reaction to produce peroxides and unsaturation 

(Scheme 2(b), 3(@) and 2). Peroxide formation ts facilitated 

by the presence of entrapped oxygen in the polymer. The 

formation of unsaturation is accompanied by liberation of 

hydrogen chloride and the production of allylic sites in the 

polymer. The allylic hydrogen atoms are most susceptible 

to abstraction by free radicals and this leads to the formation 

of further peroxides and conjugated unsaturation in the 

polymer. Conjugated unsaturation in turn leads to colour 

formation during processing. 

The thermal decomposition of hydroperoxides produces alkoxy 

and alkylperoxy free radicals (Scheme 4(b)). The alkoxy radicals 

may be terminated by ketone formation and the alkylperoxy 

radicals may abstract labile hydrogen atoms from the polymer 

to produce more hydroperoxide and/or react with unsaturation 

generated to form peroxy cross-links (Scheme 9). 

Polymers and random copolymers are homogeneous materials.
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Any discussion of the degradation of polymer blends must 

begin with the observation that, with very few exceptions, 

blends of two polymers are heterogeneous. This is seen 

most clearly when a film is cast from a solution. If the 

solution contains one polymer, the film will be transparent, 

if it contains two polymers, the resulting film will usually 

be opaque, due to phase separation and light diffraction 

between the two phases. This phase separation has an 

important bearing on the type of reaction which can occur in 

the degrading blend. 

Optical and scanning electron microscopic examination of 

a heterogeneous polymer blend is shown inPlates 1-12. There 

exists a continuous phase of PE and a dispersed phase of 

PVC, so that we have domains consisting of a single pure 

polymer, separated by a phase boundary from the domains 

of the other polymer. 

Because of the two-phase nature of polymer blends, 

(253) 
degradation can be grouped into two categories comprising 

reactions occurring in the bulk of one or other or both domains, 

and reactions occuring at phase boundaries. Since the 

effective interfacial volumes involved are small in relation 

to the bulk volume of the sample, bulk reactions within a 

phase are much more probable than reactions across a boundary 

eurrace so McNeill has suggested that six processes appear 

feasible: 

in bulk: small molecule + macromolecule 

small radical + macromolecule 

small molecule + macroradical
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at phase boundaries 2 small molecules (product interaction) 

2 macromolecules 

macromolecule + macroradical 

In some situations, product interaction might also occur in the 
(253) 

gas phase or after condensation . 

6.A.3.2 Results and Discussion 

Figs 6.7 to 6.10 show infra-red spectra of processed LDPE 

and blend compositions (LDPE/PVC, 10, 15 and 20% PVC) 

which were themally oxidised in an oven for various lengths 

of time at 100 it 20C in the presence of air. The three 

regions in the spectra viz 8600-3000 em7! » 1850-1600 em7! 

and 1200-850 cm! where the most pronounced changes are 

found correspond to the absorption frequencies associated 

with O-H stretching mode‘ 18°) in various hydroxyl containing 

compounds, C=O stretching vibration in carbonyl oxidative 
(182) 

products and C-H bending or deformation modes in 

olefinic double bonded compounds respectively. 

As mentioned in Chapter 4, during the thermal oxidation of 

low density polyethylene at 110°C in air the infra-red 

absorption band at 3555 cm! became more intense as the 

oxidation proceeded. This absorption was attributed to 

hydroperoxide groups. The wavelength of this band is 

identical to the wavelength of the band due to O-H stretching 

vibration in t-butyl hydroperoxide, cumene hydroperoxide and 

(254) cyclohexene hydroperoxide It was indicated that the 

3555 cm! band denotes the presence of a free hydroperoxide 

1 
group, whereas 3400 cm™' band denotes an associated
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hydroperoxide group. 

Fig 6.11 presents curves showing the change in hydroperoxide 

concentration with heating time at 100 + 2°C in processed 

blends (5, 10, 15 and 20% PVC). Hydroperoxide shows an 

induction period that increased with the percentage of PVC in 

the blends. This could be due to the decomposition of 

hydroperoxide in the system by hydrogen chloride formed 

from degraded PVC. The dehydrochlorination of PVC under 

a variety of thermal and processing conditions has been well 

documented’? 55) . The effect of hydrogen chloride on the 

degrading polymer has not been clearly explained in the 

literature. Under most conditions and especially in the 

presence of oxygen, hydrogen chloride has been reported to 

exhibit dehydrochlorination catalysis °°), though under 

certain experimental conditions it has also been found to 

inhibit denyaroshierination -) The mechanism by which 

dehydrochlorination reactions are influenced by hydrogen 

chloride has been described in terms of ionic 6-258 4 free 
(260-263 (263) (264) 

radical » molecular (concerted) and dual 

mechanisms. 

Recently, it has been shown that in addition to dehydrochlorination , 

) peroxide Ponnmetion. 265 is a significant chemical 

modification occurring during the degradation of the polymer 

under processing conditions and the interaction of peroxides 

and hydrogen chloride is thought to be responsible for the 

rapid HCl elimination from the polymer during processing. 

(Though such a reaction has been previously reported”), 

Thus the effects of hydrogen chloride on the thermal 

decomposition of peroxides may be central to the understanding
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of PVC degradation. 

Scott and Rooweneers coe recently studied the effect of 

hydrogen chloride on decomposition of hydroperoxide. They 

found that the mechanism of the peroxide decomposing 

reaction is predominantly ionic at low hydrogen chloride 

to peroxide molar ratios whilst at relatively high (> 1) molar 

ratios, a free radical mechanism is favoured. 

CH CH OH CH 3s / 8 3 ef HCL i 3 oo 

‘(O-OH cH, 

ionic decomposition 

ROOT ep C RO) a H,0 Gl 

free radical decomposition 

The inhibition of oxygen absorption at low hydrogen chloride 

concentration and the enhanced pro-oxidant effect observed at 

higher hydrogen chloride concentrations are entirely 

consistent with these mechanisms ©), 

During processing of blends (5, 10, 15 and 20% PVC in LDPE) 

and a further themal oxidation, it seems that (Figs 6.11, 6.12) 

hydrogen chloride formed from degraded PVC can act as an 

antioxidant. This effect can also be observed in the carbonyl 

and hydroperoxide absorptions at 1710 and 3555 cm=1 

respectively, which gave a longer induction period with increase 

in PVC concentration in the blend. A plot of induction period
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of hydroperoxide against PVC concentration showed a linear 

relationship (Fig 6.13). 

The results in Figs 6.11, 6.12 and 6.18 suggest that hydrogen 

chloride undergoes an ionic reaction with hydroperoxide 

formed in LDPE. Moreover, reduction of hydrogen chloride 

concentration in the presence of PVC stabilisers (7290, 

dibutyltin maleate) which rely mainly on scavenging hydrogen 

chloride(267) is also evident as a result of the present studies. 

When the hydrogen chloride concentrations are significantly 

reduced, a general antioxidant effect is observed due to 

ionic destruction of peroxides by a deficiency of hydrogen 

chloride. In the absence of HCl scavenging stabiliser (T7290) 

the induction period to hydroperoxide and carbonyl formation 

in a PE/PVC blend containing 20% PVC was found to be 

eliminated (Figs 6.10, 6.14, 6.15 and 6.16). This can be 

attributed to the pro-oxidant reaction between peroxides and 

high HCl concentration leads to free radical processes and 

hence peroxide accu mulation®@&” . Fig 6.17 indicates the 

effect of dibutyltin maleate (T290) concentration on the 

induction period of hydroperoxide. 

An optical microscopic study of thermally oxidised PVC and 

blends with LDPE (Plates 18-18) indicate the formation of 

colour around the boundaries of the polymer phases. This 

colour is due to the formation of polyconjugated unsaturation 

in PVC.
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e 

Plate 13 (100%PVC) Sample without 

heating (heating time= 0) 

  

Plate 14 (100@PVC) Sample during 
° 

200 hours heating time at 100 C 

    Plate 15 (100%PVC) Sample during 
450 hours heating time at 100°C
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Plate 16 (PE + 20@PVC) Sample during 

150 hours heating time at 100° C,ma=100 

  

Plate 17 (PE + 20%PVC) Sample during 

330 hours heating time at 100 C,Mn=loo 

    ts 
Plate 18 (PE + 20%PVC) Sample duri 650 hours heating time at 100°, thn ico
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6.A.4 Effect of PVC Concentration on the Photo-oxidation of 

LDPE/PVC Blends 

  

6.A.4.1 Results and Discussion 

Figs 6.18 - 6.21 show the change with uv irradiation in the 

different regions in the infra-red spectrum of film containing 

different blends. Differences were observed between the 

spectra of thermally oxidised (Figs 6.7 - 6.10) and photo— 

oxidised (Figs 6.18 - 6.21) blends film. 

71 
In the carbonyl region (1800 - 1650 cm _ ) photo-oxidised blend 

films, like thermally oxidised films (Figs 6.7 - 6.10) showed 

a complex absorption with a large number of bands, the 

intensity of which increased with exposure time. 

Fig 6.22 shows the effect of PVC concentration on the 

photo-oxidative stability of the blends and indicates that with 

increasing PVC concentration the rate of oxidation increased. 

The deterioration of the physical properties was followed by 

stress-strain measurements, change in dynamic mechanical 

properties and impact strength as a function of exposure time 

(Figs 6.23 and 6.24). In the case of 100% LDPE, the tensile 

strength, elongation at break and impact strength were found 

to decrease with increasing uv exposure time. This is 

expected as the average molecular weight of polyethylene 

chains is reduced with photo-oxidation (more details in 

Chapter ae”, 

PE/PVC blends which were subjected to uv irradiation behave



205 

    
  

 
 

 
 

 
 

 
 

 
 

          
            

              
  

      
        

  
  

  
  

              
  

  
  

                    
            
            

              
  

          
        

  
            

                
              

                    
                

                
  

  
  

  
  

    
      

  

  
    

      
        

  

   

) 

on 
“iy 

a 
a
 

MIOIO 
\ 

E 

ans 
ug 

(wo) 
d
a
a
w
a
r
A
d
m
 

onne. 
onsz, 

on 
108, 

a 
| 

| 
\ 

i 
| 

0 
' 

% 
i 

07 

1 

| 
| 

v 
| 

ov 

09 
u 

} 
0 

IIHTE 
AN 

/ 
{ 

VA 
\ fet 

z 
i] 

i 
' 

\ 
foot 

o
s
 

o
v
 

St 

1 
' 

' 
' 

| 
Hi 

' 
| 

i 
it 

(sunoy 
ul 

a
u
t
 

eunsodxd 
aue 

seAvuno 
uO 

suaquuNu) 
WIL 

A
d
a
 

Jo 
voIepIxo 

-
0
}
0
Y
d
 

B
u
l
u
n
p
 
u
o
l
d
u
o
s
q
e
 
(
;
—
W
o
 
9
9
0
9
1
-
0
0
8
1
)
 
M
u
o
q
u
e
s
 

pue 
(,_ 

W
o
 
O
9
0
e
-
0
0
G
E
)
 
K
x
o
u
p
A
y
 

ul 
a
G
u
e
y
D
 

8
1
7
9
 
B
I
4



206 

  
      

N
A
V
       

  
 
 

   
     

              
 
 

ou 
‘                             

      
 
 

            
     

      

     

  

    

      Tn jOwDIW 
Ht 

SIN 

ae   
  

              

 
 
 

  =o   

j 

e
r
e
 

aDNaaa 43a 
~
~
 

Hivd 
11a 

NOUVaLNaDNOD 
A
N
A
A
I
O
S
 

 
 

N0S¢ 

  
  

    
                              

          ov 

-H                             
  

  

                =t 

(.W9) 
waaWaNgAvm 

i 
\ 

(4 

OAd 
ZOT 

+ 
F
d
C
T
 

     
 

 
 

        
                              

e
e
 

— 
~1- 

(Sunoy 
u} 

eW1y 
e
u
n
s
o
d
x
e
 

eue 
S
e
A
U
N
S
 

UO 
S
Y
e
q
u
U
N
U
)
 
W
W
 

O
A
d
 

%Ol 
+ 
A
d
a
 

Jo 
uorjep1xo 

-ojoud 
Bulunp 

u
o
y
d
u
o
s
g
e
 

(; W419 
0091-0081) 

M
u
o
q
u
e
s
 

pue 
G
e
u
e
 

0008-0088) 
MAxoupAy 

uy 
s
b
u
e
y
o
 

auwvs | 

NILUO | 00v 

|   

0 0% 08 

  
 



207 

@3auS_NVOS 
—
 

  

 
 

 
 

    
 
 

                        

 
 
 
 

     

swavwad 

0091 

 
 

 
 

 
 

                                                                              
    

  

       

 
 

   
 

oout 
 
 

 
 

“yONAUANTY 
= 

N
E
 

S
e
e
 

tilya2 
133 

a
e
 

~ 
= NOUVaLNaDNOD 

OAd 
YST 

+ 
Adat 

a
n
e
 

e
e
e
 

N
I
,
 

ee 
ae 

e
e
 

easy 
(,WO) 

yaawansavn 
002 

nse 
c 

H
T
 

EE 
| | 

H
U
 

                                  
  

    

 
 
 

 
 

 
 
 
 

 
 

    
  

                                                                                  
    

 
 

 
 

o
p
e
 
S
e
 
Ales 

(sunoy 
u} 

8U11) 
e
u
n
s
o
d
x
e
 

eue 
seAUuND 

UO 
S
u
e
q
u
N
U
)
 

LULL 
O
A
d
 

%G1 
+ 
3
d
G
1
 

Jo 
u
o
n
e
p
1
x
o
 

            
              

  
          
  

  
 
 

—ojoud 
Bulunp 

u
o
n
d
u
o
s
g
e
 

(; w
i
s
 
9
0
9
1
-
0
0
8
1
)
 
K
u
o
q
u
e
s
 

pure 
(,_wWo 

0
0
0
€
-
0
0
3
E
)
 

M
K
x
o
u
p
A
y
 

u} 
e
H
u
e
y
d
 

o%'9 
6
1
4



 
       

o
r
a
 

| 0094     002    

  
            

                                    
  

  
  

  
                      

  
          

                                                aDNaua4aa 
Hiva 

1
a
 

NOLVYLNIDNOD 
4NaA10S 

 
 

—— 

= 

Zz 

  

(Wo) 
waawanaAava 

(
e
e
e
 

Qu0e 
i 

Hi 
- 

 
 

| 

 
 
 
 
 

 
 

iS 3 
———   

    
    

  
    

    
  

  

       

HI 
os 

h
e
 

Lier 
e
u
n
s
o
d
x
s
 

s
u
e
 
S
e
A
u
n
d
 

UO 
s
u
e
q
u
i
n
u
)
 

W
i
l
y
 
O
A
d
 

-oj0yYd 
Hulunp 

s
u
o
i
y
d
u
o
s
q
e
 

(, 
two 

0
0
9
1
-
0
0
8
1
)
 
A
U
o
q
u
e
s
 

pue 
(, 

two 
o
o
o
e
—
 

  
OL 

rah 
‘ 

=
 

(
s
u
n
o
y
 

uy 
9
u
}
 

  
  

ov 

i
                 

  
                    

  
                  

            
LHL 

i 

 
 

#
0
G
 

+ 
A
d
G
7
1
 

JO 
u
o
y
j
e
p
 

— 
{
f
F
 

- craml'| 
1xO 

00SE) 
A
x
o
u
p
A
y
 

uy 
e
B
u
e
y
d
 

1g*9 
614 

  

OAd 
%OZ 

+ 
A
d
d
T
     

 
 

     



209   

(
s
u
n
o
y
)
 

e
w
i
g
 
e
u
n
s
o
d
x
y
 

009 
00S 

oov 
OO0€ 

00c 
oot 

(
e
6
e
q
u
s
s
u
e
d
 

u1 

S
U
O
}
}
E
U
J
U
B
O
U
O
D
 

O
/
A
d
 

24e 
S
8
A
U
N
D
 

UO 
S
U
s
q
u
U
N
U
)
 

U
O
}
V
e
]
P
e
4
4
)
 

AN 
BuluNnp 

s
p
u
s
|
q
 

O
A
d
/
A
d
 

JO 
UO 

W
e
t
U
U
O
J
 
A
U
O
q
u
e
d
 

UO 
O
A
d
 

JO 
U
O
T
V
e
U
Q
U
a
O
D
U
O
S
 

H
u
l
A
u
e
r
 

jo 
y
O
e
j
j
4
 

B
e
g
 

B14 

 
 

S 
o 

Oct 

  
 
 

C,H OLLL) eouRequosge AUoqueo



(
S
u
n
o
y
)
 

e
w
i
g
 
e
u
n
s
o
d
x
y
 

oOo 
OO 

0
0
6
 

OO 

 
 

  
O
A
d
 

%08 
+ 
A
d
a
 

£g 
f
O
A
d
 

%St 
+ 
A
d
G
1
 

‘vy 
fOAd 

%01 
+ 
A
d
a
n
 

£6 
f
O
A
d
 

48 
+ 

Sadan 
fe 

fadaq7 
%001 

£1 
*
u
o
w
e
p
i
x
o
-
o
j
o
y
d
 

Bulunp 
spueiq 

O
A
d
/
A
d
 

JO 
4
{
B
u
e
u
y
s
 

8
]
1
S
U
8
}
 

8Yy} 
UO 

O
A
d
 

Jo 
U
O
I
W
e
u
q
U
s
o
U
O
0
D
 

B
u
l
K
k
u
e
d
 

jo 
y
9
9
4
j
4
 

€
S
'
Q
 

B
1
4
 

os So 
o 

Ost 

  
 
 

(gue /B>) uj Buseujs 811sueL



spus1q 
O
A
d
/
A
d
 

Ul 
O
A
d
 

% 
oz 

fe 
OL 

S 
 
 

  
6g1 

Gee 

G
i
v
 

(sunoy 
ul 

s
e
u
l
]
 
e
u
n
s
o
d
x
e
 

sue 
S
e
A
U
N
D
 

UO 
SuUsquUNU) 

UO}WeP1xO-—ojOUd 
BulUNp 

spue|q 
O
A
d
 
/ald 

JO 
y{6ued3s 

9]1SUE] 
24] 

UO 
O/Ad 

JO 
U
O
W
E
U
Q
U
B
D
U
I
O
D
 
B
U
A
u
e
A
 

jo 
3
9
9
5
)
 

ps'g 
BIA   

 
 

OL 

oe 

OS 

oft 

Sao uy Buedjs s11sue |



212 

rather differently from low density polyethylene. The tensile 

strength of the blends increased during uv irradiation as a 

function of exposure time (Figs 6.23 and 6.24). The elongation 

at break and impact strength of the blends decreased with 

irradiation time (Figs 6.25 - 6.27). 

It is believed that there are three main factors contributing to 

the mechanical strength of the incompatible polymer blends: 

(1) the nature and proportion of the continuous phase, 

(2) the occurrence of interaction at the interface, and 

(8) the nature and proportion of the dispersed phase (this is 

an important factor which increases in importance in the 

presence of additives). 

When the PE/PVC blends are exposed to uv irradiation, two 

main processes take place at the same time. The first is the 

degradation of the PE continuous phase and in the PVC 

dispersed phase resulting in weaker and lower tensile strength 

of the blend. The other is the interaction at the interface 

of the domains and matrix. The product of interaction between 

PE and PVC has been shown in section 6.A.2.1 to be partially 

grafted and acts effectively as a solid phase dispersant (SPD) 

and holds the two phases together. This will contribute to an 

increase in the tensile strength of the blend. The overall tensile 

strength of the blends will then depend on the net effect of the 

two degradation processes. 

In the case of blends which contain the highest PVC concentration
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(eg,20%), there is the greatest increase in tensile strength 

with irradiation time (Figs 6.23 and 6.24), This seems to 

be associated with a higher photo-oxidation rate of 20% PVC 

blends (Fig 6.22). 

The deterioration of impact strength as irradiation is increased 

may be due to the degradation of phases which reduce their 

ability to respond noticably to deformation (Fig 6.27). 

The elongation at break of blends depends mainly on the 

continuous PE phase and is seen to decrease with irradiation 

time due to the reduction in molecular weight of the matrix 

(Figs 6.25 and 6.26). 

As mentioned previously, dynamic mechanical properties are 

extremely sensitive to all kinds of relaxation processes 

which in turn depend on structural heterogenetics and the 

pe oe, BES ), Blends of morphology of multiphase systems 

PE/PVC show a decrease in tans (at room temperature, 

20+ 1°C) with increasing concentration of PVC (Fig 6.5). It 

might be expected that because polyvinyl chloride has a 

lower tan§ (20 + 1°C) and higher modulus than PE (see 

Chapter 1),when blends are subjected to uv irradiation, tans 

and complex modulus will increase with exposuhe time (Figs 

6.28 and 6.29) due to the increasing crystallinity of the 

blends during uv irradiation (See arguments in Chapters 1, 4 

(206) 
and 5). It has been shown that crystallinity in polyethylene 

greatly depends on chain-branching. Since the presence of 

bulky side groups prevent the close packing of molecules, they 

thereby reduce the density and crystallinity in the polymer 

(see Chapters 1 and 4).
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6.A.5 The Effect of Some Transition Metal Ions on Thermal and 
  

uv Oxidation of PE/PVC Blends 

The common transition metal ions are particularly likely to be 

contaminents during the reprocessing of PVC due to attack of HCl 

on machinery. The effect of a typical pro-oxidant transition metal 

ion, ferric stearate (FeSt) on the uv stability of blends are shown 

in Figs 6.19, 6.20, 6.30 and 6.31 (for 100% PE see Chapter 4, Figs 

4.17-4.19). It is clear that as measured by carbonyl absorption, 

FeSt has a catastrophic effect on the uv stability of LDPE/PVC 

blends (Fig 6.82). This supports the conclusion of Scott and co- 

1 
workens‘ 2) The stability of the blends compared to the LDPE 

might be due to interaction of the PE and PVC. The 

interaction between the two polymer phases (or boundaries) can 

play a retarding role which prevent the oxidation of both polymeric 

components front’the formation of the main products of oxidation (eg, 

C=O at 1710 em!) ( Fig 6.32). The appreciable change in carbonyl 

absorption during exposure time (Fig 6.32) has am effect on the 

mechanical properties of the blends (Figs 6.338-6.36). The mechanical 

damping, complex modulus, percentage elongation and tensile strength 

at break show appreciable change during exposure time with different 

concentrations of FeSt (Figs 6.33-6.86) (discussion of these changes 

are given in Chapters 2, 4 and 5). 

6.A.6 Introduction of Some Solid Phase Dispersants (SPD's) to 
  

Improve the Toughness of Blends 

6.A.6.1 Introduction 

Blends of incompatible polymers such as PE and PVC possess 

poor mechanical properties and cannot be considered for 

many applications. Additives which modify the blend to give 

it ductility may provide a solution to this problem.
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Introduction of some selected additives, termed solid phase 

dispersant (SPD) was tried in attempting to improve the 

performance of these blends by enhancing their strength and 

toughness. 

The use of solid phase dispersants in polymer blends has 

been extensively studied. Paul and eooers ae have 

shown that the stress-strain behaviour, especially ductility, 

of some incompatible polymer blends 's greatly improved 

by the addition of chlorinated polyethylene (CPE). This 

improvement is greatest for blends containing polyethylene 

and PVC. The most effect|OPE's have some residual 

polyethylene crystallinity and may be described as black-like 

polymers with ethylene sequences and chlorine containing 

sequences. It is postulated that CPE addition improves the 

blend properties by increasing the adhesion between domains 

in the blend via interactions with the blend components. This 

hypothesis was explored by thermal analysis, dynamic 

mechanical testing, adhesion studies and niiceecoeyaes 2. It 

is concluded that the interaction of CPE with polyethylene 

derives from compatibility of rather lomg methylene sequences 

in CPE with the polyethylene which results in good adhesion 

bonding. The interaction of CPE may not be owing 

to segmental compatibility but simply good mutual adhesion 

between similar polar materials. They have not observed 

any interaction or adhesion between CPE and polystyrene as 

would be expectedn”. CPE addition to blends is accompanied 

by a decrease in component domain size.
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6.A.6.2 Experimental 

The blends were carried out at 180°C in the RAPRA torque 

rheometer for 5 minutes in closed chamber. The processed 

blends were compression moulded at 180°C for 2 minutes into 

sheets as described in the main experimental Chapter 3. 

The additives consistingof EPDM, ABS, ACS, NR, SBS, and 

CPE (20% and 42% chlorinated polyethylene) (see Table 6.1, 

Chapter 6, Section 6.A.1) were used to improve the toughness 

of the blends. 

6.A.6.3 Results and Discussion 

The tensile strength measurements indicate minimal strength 

in the range 30-50% of either polymer (eg PVC in PE, Fig 

6.37). This is believed to represent the worst concentration 

as far as mechanical properties are concerned, probably due 

to phase separation in an incompatible system and for this 

reason this blend was chosen for the study of SPD’s. 

The mechanical properties of PE/PVC without SPD has been 

discussed previously (see Section 6.4.2). Table 6.A.2 and Figs 

6.38, 6.39 and 6.40) show the effect of seven additives on 1:1 

or 60/50 LDPE/PVC biends. EPDM is more effective in 

improving % elongation at break (from 5.0 to 370) and 

impact strength (from 0.35 to 3.15) than other additives and 

this effect increases sharply with concentration (eg 20% EPDM, 

Figs 6.38 and 6.39). Tensile strength decreases from 46 to 

36 kg/em® due to the lower tensile strength of EPDM compared 

with PVG (Fig 6.40). EPDM appears therefore to be a
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Fig 6.87 The effect of varying concentration of PVC 

on tensile strength (1) and elongation at 

break (%) (2) in LDPE 
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Fig 6.38 Effect of varying concentration of compatibilisers 

(SPD’S) on the elongation at break (%).of PE/PVC (1:1) 

blends. 1, EPDM; 2, butyl rubber; 8, natural 

rubber; 4, SBS; 5, ABS; 6, CPE (20% chlorinated 

PE); 7, CPE (42% chlorinated PE) 
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Fig 6.39 Effect of varying concentration of compatibilis es 

(SPDs) on the impact strength of (1:1) PE/PVC blendg 

1, EPDM; 2, natural rubber; 38, SBS; 4, butyl 

rubber; 5, ABS; 6, CPE (42% chlorinated PE); 

7, CPE (20% chlorinated PE) 
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Fig 6.40 Effect of varying concentration of compatibilisers 

(SPDs ) on the tensile strength of PE/PVC (50/50) 

blends. 1, CPE (42% chlorinated PE); 2, 

SBS; 8, CPE (20% chlorinated PE); 

4, EPDM; 5, ABS; 6, butyl rubber; 

7, natural rubber i 
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Table 6.A.2 The effect of varying concentration of SPDs on the 

mechanical properties of PE/PVC (50/50) blends 

  

  

| 

  

        

Formulation Elongation | Tensile Impact 

No. at break | strength |strength 

PE + PVC + additives (%) (kg/em2) |(x 10+*5) 

(%) ergs 

1 PE 480-500 128 8.5-9.0 

2 50+ 50+0 5 45 0.35-0.4 

3 45+45+10EPDM 100 87.5 1.35 

~ 40 + 40 + 20 EPDM 370 38.0 3.15 

5 45+45+10SBS 8.0 58.0 Ad 

6 40+ 40+ 20 SBS 30.0 53.0 2.0 

a 45+45+10BR 25.0 32.0 0.62 

8 40+40+20BR 60.0 26.0 io 

9 45+45+10NR 12.5 31.0 1.25 

10 40 + 40 +20 NR 32.0 24.0 2.6 

wa 45+45+10ABS = 38.0 1,05 

2 40+ 40+ 20 ABS G2 34.0 0.5 

13 45 + 45 + 10 CPE(20%) i 46.5 0.6 

14 40 + 40 + 20 CPE(20%) = 38.0 0.4 

15 45+ 45 + 10 CPE(42%) _ (200 0.35 

16 40 + 40 + 20 CPE(42%) = 94:0 0.75     
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most effective phase dispersant (SPD) for the PE and PVC 

blends to enable them to be used in some specific application. 

The reasons for this improvement are not well understood and 

require further work (see Chapter 7). 

6.B The Effect of Polypropylene Concentration on Mechanical 
  

Properties of LDPE-PP Blends 

6.B.1 Introduction 

Almost from the time that polypropylene was introduced as a 

commercial resin, there has been interest in its blends with 

its sister polymer in the polyolefin family, polyethylene. 

During the period from 1962 to 1969 some 34 patents were 

issued on this subject, 11 of them United States patents, and 

all assigned to resin manufacture. They are mostly concerned 

with improving the low temperature properties and impact 

resistance of polypropylene but do not provide much 

quantitative evidence as to what has actually been 

accomplished. Of the published papers dealing with the 

Physical, chemical and rheological properties of blends of 

these two polyolefins, about half are by Plockocki and 

co-workers /0-* i » and published in journals unavailable to 

us and our knowledge of their contents is limited to what can 

be gleaned from abstracts and citations by other authors, 

Plockocki carried out melt-blending of the two polymers. 

Most of the other investigations have been concerned with 

blending by coprecipitation of the polymers from solution or 

from suspension. For example, Kulezner and co=workers©275) 

Prepared blends of Ziegler and Phillips type linear 

polyethylenes with isotactic polypropylene by vacuum drying
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methanol suspension of the polymers. In addition to studying 

the rheological properties of these blends in a rotational 

) 2, 
viscometer, they also measured 7 tensile strength and 

concluded that their results indicated mutual solubility of the 

components in the molten state. 

(276) 
Recently, Oscar and James investigated the properties of 

high density polyethylene (HDPE) and isotactic polypropylene 

blends. They27® 

percentage by weight: 0, 10, 33.3, 40, 50, 66.6, 90 and 100 

melt—blended HDPE in the following 

onthe PP. Their blends showed similar two phase character 

to those of Stonimskii= and Plockooki@ o1= a2 

6.B.2 Experimental 

Materials: Low density polyethylene and unstabilised 

polypropylene were used as described in Chapters 3, 4 and 5. 

Processing: The blends were processed at 180°C in the 

RAPRA torque rheometer for 5 minutes in a full chamber. 

The blends were then compression moulded at 180°C for 2 

minutes into sheets as described in Chapter 8, 

Table 6.8.1 shows the formulation with varying proportions 

of PP (0, 5, 10, 15 and 20%). All formulations were based on 

35 grm of polymer (in a full mixer chamber). 

Tensile strength, % elongation and Young's modulus were 

calculated at the cross—head speed of 2 cm/min at room 

temperature (21 + 1°C) (details are given in Chapter 3).
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Dynamic mechanical property measurements and optical 

microscopy examination were carried out as described in the 

main Experimental Chapter 3. 

6.B.3 Results and Discussion 

Fig 6.45 shows the % elongation at break plotted against blend 

composition. This decrease of % elongation at break for 5% 

polypropylene is not significant and 5% blend shows similar 

% elongation at break as LDPE. The'tensile strength also 

appears to decrease up to 20% PP in to blend (Fig 6.46). 

Impact strength follows a similar curve to elongation at break 

(Fig 6.47). 

From Figs 6.45 - 6.47 it appears that above 5% polypropylene 

acts as a rigid filler which increases the modulus as measured 

from the initial slope of the stress-strain curve. Generally 

fillers cause a decrease in elongation to break and also often 

@78) decrease the tensile strength of a material There are 

important exceptions, especially with such fillers as carbon 

black in rubber278)_ This increase in visco-elasticity can 

be explained in terms of decreased chain rotation in 

Polyethylene by which elongation occurs, hence the blend 

becomes more prittie 78» ©) | 

Impact strength also decreases with elongation at break (Fig 

6.47) which is again due to the increased visco-elasticity as a 

result of the addition of polypropylene. Impact energy is 

dissipated by relaxation mechanism (chain rotation) similar to 

those operating during elongation, which accounts for the 

similarity of curves, The decrease in impact strength was



238 

SPUB1q 
d
d
/
A
d
 

OW! 
dd 

% 
o2 

Si 
OL 

 
 

  
spueiq 

H
d
/
A
d
 

J0 
(%) 

e
e
u
q
 

7e 
U
O
}
e
B
U
O
}
e
 

943 
UO 

d
d
 

Jo 
U
o
l
j
V
e
4
j
U
S
9
U
0
9
 

H
u
l
K
u
e
r
 

jo 
4
O
9
4
J
5
 

G
y
*
g
 

B14 
  

ool 

004g 

00s 

oor 

  (eles) 

(%) 4esugq ze u017e6ub1y



239 

SPUZIG 
d
d
/
A
d
 

OU! 
dd 

% 
og 

‘ 
GL 

OL 
S 

 
 

  
SPUBIG 

d
d
/
A
d
 

jo 
(
g
u
s
 
/6>1) 

4
{
H
u
e
d
y
s
 

9
]
}
S
U
e
]
 

84} 
UO 

d
d
 

JO 
U
O
}
W
e
U
{
U
S
D
U
O
D
 

B
H
u
l
k
u
e
A
 

jo 
o
a
 

9
r
*
9
 

B
i
4
 

08 

oOL 

O
G
 

  
 
 

Ovt 

G9 /8>) uy Busuys s]1sue_|



240 

s
p
u
e
l
q
 
e
e
e
 

O
w
l
 
d
d
 

% 

Od 
GI 

OL 
g 

 
 

  Sp
u
c
l
q
 
d
d
/
a
A
d
 

JO 
y
{
G
u
e
u
j
s
 
J
o
r
d
}
 

94] 
UO 

d
d
 

JO 
U
O
}
V
e
E
U
Q
U
B
O
U
O
D
 

H
u
l
k
u
e
r
 

Jo 
y
o
 

L
p
*
9
 

B14   
 
 

OL x ubusu7Zs JOedWwy 6ue 
S+



241 

expected as little relaxation of chain can occur within the 

polypropylene phases and the impact energy is transferred to 

the polyethylene matrix thus magnifying the effect of impact. 

Optical micrographs of LDPE/PP blends are shown in Plates 

1B-4B. Micrographs (Plates 1B and 2B) showed a single phase 

comparable to LDPE for 5% PP in LDPE indicating complete 

compatibility. Optical microscopy of the 20% blend (Plate 3B) 

indicates a different morphology from the 5% blend due to the 

incompatibility of PP at this concentration relative to 100% PE 

(Plate 4B). 

A study of the dynamic mechanical properties of the blends 

indicates that tan§ (20+ 1°C) decreases as the polypropylene 

concentration is increased (Fig 6.48). As described in 

Chapter 5, polypropylene has a lower tang (20°C) and higher complex 

modulus than Lope‘ ca ), The decrease in tan§ (20°C) and increase 

in complex modulus (Figs 6.48 and 6.49) may be due to 

rigidity of polypropylene than polyethylene. 

6.B.4 Effect of Polypropylene (PP) Concentration on the 
  

Photo-oxidation of LDPE Blends 

6.8.4.1 Introduction 

Polypropylene is known to be much less stable than 

polyethylene. Polypropylene present in mixed waste expected 

to increase photo-sensitivity (for more details see Chapters 

4 and 5).
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Plate 1B 100% LDPE (OPtical) 

Mn = 200 

  

Plate 2B (PE + 5% PP) (Optical) 

Mn x 400



243 

  

Plate 3B (PE + 20% PP) (Optical) 

Mn=4oo 

  

Plate 4B 100%pp (Optical) 

Mn = 400
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6.8.4.2 Results and Discussion 

Infra-red examination of the LDPE/PP blends during uv 

irradiation shows the effect of polypropylene concentration on 

the rate of some growing functional groups in the region of 

3000 - 3500 em™! (OH) and 1700 - 1715 cm™! (C=O) 

respectively, (Figs 6.50 - 6.54). Examination of Figs 6.50 

to 6.54 shows that as the concentration of the polypropylene 

(PP) is increased, the polyblends show greater susceptibility 

to ultraviolet light degradation (Fig 6.55). This lower 

photo-oxidative stability of the polyblends can be attributed to 

the presence of a labile hydrogen on the tertiary carbon in the 

polypropylene (See Chapter 5). Moreover, the melt processing 

operation involves a temperature (180°C) under which thermal 

oxidation of the polypropylene would be expected to give 

hydroperoxides and carbonyl groups which are believed to be 

the main photo-initiators (see Chapter 5). 

The difference in the rate of photo-oxidation of the polyblends 

is also ref lected in in the change in mechanical properties. 

Fig 6.56 shows that elongation at break decreases more 

rapidly as the polypropylene concentration is increased. On 

Prolonged exposure, this decrease in % elongation at break 

for the blends is only small (Figs 6.56 and 6.57). This is 

consistent with the fact discussed earlier (section 6.A.4) that 

chain scission predominates in PP. 

Tensile strength for the 10% and 20% polypropylene decreases 

during the early stages of uv irradiation but on further 

exposure the blends show an increase (Figs 6.58 and 6.59). 

Moreover, the increase for the 20% polypropylene blend is
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higher and started at an earlier stage of uv irradiation than 

did the 10% polypropylene blend (Fig 6.58). The increase in 

tensile strength is probably similar in origin to that for the 

PE/PVC blends and again is probably caused by some 

interaction at the boundaries of the two phases of the polymers. 

The probability of such interaction is higher for 20% 

than 10% polypropylene blends due to the rate of oxidation 

during uv irradiation (Fig 6.55). 

‘The common transition metal ions are likely contaminents 

during processing and are not adequately removed from waste 

plastics. Transition metal ions have been shown previously 

(in Chapters 4 and 5) and also in section 6.A.5 to have a 

powerful pro-oxidant effect on the polymers and polyblends. 

Fig 6.60 shows the effect of ferric stearate (FeSt) on the 

photo-oxidation of PE/PP blends: It appears that in the 

presence of FeSt LDPE has lower stability than 10% and 20% 

polypropylene when subjected to uv light. This stability of 

the blends compared to the LDPE again might be due to some 

interaction between the PE and the PP phases (PE is the 

continuous phase and PP is the dispersed phase in the 

system) 235), Ths interaction between the two polymer phases 

(or boundaries) can play a retarding role which prevents the 

oxidation of both polymeric components. The formation of the 

main products of oxidation (C=O at 1710 em=1, Figs 6.60 and 

vinyl at 910 em7! » Fig 6.61) show a significant reduction for 

the blends (10% and 20% PP) compared with the pure 

components.
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6.8.5 Introduction of Some Solid Phase Dispersants (SPD's)to 
  

Improve the Toughness of Blends 

6.8.5.1 Introduction 

Many commercially produced grades of high impact strength 

polypropylene are physical blends of polypropylene and EPDM 

(ethylene propylene-diene terpolymer) and a recent paper by 

Speri and Patrick’279 describes one such system. Their 

results indicate that the optimum particle size is near 0.54m 

but they point out that this is achievable only under conditions 

of high shear and when bulk viscosities of the continuous 

and disperse phases are closely matched. Because the bulk 

viscosities of EPDM is so high, these conditions can only be 

met with those polypropylenes whose molecular weights and 

bulk viscosities are too high for convenient injection moulding. 

Addition of high density polyethylene (HDPE) increases the 

dispersibility of EPDM and helps to maintain high flexural 

modulus in the toughened polypropylene and hardens it 

sufficiently for application in typical thermoplastic 

processing techniques. 

Polypropylene toughened by addition of 15 - 25 wt % EPDM or 

EPDM-HDPE is used principally in injection moulding 

applications. Becaese the EPDM is neither cross-linked nor 

grafted to the matrix (in contrast to high impact polystyrene 

or ABS resins) injection moulded articles have a complex 

phase morphology which is unusually sensitive to melt flow 

patterns. As a result, such blends often exhibit especially 

weak knit lines, formed in multiplygated injection mouldings.
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6.8.5.2 Experimental 

In order to improve mechanical properties such as elongation 

at break and impact strength at break, selected additives (eg 

EPDM, ACS, ABS, SBS, PU and BR, see section 6.A.2) 

were blended with PE/PP (50/50) blends as described in 

section 6.A.6.2. 

6.8.5.8 Results and Discussion 

The tensile strength and % elongation at break indicate a 

minimal in the range of 30-50 percent of PP into PE (Fig 6.62). 

Table 6.B.2 and Figs 6.638-6.65 show the effect of the above 

additives on the 50/50 PE and PP blends. Figs 6.63 and 

6.65 indicate that EPDM causes a significantly better 

improvement in elongation at break (%) and impact strength of 

(50/50) PP/PE blends than other additives. This is most evident at 

higher concentrations of EPDM (eg 20% EPDM). In PE/PP 

blends, the reason for the improvement in % elongation at 

break and impact strength is not well understood and would 

require further investigation (see Chapter 7). 

6.C Effect of Polystyrene (PS) Concentration on Mechanical 
  

Properties of LDPE Blends 

6.C.1_ Introduction 

Blends that contain roughly equal properties of PE and PS 

2 
have the strength of PE and the brittleness of ps¢ oo. This 

combination of properties is very poor and consequently such 

blends have little value as structural materials. PE and PS
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Fig 6.62 Effect of varying concentration of PP on tensild 

strength (1) and elongation at break (%) (2) in 
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Fig 6.63 

  

Effect of varying concentration of compatibili sers 

(SPDs) on the elangation at break (%) of PE/PP (1:1) 

blends. 1, EPDM; 2, butyl rubber; 8, SBS; 4, 

ACS; 5, ABS; 6, PU 
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Fig 6.64 Effect of varying concentration of compatibili serg 

(SPD’s) on the tensile strength of PE/PP (1:1) 
blends. 1, ACS; 2, ABS; 3, PU; 4, SBS; 

5, butyl rubber; 6, EPDM 
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Fig 6.65 Effect of varying concentration of compatibiliserg 
(SPD’s) on the impact strength of PE/PP (1:1) 
blends. 1, EPDM; 2, butyl rubber; 3, SBS; 

4, ACS; 5, ABS; 6, PU 

    

5 ' 10 15 20 
% SPDS in PE/PP (1:1) blends



Table 6.B.2 Effect of varying concentration of SPD’s on the 

mechanical properties of PE/PP (50/50) blends 

  

  

  

  

Formulation Elongation Tensile Impact 

No at break strength | strength 

PE + PP + additives (%) (kg/em®) | (x 10+5) 
(%) ergs 

‘| 100 % LDPE 480-500 128 8.5-9.0 

2 50 + 50+0 7.88 156.0 1.96 

3 | 45+45+10EPDM 32.0 126.0 9.01 

4 | 40+40+20 EPDM 90.5 98.0 Me 

5 | 45+45+10BR 13.5 126.5 6.7 

6 | 40+40+20BR $1.0 106.0 8.8 

7 | 45+45¢10SBS 9.50 149.0 8.75 

8 | 40+ 40+20SBS 10.50 110.0 5,05 

9 | 45+45+10ABS 4.50 130.0 0.55 

10| 40+ 40 +20 ABS 4.66 151.0 0.35 

11] 45+45+10ACS 7.0 152.0 3.2 

12] 40+ 40+20ACS 6.0 157.0 1.6 

138] 45+45+10PU 3.3 119.0 0.95 

14] 40+ 40+20 PU 2.98 131.0 0.195         
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are quite immiscible and microscopic examination reveals 

rather large domain structures (700-282) | D Heikens and 

B arensten‘ a have studied the particle size and domains in 

polystyrene/polyethylene blends as a function of their melt 

viscosity. A potential approach to this problem is to 

incorporate additives into the blend which will bind together 

the incompatible polymers. Suitably chosen block or graft 

copolymers are attractive candidates for this role since they 

are likely to be located at domain boundaries and provide 

adhesion between the phases ee 

It was postulated that the properties of melt blends of 

polystyrene and polyethylene might be improved by the 

additives of a graft copolymer of styrene onto a polyethylene 

backbone “37 ace? : Such grafts have been studied extensively 

but no commercial source exists. The use of high energy 

radiation for forming PE-g-PS were studied by C E Locke and 

eawohereGrantce of styrene onto polyethylene was 

accomplished by the direct method using a cobalt60 source of 

S-rays - They used@2?) graft copolymers of styrene onto 

polyethylene as additives to improve the mechanical properties 

of PE/PS blends. Blends containing equal properties of low 

density polyethylene and polystyrene were selected for their 

study since composition represents the poorest balance of 

properties in this system. The addition of graft copolymers 

generally increased both the yield strength and the elongation 

at break of the blend. 

eee. concluded from Barensten, Heikens and Piet 

microscopic examination that if the content of one of the 

polymers in PS/PE blends is less than 40%, this polymer
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forms a dispersed phase. 

6.C.2 Experimental 

Polystyrene (PS) containing external lubricant was supplied by 

Shell under the name of 'Shell Carinex general purpose’ and 

low density polyethylene (LDPE) which is explained in section 

6.A and Chapter 4 were used in this experiment. 

Blends of PS and LDPE were processed at 180°C in the RAPRA 

torque rheometer for 5 minutes in closed chamber and also 

continuous film of even thickness was extrdued using an 18 mm 

Betol (Betol Machinery Ltd, Luton, Bedfordshire). Fixed 

temperature settings were used throughout all operations. 

These were as follows: barrel zone 3 at 180°C, barrel zone 

2 at 170°C, barrel zone 1 at 160°C, die zones 1 and 2 at 180°C. 

The blends which processed from the torque rheometer then 

compression moulded at 180°C for 2 minutes into sheets as 

described in Chapter 3. 

Table 6.C.1 shows the formulation with varying properties of 

PS (0, 2, 4, 6, 8 and 10% PS). All formulations were based 

on 35 grm of polymer. 

Tensile strength, % elongation and Young's modulus were 

calculated at the cross-head speed of 2 cm/minutes at room 

temperature (21 + 1°C) (more details are given in Chapter 8). 

Dynamic mechanical property measurements and optical 

microscopy examination were carried out as described in the 

main experimental Chapter 8.
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6.C.3 Results and Discussion 

Optical micrographs of low density polyethylene alone and in 

presence of 2, 4 and 10% polystyrene are shown respectively 

in Plates 1C-4C. It is seen from the optical micrographs that 

polyethylene alone showed a fime texture (Plate 1C) whereas 

no texture is observed in preserteof polystyrene (Plates 2C- 

4C). 

Figs 6.70 - 6.78 show the changes in modulus, tensile strength, 

elongation at break and impact strength of pure LDPE and in 

presence of PS. Modulus in the blend increases with increasing 

PS concentration and other mechanical properties decrease 

compared to LDPE alone. 

It can be observed from all the optical micrographs (Plates 

1C-4C) that the blends have a two phase structure. Polyethylene 

forms a continuous phase, while polystyrene forms domains 

which are embedded in polyethylene matrie This clearly 

shows that the two polymers are incompatible. As the amount 

of polystyrene in the blends increases the domain size increases 

and it is an indication of increased incompatibility. This 

incompatibility of PE/PS is supported by the work of Paul and 

37) co-workers on the dynamic mechanical properties of 
7 

blends. They found that@? there is two distinct transitions 

(Tg) corresponding to the PE and PS. They also compared 

the melt blends of PE/PS with the graft (_DPE-g-PS). 

It is possible, as observed earlier from PE/PVC and PE/PP, 

the increased incompatibility might be reflected in the 

mechanical properties of the blends which would deterior ate



211 

  

Plate 1¢ 100% LDPE (Optical) 

Mn= 220 

  
Plate 2C (PE+2%PS ) (Optical) 

Maz 400
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(Optical) (PE + 4% PS) Plate 3C 

Mn = 4oo  
 

(Optical) (PE + 10% Ps) Plate 4¢ 

Mn = Yoo
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Fig 6.73 The effect of varying concentration of PS on the 

Young's modulus of PE/PS blends 
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as the amount of polystyrene in the blends is increased 

(Figs 6.70 - 6.72). 

the 
The increasing proportions of PS, lead to increase in4moduius 

of blends (Fig 6.73) in agreement with the work done by 

Ziegel and Romenarson They prepared blends with high 

modulus by the use of polymers such as polystyrene, 

polyamide and poly(methyl methacrylate) in fillers dispersed 

in a low modulus matrix of ethylene/vinyl acetate copolymer. 

It is believed that elongation at break igiveny sensitive 

indicator of compatibility, interactions and morphology in 

blends. Decrease in elongation at break, tensile strength 

and impact (Figs 6.70 - 6.72) may be attributed to increase 

incompatibility (Plates 1C-4C) (see more discussion in 

PE/PVC and PE/PP sections). 

6.C.4 Effect of PS Concentration on the Photo-oxidation of 

LDPE Blends 

6.C.4.1_ Introduction 

The photo-oxidation of LDPE has been discussed in Chapter 

4. Polystyrene is known to be less photo-stable than pes ey 

Bombeadeidly/prekence of PS in PE is expected to increase the 

photo-sensitivity of blends. Scott and Comworkerss aeeeres) 

have studied the photo-oxidation of polystyrene and believed 

that hydrogen abstraction by an alkoxy radical derived from 

the decomposition of hydroperoxides produced during thermal 

Processing may occur at either the benzylic or methylenic 

centre. The bond dissociation energy of a benzylic carbon- 

hydrogen bond is approximately 355 k J mol”! while that of
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(2846) 
a methylenic bond is about 887 k U mol . Consequently 

two principal mechanistic schemes (2 and 8) have been 

suggested by Scott and co-workers‘ eas y 

Hydrogen abstraction by an alkoxy (or peroxy) radical from 

the tertiary benzylic centre (see scheme 2) will predominate 

producing an alkyl radical whose stability may be increased 

by resonance with the aryl substituent28©) , Nevertheless 

combination with atmospheric oxygen will occur rapidly with 

the formation of a peroxy radical capable of hydnogen 

abstraction from another polystyrene chain to produce 

hydroperoxide. Homolysis of tertiary benzylic hydroperoxide 

will result in an alkoxy radical which will either undergo 

B-scission (b) with the production of radicals or abstract a 

hydrogen (a) to form benzylic alcohol (3440 em71), 

Acetophenone-type end group formed via B-scission may 

undergo Norrish type II photolysis with molecular product 

formation (acetophenone) and formation of an (unsaturated) 

styrene end group. Norrish type I photolysis of acetophenone 

type end group (or acetophenone) will result in further chain 

cleavage with formation of alkyl and acyl radicals. The acyl 

radical will combine with (diradical) oxygen producing peracid 

via hydrogen abstraction from the polymer hydrocarbon (RH). 

Breakdown of the peracid may lead to benzoic acid with 

further hydrogen abstraction. An important termination 

reaction involving alkoxy and alkyl radicals derived in 

scheme 2 may be postulated to account for the gel formation 
(285) observed during the latter stages of photo-oxidation. 

This has been attributed to tertiary aryl ether (1105 -1000 em7'). 

Alkyl (or peroxy) radical abstraction of the methylenic hydrogen
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Scheme 2 
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Scheme 2 Continued 
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Scheme 3-Gontinued 
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in scheme 83 will similarly lead to formation of an alkyl 

radical followed by a peroxy radical. However, the 

hydroperoxide formed by hydrogen abstraction by the peroxy 

radical may either lose water to form main chain ketone 

(1720 em71) or undergo homolysis resulting in an alkoxy 

radical. This will in turn hydrogen abstract (a) to form 

methylenic alcohol (8440 em‘). Norrish type I photolysis 

of B-aryl ketone (1685 em7!) will result in production of 

alkyl and acyl radicals accompanied by chain scission. The 

acyl radical will subsequently combine with (diradical) oxygen 

followed by hydrogen abstraction to form peracid (8280 em7!), 

Cleavage of the oxygen-oxygen bond of peracid will produce 

an alkoxy radical capable of either abstracting a hydrogen or 

combining with an alkyl radical to form carboxylic acid 

(1705 cm71) or ester (1785 em=1). 

An alternative reaction to hydrogen abstraction by the 

methylenic alkoxy radical produced in scheme 38 iS B-scission 

(b) resulting in formation of aldehyde (1720 em71) and én alkyl 

¢ 285) | radical accompanied by a reduction in molecular weight! 

6.C.4.2 Results and Discussion 

Infra-red studies of uv irradiation films of PE and PE/PS 

blends are shown in Figs 6.74 - 6.79. Figs 6.74 - 6.79 

clearly show the effect of PS in the blends on the rate of 

formation of functional groups in the regions of 3000 - 3500 

ema! (OH) and 1700 - 1725 em | (C=O) respectively. Fig 

6.80 shows that as the concentration of the PS is increased, 

the polyblends show greater susceptibility to ultra-violet light 

degradation. This lower photo-oxidative stability of the blends
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can be attributed to the presence of a labile hydrogen on the 

tertiary carbon in the polystyrene (see schemes 2 and 8 for 

mechanisms). 

The deterioration of the physical properties was followed by 

stress-strain measurements as a function of exposure time 

(Figs 6.81 - 6.84). In the case of 100% PE the tensile strength 

and elongation at break were found to decrease with 

increasing exposure time. However, PE/PS blends behave 

rather differently when subjected to uv light. The tensile 

strength of the blends increased during uv irradiation 

(Figs 6.83 and 6.84). This increase in tensile strength at the 

later stage of photo-oxidation may be explained as due to the 

interaction at the interface of domain and matrix (Sections 

6.A.4 and 6.8.4). The product of interaction between PE and 

PS can act effectively as a solid phase dispersant (SPD) and 

holds the two phases together. This will contribute to an increase 

in the tensile strength of the blend. The overall tensile strength 

of the blends will then depend on the net effect of the degradation 

Processes. In this case, blends which contain higher concentration 

of PS (eg 20% PS) indicates the greatest increase in tensile 

strength with irradiation time (Figs 6.83 and 6.84). 

6.C.5 Introduction of some Solid Phase Dispersants (SPD's) to 
  

Improve the Toughness of Blends 

6.C.5.1_ Introduction 

(287) 
Locke and co-workers recently investigated to improve the 

toughness of PE/PS blends. They tried to use graft copolymers 

of styrene onto polyethylene as additives to improve the
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mechanical properties of polyethylene-polystyrene blends. It 

is believed that(287) grafting provides adhesion at the interface 

since the two chain types can be expected to penetrate the 

phase of their own type in much the way of a surfactant 

functions. Addition of polyethylene-g-polystyrene to blends of 

polyethylene and polystyrene should improve adhesion at the 

domain interface of these very incompatible polymers /82 280) 

This improved adhesion should in turn improve the mechanical 

Properties of the blends. 

6.C.5.2 Experimental 

In order to improve mechanical properties of PE/PS blends 

such as impact strength, tensile strength and elongation at 

break, selected additives (eg ABS, ACS, EPDM, NR, BR, 

HIPS and SBS) were blended with PE/PS (50/50) blends as 

described in Sections 6.A.6.2 and 6.A.2). 

6.C.5.3 Results and Discussion 

Fig 6.85 shows the minimal tensile strength and elongation at 

break of the PE/PS blends containing 80-50% PS. Table 

6.C.2 and Figs 6.86 — 6.88 show the effect of varying amounts 

of seven additives on 50/50 PE/PS blends. SBS shows the 

highest improved effect on impact strength (Fig 6.86) and 

tensile strength (Fig 6.87) and elongation at break (Fig 6.88). 

This is most evident at higher concentrations of SBS (eg 20% 

SBS). The tensile strength and impact strength are very 

similar to the unmodified LDPE (Table 6.C.2). The percentage 

elongation at break also increased from the low value of 2.5% 

to the 65%. These improvements in mechanical properties
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Fig 6.85 The effect of varying concentration of PS on tensile 
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Fig 6.86 Effect of varying concentration of compatibilisers 

(SPDS) on the impact strength of PE/PS (50/50) 

blends. 1, SBS; 2, NR; 8, EPDM; 4, BR; 
5, HIPS; 6, ACS; 7, ABS 
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Fig 6.87 Effect of varying concentration of compatibilisers 

(SPD’s) on the tensile strength of PE/PVC (50/50) 
blends. 1, SBS; 2, HIPS; 3, EPDM; 4, BR; 
5, ABS; 6, ACS; 7, NR 
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Effect of varying concentration of compatibilisers 

(SPD’S) on the elongation at break (%) of PE/PVC 
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Table 6.C.2_ The effect of varying concentration of SPD'5 on the 

mechanical properties of PE/PS (50/50) blends 

  

VEtenaetion 
  

  

          

Formulation ‘Tensile Impact 

No at break strength | strength 

LDPE + PS + additives (%) (kg/ém®)| (x 10*5) 
(%) ergs 

1 LDPE 480-500 128.0 | 8.5-9 

2 PS 1.5-2.0 |300-320 | <0.6 

8 |50+50+0 1-2 60 =0.5 

4 |45+45+10SBS 21 66 en 

5 |40+40+20SBS 65 105 9.0 

6 |45+45+10EPDM 15 8s 1.2 

7 |40+40+20EPDM 10 64 2.8 

8 |45+45+10HIPS 4 64 L036 

9 | 40+ 40 + 20 HIPS ie 94 20.6 

10 |45+45+10ABS 2.0 57 0.6 

11 |40+40+20 ABS 1.5 64 <0.6 

12 145+45+10BR 6x6 73 On7, 

18 |40+40+20BR 12.0 47 1.4 

14 |45+45+10ACS 2.0) 53 0.6 

15 |40+40+20 ACS 2.5 66 0.6 

16 |45+45+10NR 17 47 1.4 

17 |40+40+20NR 44 31 1.6 
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using SBS as SPD for the PE/PS blends to enable them to be 

used in some specific application. The reason for these 

improvements in impact strength, tensile strength and % 

elongation at break is not well understood and would require 

further investigation (see Chapter 7).
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CHAPTER SEVEN 

MECHANISTIC CONCLUSIONS 

7.1 Effect of processing on the mechanical properties of 
  

polymer blends 

The study of mechanical properties of incompatible polymer 

blends (eg PE/PVC, PE/PP and PE/PS) indicates two phase 

morphology by electron and optical microscopy. In ali the , 

blends studied (0-20% PVC, PP, PS in LDPE) PVC, PP and 

PS exist as domains dispersed in the LDPE matrix (except 5% 

PP in low density polyethylene which shows a single phase 

morphology up to this concentration). The amount and average 

size of the domains increase with increasing PVC, PP and PS 

content. The tensile strength, elongation at break (%), tan§& 

(at room temperature, 20 + 1°C) and impact strength of the 

blends drop with increasing PVC, PS and PP content. The poor 

mechanical properties of blends can be attributed to the poor 

adhesion between the continuous and discontinuous phases. 

7.2 Photo -oxidation of polymers and polymer blends 

PP, PS and PVC are known to be much less photo-stable than 

polyethylene. PP, PS and PVC present in mixed waste might be 

expected to increase photo-sensitivity. This lower photostability 

of the polyblends (eg PE/PP, PE/PVC and PE/PS) is also 

reflected in the ir change in mechanical properties. During 

uv irradiation the tensile strength of the blends in all cases 

decreased initially but began to increase again at a later stage 

of oxidation. This increase was observed significantly at higher
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concentration of PVC, PP and PS inLDPE. All these 

observations are believed to result from the net effect of two 

main reactions occurring during uv irradiation of blends: 

degradation at the interface and the interaction at the interface 

of the degradation products. 

7.3 Thermal Oxidation of Polymer Blends 

A study of thermal oxidation of PE/PVC blends indicated a 

catalytic effect of hydrogen chloride on decomposition of 

hydroperoxides. It was observed that mechanism of the peroxide 

decomposition was predominantly ionic at lower hydrogen 

chloride to peroxide molar ratios (PVC in this stage acting as 

an antioxidant), whilst at relatively high (> 1) molar ratios, a 

free radical mechanism is favoured (ie PVC exerts a pro-oxidant 

effect). 

7.4 Modification of polymer blends by solid phase dispersants (SPD's) 
  

The technological usefulness of blends of incompatible polymers 

such as PE/PVC, PE/PP and PE/PS is in general limited by 

their poor mechanical properties. Co-blending of some additives 

(SPDS) caused a significant improvement in the mechanical 

properties (eg elongation at break (%) and impact strength) for 

PE/PP, PE/PVC and PE/PS blends. The effectiveness of SPDS 

appears to be fairly specific to the nature of each component of a 

two component polymer blend. However,it is found that by 

selection of copolymers containing blocks with physical affinity 

for each of the heterophases,an improvement in mechanical 

Properties can be achieved approaching that of the single 

compounds. Thus for example for PE/PP and PE/PVC, EPDM
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appears to be the mast effective SPD whereas for PE/PS, 

SBS is more effective. 

7.5 Suggestions for Further Work 

1 The usage of the recycled plastic blends demands a satisfactory 

level of mechanical properties (eg tensile strength, impact 

strength and elongation at break) and this must be capable 

of being produced reproducibly from mixtures of plastics. 

A search for suitable solid phase dispersants (SPDs ) appears 

to offer the prospect of producing commercially useful blends 

from mixed plastics waste. 

2 On the mechanistic side, further information is required 

as to how SPD’S achieve their effect. Electron and optical 

microscopy should prove to be useful tools to provide 

information on molecular interactions at the interface 

between polymer phases. 

3 Since photodegradation appears to occur predominantly 

at the rubbery interphase in SPD modified blends, 

stabilisation studies should be directed towards the SPD’S 

by specifically stabilising the latter. In particular, the use 

of antioxidants and uv stabilisers which are chemically 

attached to the more oxidatively sensitive rubber phase 

should be examined.
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