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SUMMARY 

This work has been undertaken to study the 

relationships between structure and properties of 

commercial Poly(vinyl chloride) within the time 
-

scale of proceSSing and thermal treatment. 

Two commercial grade resins (mass and suspen-

sion) have been used for this study. PVC resins 

were dry blended in the T K Fielder dry blending 

machine. Tin stabiliser and calcium stearate lubri-

cant were added to the PVC to obtain clear moulded 

sheets. 

Compression mouldings were prepared from the pow

der blends at a wide range of temperatures (160oC to 

2200 C at intervals of lOOe). 

The structural changes during the course of pro

cessing were examined by X-ray diffraction and diff-

erential thermal analysis. 

Differential thermal analysis demonstrated the 

variation in structure produced by different mould 

temperatures. The broad melting endotherm present in 

the blended powder gradually decreased in area and moved 

to a higher temperature. An additional lower temperature 
, ' ~ 

endotherm appeared, increasing in size as the mould 

temperature increased. The crystallinity of the samples 

as measured by X-ray diffraetion was found to decrease 



, , . , 

with increased moulding temperature. These observ

ations have been explained in terms of primary and 

secondary crystallinity in PVC. The mechanical prop

erties were studied by using an Instron tensile 

testing machine and a Charpy impact testing machine. 

Tensile yield stress-and-impact strength increase 

with increasing mould temperature due to improved 

fusion of powder particles. Primary crystallinity 

does not therefore appear to affect properties under 

these processing conditions, but the development of 

secondary crystallinity may be of importance. The 

mass polymer fuses more readily, and shows ductile 

behaviour at a much lower temperature. 

In order to produce samples with a wider variety 

of structures present, samples which had been moulded 
• 

at 2000 c were subjected to various annealing conditions. 

Again, thermal analysis demonstrated that annealing 

was effective in structure modification. Crystalli

nities as measured by X-ray diffraction were found to 

increase,on annealing, the maximum crystallinity being 

produced whenan,annealing temperature of llOoC was used. 

The effect appeared to be greater for mass PVC than 

suspension PVC. Tensile yield stresses increased on 

annealing; again the maximum value was obtained for 

samples annealed at llOoc. A minimum value of elonga

tion was obtained for the same samples. 
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CHAPTER 1 

INTRODUCTION 

1.1 History of Poly (Vinyl Chloride) (1,2,3,4) 

poly (vinyl chloride) is an unstable polymer and 

had no commercial importance until the discovery of 

suitable stabilisers and other additives. Today poly 

(vinyl chloride), in terms of tonnage consumption, is 

one of the most important plastic materials available 

in the world. 

Vinyl Chloride monomer is gaseous at room tempera-
, 

ture (boiling temperature - l40 C) and manufactured in 

petrochemical industries. Ethylene is treated with 

chlorine in liquid phase to produce ethylene d~chloride 

which after dehydrochlorination gives vinyl chloride. 

The preparation of the mbnomer was.first reported by 

Regnault in 1835. The method used was to treat ethylene 

dichloride with an alcohelic solution of potassium hydro-

xide. Other vinyl monomers such as vinyl bromide were 

produced by Reboud in 1872 by the reaction of acetylene 

with hydrogen bromide. Klatte in 1912 discovered the 

similar reaction with hydrochloric acid for the produc

tion of vinyl chloride. Earlier than this, Baumann, 1872, 

was polymerising vinyl chloride by petrochemical reaction. 

Ostromislensky, 1912, extended the work in this field. 

Poly (vinyl chloride) as a commercial product was 

introduced by Carbide and Carbon Chemical Corporation, Du 
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Pont and I.G. Farben in 1928. But Ellis in 1935, 

writes that "one disadvantage of poly (vinyl chloride) 

as a moulding resin is its tendency to decompose at 

the temperature required in the moulding operation. 

It was Semon who found that poly (vinyl chloride) if 

mixed with tritolyl phosphate and heated to 1500 C can 

produce- a homogeneous stable compound and this approach 

became of great commerCial significance. 

Very little work was carried out until the early 

1930's, in fact it was World War II w?ich speeded up 

the de.elopment of poly (vinyl chloride) production. 

When it was realised that PVC could be an effe'ctive 

substitute for rubber in'some applications, especially 

cable insulation and sheeting. - Thus poly (vinyl chlo

ride) helped to ameliorate the rubber shortage and at 

the same time established itself as,a material in its 

own right. Now the PVC industry has been so much dev

eloped that the output of PVC is about 40% of the total 

production of thermoplastics in the world. 

:. i 
, 

, ! 
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1.2 Polymerisation and Manufacture of Poly (Vinyl 
Chloride) 

The word "polymer" is of Greek origin and means 

literally a molecule that consists of many (poly) parts 

(meros). The units that build up a polymer are called 

monomers. The process itself is known as polymerisation. 

Although there are many different types of polymerisation 

known, two of them are prevalent because of their simpli-

city and efficiency. These two methods are addition 

polymerisation and condensation polymerisation. 

In the former case individual monomers add to each 

other directly without change in composition and form a 

long chain, whereas in condensation polymerisation two 

or more monomers react with each other, often ~'lith clim-

ination of water molecules and form a-polymer chain. 

Vinyl chloride polymers are manufactured by free 

radical polymerisation (addition polymerisation). 

There are four different techniques of radical poly-

merisation: 

a) Emulsion 

b) Suspension 

c) Bulk or Mass 

d) Solution. 

Poly (vinyl chloride) is manufactured on commercial 

scale by the first three methods. 
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Emulsion Polymerisation: 

In emulsion polymerisation method the liquid mono

mer is emulsified in water containing a water soluble 

catalyst. The temperature is raised and maintained 

until polymerisation is complete. The kinetics of 

emulsion polymerisation are entirely different from 

those of mass and suspension. The range of particle 

,sizes produced in emulsion polymerisation is much 

narrower than the range encountered in suspension. 

In fact, the particles produced in qn emulsion latex 

frequently may be of the order 0.05 to 2 pm. 

The main disadvantage of this method is often the 

difficulty of removing all impurities from the polymer. 
-

Another disadv~~tage is ~~at the polymer is produced -

as latex and cannot be agglomerated simply by dilution. 

Most often the latex is used directly. 

Suspension Polymerisation: 

• 

Suspension polymerisation techniques have been the 

backbone of the industry for many years. Suspension poly- ( 

merisation is similar to the emulsion polymerisation in 

that both are heterogeneous systems involving a disper-

sion phase and a dispersion medium. In suspension poly

merisation, however, dispersion is maintained by vigorous 

stirring and the use of suspending agents and protective 

colloids. The polymer is obtained in the form of beads. 

After washing and drying it may be used directly in 

moulding. 
, 
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Since the polymer is in the bead form there are 

minimal problems in isolating the product compared to 

emulsion and another advantage is the purity of the 

polymer product, the product is far easier to purify 

than the emulsion. 

The polymerisation process advantages are: 

1. The reaction is more easily controlled. While the 

process may be considered as a myriad of miniature 

. bulk polymerisation that takes place within the 

droplets, the heat build-up associated with bulk 

polymerisation of vinyl chloride does not occur 

since the heat of polymerisation from the large 

number of sources is easily dissipated through 

thc aqueous medium. 

2. The final product is easily filtered and dried. 

3. The process is economical, since water is inex

pensive and non-hazardous. Another important aspect 

of this economy is that the polymerisation can be 

carried to almost complete exhaustion of monomer 

before interrupting the process, whereas, in the 

case of bulk polymerisations, the polymer must be 

separated before the reaction is more than 50 per 

cent complete so the local heat build-up is avoided. 

From kinetic point of view, suspension polymerisa

tion is identical to bulk polymerisation. 

Suspension resin particles are irregular in shape 

and have a porous structure. The resin particles have a 
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skin around them which makes it inferior to mass PVC 

in some respects. 

Mass or BuZk PoZymerisation: 

Mass polymerisation has several advantages over 

other techniques. The system is simple and requires 

no elaborate isolation or purification steps. The poly

mer is obtained pure and hence gives better clarity. 

Mass polymerisation is carried out in two stages. 

The first or prepolymerisation stage ~s carried out in 

essentially liquid medium and is described as bead form

ation stage. In the next stage pre-polymerisea product 

is diluted with equal amounts of monomer. During this 

phase of polymerisation the beads grow in size. The 

process has economics that are comparable to suspension 

polymerisation. • 

Mass PVC particles are regular in shape and porosity. 

They have no skin around them and hence can absorb addi

tives and plasticizer more uniformly than suspension PVC. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Morphology of PVC Powder Particles 

The size and size distribution, shape and nature 

of PVC resin particles are reflected in properties such 

as surface area, which largely determines the capacity of

plasticizer absorption, bulk and packing densities and 

powder flow. Plasticizer absorption capacity tends to 

increase with the decrease in bulk and packing densities. 

Non-porous particles have rather higher bulk and packing 

densities than the porous particles. The type and size , 
o 

distribution of poly (vinyl chloride) resins also have 

profound effects on processing behaviour. Thus a poly-

mer having relatively large and porous particles will 
Cl. 

yield~drier, less sticky mixture with plasticizers than 

the polymer having small and non-porous particles. 

The type and size of resin particles depends on the 

polymerisation techniques used. Commercially poly (vinyl 

chloride) is manufactured by three main processes, emul-
o 

sion, suspension and mass. 

The emulsion poly (vinyl chloride) resin particles 

are fine and dusty and have hollow centred spheres called 

"cenospheres". They are made up of a large number of very 

small particles whereas suspension PVC resin particles 

are irregular in shape and have a porous structure. 

The resin particles are enclosed in membrane which give 

them smoothness. Suspension poly (vinyl chlorides) are 
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preferred to emulsion poly (vinyl chlorides) because 

the former are cheaper and generally yield products of 

better colour and clarity. 

Mass poly (vinyl chloride) resin particles are 

regular in shape and porosity. Each particle of mass 

poly (vinyl chloride)" can uniformly "absorb plasticizer. 

Mass poly (vinyl chloride) resin particles are purer 

than suspension because mass polymerisation does not 

require suspending agents which are necessary for sus-

pension polymerisation and more over mass poly (vinyl 

chloride) resin particles have no skin around them. 

Therefore mass poly (vinyl chloride) is easier to 

process than suspension. 

Despite the commercial interest and value of poly 

(vinyl chloride) the morphology of its particles is not 

well understood. • 

Several authors(5,6,7,8,9,10) have reported the 

presence of three kinds of particles (the arrangement 

of these particles is shown in the figure 1) namely 

primary particles 100 ~ - 200 ~ in diameter; secondary 

particles with diameter ranging from 0.1 to 2 pm and the 

final resin particle having di~ter in the range of 

100 pm. The morphology of these individual particles 

is still under investigation. 

It is believed that primary particles contain some 

individual molecules (11) but there is no direct evidence, 

so far, for the arrangement of these molecules. 
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FIGURE 1 Schematic Illustration of PVC Structure 
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Primary particles agglomerate to give secondary 

particles and these secondary particles further agglo

merate to give the final resin particle. The way in 

which these particles agglomerate determine the type 

of resin particles. Rudolf et al(12) have observed 

five main types of resin particles in suspension poly 

(vinyl chloride) according to the manner in which the 

microparticles are packed. 

Several investigators(6,12,13,14,15) have tried to 

find the internal structure of these particles. 

Hattori et al(6) have studied the particle forma

tion of suspension poly (vinyl chloride). A droplet was 

taken froll' polymerisation at sev:eral different conver

sions and dried to obtain granules. The epoxy embedding 

method was employed to obtain the exact value of particle 

diameter in the droplet. Approxim~tely spherical 0·1 ~m 

diameter particles were seen in the granule of 10 ~m in 

diameter which are covered with a thin skin formation. 

These particles grow as the degree of conversion increase. 

They reached about 1 ~m in diameter at about 40% conver

sion and after this step these particles aggregate to 

form resin particles of diameter 100 ~m. They have also 

compared the surface structure of these particles with 

that of the bulk polymerised poly (vinyl chloride) gran

ules ~sing Scanning-Electron Microscopy. The 1 ~m 

(secondary particles) structure of suspension poly 

(vinyl chloride) granules is not as distinct as that 

of bulk poly (vinyl chloride), ,This is because of the 

skin formation at the surface of the former. 
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2.2 Chain Stereochemistry 

A tactic polymer is defined as one in which there 

is an ordered structure with respect to at least one 

site of steric isomerism in each monomeric unit. 

Poly (vinyl chloride) has a fundamental repeating unit 

[CH2 = CH Cl 1 n. There are two _different arrangements 

for the chlorine atom in the (-- CH Cl) group of mono

mer unit CH2 = CH Cl , which results into three diff

erent forms of polymer chain. These three forms are 

termed as isotactic, syndiotactic and atactic. 

Cl Cl Cl Cl Cl . Cl 

. H\ 0\' 0' H~ Nb H\ H '\.'/'" 17'" I'\. ,/,,,. /,/I'\.. ;'//\, .' -'\.r ~ '\..j 'H ,,~ ,; '-If I~ '-If I~ '-t/,/{ d/ 
I I I i • , I 
: I I f I I f 
I I I I I I I 
H H H H H H H 

• 

ISOTACTIC 

Cl. H Cl H" Cl H 

\ 11\ H\ H\ H\ H\ 
, C.')= , I C I C I /C / /7 

[ //\1//\///" iI/." // /"-,// \ 
.......... C H C Cl c, '11 '-c Cl C H C Cl c 

" I I , I 
I I , " I I I 
I I I - I I I 

H H H H H H H 

SYNDIOTACTIC 
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Cl H H ~l H C\ 

\ C 1 ~ 1 ~ r C .r l 11 er 
/,' \, /1/"-. I/,' "-.J/,' " //,' "'" //, \ 

'H ~ '". f '/1 9!H 9'cl cl I H C; 
hL.{ ~ ~ k k H k 

ATACTIC 

In the isotactic form all chlorine atoms are 

found on the same side of the main chain whereas in 

syndiotactic sequences chlorine atoms are found in 

alternate positions. The atactic form can simply be 

regarded as the random distribution of syndio'tactic 

and isotactic forms. 

Tacticity can be measured by Nuclear Magnetic 

Resonance and Infra Red techniques. 'The values 

obtained by N.M.R. are more reliable than that of 

I.R. (16). The Proton N .M.R. spectrum of poly (vinyl 

chloride) is usually interpreted in terms of triads 

and diads of monomer unit, but due to complexity ari-

sing from the overlapping of proton chemical shifts, 

c13 N.M.R. technique is preferred. C13 N.M.R. gives 

clear resolution of resonance bands corresponding to 

, 

syndiotactic, isotactic and atactic triads of a monomer 

which makes it possible to measure tacticity more accu-

rately. 

mer 

The generation of triad sequence 

additions and hence Bovey(17) has 

involves two mono-

described the 
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nomenclature of t~o possible configurations of successive 

asymmetric carbon atoms as meso m, and racemic r, and 

this system can be extended to sequences of any length. 

Cl Cl 
I I 

I 
I 

. I I 
-- C ---------c------ C --

I I I 
I I 
I , 

Cl , 
I 
I 
I 

meso m , 

-- C ---------C------r --, 

• 

racemic r 

, 
I 
Cl 

A triad having mm arrangement is isotactic, mr 

arrangement heterotactic and rr arrangement will be 

syndiotactic. 

Cl Cl Cl 
, I ' I I 
I I I I 
I I I " I I , I 

-- C ------c------ C -----C----- C I , I , 

I , I I 

, I : J 

mm (Iso tactic) 
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Cr I c,l 
I I I { 
I : I 
I J I I ! 

-- Y --------y-------- f --------y--------f--
, I I I I 
I I I I I 
I I I I 

mr (Heterotactic) CL 

J 
r t C11 , 

I I I , 
• -- C --------C-------- C --------C--------C--

I I r I I 
I I I I I 
! I I , I 
I Cl r 

rr (Syndiotactic) 

In oider to measure tacticity from N.M.R. spec-
• 

trum the following formulae are used. 

Iso 

Synd= 5 + ~ 

where I, 5 and H are iso, syndio and heterotactic 

triad concentration. 

Syndiotacticity~~is defined as the fraction of 

syndiotactic sequences in the polymer chain. For 100% 

syndiotactic material 0(. will be equal to 1.0. polymer 
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with <X. , value less than 0.5 do not occur because of 

the way in which tacticity is measured, as described 

above. Commercial grade poly (vinyl chlorides) have 

q( value around 0.55. Several workers have measured 

syndiotacticity of poly (vinyl chloride) as a function 

of polymerisation temperature and found that 0'. can be 

controlled by polymerisation temperature. Fordham(18)

has shown theoretically that in radical polymerisation 

of vinyl chloride syndiotactic placement is favoured 

over isotactic placement as the temperature is decreased. 

This has been shown to be true experimentally by several 

workers(19,20,2l) 

There can be several possible steric forms depen-

ding on the placement of successive monomer units. If 

we consider (- CH Cl) as head and (- CH~) as tail in 
~ 

poly (vinyl chloride) monomer (CH2 = CH Cl), then place

ment of successive monomers can be shown as follows. 

i) H H H 
I I I 
I I I 
I I I 
I I I 
• 

H 
I 
I 
I 

--C----------C---------C----------C--
I , I I 
I I 
~ I I 
I , I . , 
H Cl Cl 

(Head-to-head) 

I 

I 
I 
H 
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ii} ~ ~ ~ ~ 
I I I I 
! I ! I 

--C----------C----------C----------C--
, I , I 
, I I 
I . I , 
H Cl H Cl 

(Head-to-tail) 

iii} H H ij H 
I " I I 
I I I 
, I I , 

--C----------C----------C----------C--
I I , I 
I , I I 
I I I I 

Cl H H Cl 

(Tail-to-tail) • 

In addition to this there may be some irregula-

rities in the above mentioned arrangements. Head-to-

tail addition is significantly favoured over the other 

possibilities in poly (vinyl chloride) but it does not 

mean that the other steric forms are absent. 
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2.3 Crystallinity 

Crystallinity is the measure of the ordered struc-

ture in a compound. This ordered structure is obtained 

from ~he periodic arrangement of the molecules in the 

space and can be explained in terms of thermodynamics. 

The most stable state of any assembly of molecules is 

that which has the lowest accessible free energy. All 

crystals are characterised by almost perfect order in 

their molecular arrangement. They are found to develop 

sharp external boundaries (crystal faces) inclined to 

one another at angles characteristic of the particular 

crystal. 

For some substances intermediate states exist 

between the amorphous and crystalline state. They are 

named as semi-crystalline states. Physical investiga-

tion of the structure of some soli&polymers has 

revealed the presence of microheterogenities. X-ray 

evidence has shown that the molecules in small volume 

elements have a geometric regularity of arrangement 

similar to that found in many crystals of low symmetry. 

These regions are called'crystallites. They are separa

ted from each other by a material which gives a diffused 

X-ray pattern. For poly (vinyl chloride) the crystall-
o 

ites are estimated to be small, being less than 100 A 

in size. 

A precise knowledge of the molecular arrangement 
. 

in polymer crystallites has been obtained almost exclu-
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sively from X-ray diffraction measurements. In its 

most complete form this method can give the symmetry 

and dimensions of the unit cell. Even when it has 

not been possible to carry out such a detailed eluci-

dation of the structure, values have been obtained for 

the repeat distances along the molecular chains from 

which the mutual orientation of neighbouring monomer 

units may be deduc ed. 

After the unit cell dimensions have been deter-

mined, the next step is to fix the position of the 

atoms in the unit cell. On account of the complica-

tion of the molecular structure, this has to pe 

carried out by a process of trial and error. A struc

ture is postulated which is consistent with normal 

bend lengths and angles, and also with the unit cell 

dimensions. The expected intensities of the particular 

spots which appear on the X-ray photograph are then cal

culated. Detailed alterations to the postulated struc

ture are made until a close fit is obtained between the 

predicted and observed intensities. 
;, 

Natta and Corradini(22) performed X-ray measure-

ments with oriented fibres of commercial poly (vinyl 

chloride). The X-ray diagram reveals the equatorial 

reflections with interplanar spacings, d = 5.39, 4.78, 

3.74, and 2.94 Angstrom., These reflections can be inter

preted by an orthorhombic cell with axes a = 10.6, b = 
o 

5.4 and c = 5.1 A. 

" . 
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The experimental v~lues of lattice spaces and 

intensities are in agreement with the theoretical 

values and hence they confirm the proposed ortho-

rhombic structure for PVC. 

TABLE 1 

- -Miller d (experimental) d (theoretical) Indices 

200 5.39 5.4 
. 

010 - 5.3 

110 4.78 4.79 

210 3.74 3.76 

310 2.94 2.95 

Single crystals of poly (vinyl chloride) have been 

prepared by several workers. (23,24,25) The crystals 

were found to be lamellar in nature and of the order of 
o 

50 - 100 A. X-ray and electron diffraction patterns of 

single crystals have confirmed the orthorhombic struc

ture proposed by Natta and Corradini. 

Smith and Wilkes(23) obtained single crystals from 

2% chlorobenzene solution of highly syndiotactic low 

molecular weight poly (vinyl chloride) polymerised in 

the presence of butyraldehyde. These crystals were 

rectangular in shape and approximately 100 ~ thick which 

represents the length of the folds. . 
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FJGURE 2 

End 
View 

PVC Crystal Lattice according to Natta and 
Corradini (22) 
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Nkajama and Hyashi(24) produced single crystals 

by slowly cooling 0.1% chlorobenzene solution. In 

their study, they used both syndiotactic and commer

cial grade poly (vinyl chloride) of high molecular 

weight. 

and 50 -

They also found the crystals to be l_amellj!r 
o 

100 A thick in size. The X-ray diagram showed 

that the crystals were orthorhombic. -

The lamellar structure of poly (vinyl chloride) 

crystallites have been observed by other workers(15,26,27) 

as well. On the other hand Neilson and Jabarin(28) and 

Gezovich and Geil(5) believe in a nodular structure of 

the crystallites. Bort et al(29) found by the use of 

electron microscopy, a structure composed of both lam

ellar and elongated particles. Recently Keller et al (30) , 

in their thermo-reversible gelation studies of commer

cial grade poly (vinyl Chloride>' using X-ray diffraction 

techniques, suggested that at a moderate temperature 

both lamellar and micellar structures co-exist,- but -- -
beyond certain annealing temperatures (1300 C - in poly 

vinyl chloride) latter crystals disappear. , 

The existence of crystals in rigid poly (vinyl 

chloride) is thus well established, but ~ere is a 

controversy in the literature about its exact form -

whether the structural elements consist of elongated 

nodular particles, or of crystal lamellar. 

From differential scanning calorimetry, investiga-

tions of various commercial grade poly (vinyl chloride), 

Jujin et al(31) have the'opinion that poly (vinyl chloride) 
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has two types of crystallinity. These are referred to 

as primary and secondary crystallinity. The former 

is created during polymerisation and has an ortho-

rhombic structure, whereas secondary crystallinity 

is developed during annealing. This type of crystall-

inity has nematic structure and is of l~ss perfect 

nature, as indicated by its lower melting temperature. 

Poly (vinyl chloride) has two stey~meric (isotac-

tic and syndiotactic) forms of the monomer which gives 

rise to different conformations of the chain. A part 

of the chain which is syndiotactic can have a planar 

zig-zag conformation and in this case chlorine atoms 

are found at alternate positions of the main chain. 

This spatial arrangement is energetically favourable 

over other possible conformations. Isotactic:pa~ts of 

the chain cannot have planar zig-zag conformations 
• 

because of the steric hindrance and hence they have 

some other conformation. Only planar zig-zag parts 

of the chain can crystallise and that is the probable 

reason for low crystallinity of commercial poly (vinyl 

chloride) which has a syndiotacticity~ = 0.55. Some 

authors consider poly (vinyl chloride) as a co-polymer 

consisting of a syndiotactic, crystallisable part and 

an isotactic non-crystallisable part. Flory(32) has 

developed a theory for the crystallisation of partly 

crystallisable co-polymers. He showed, on thermodynamics 

~round that the size of the crystallites should have a 

minimum length, therefore the parts of the chain which 
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form crystallites should also have minimum length which 

is called minimum sequence length. 

By applying the FIory theory of crystallisation of 

co-polymers, with the assumption that only the syndio-

tactic sequences can crystallise, Helwege and 

kers(33) have estimated the m~nimum number of 

co-wor-

syndio-

tactic sequences capable of crystallisation to be 12. 

However Talamini and Vi do tto (21) and Pahl and Hummel(34) 

estimated the minimum number to be 5. Gray (35) has 

plotted calculated crystallinity against syndiotac

ticity and found that the minimum-number to be 5-6. 

Degrees of crystallinity can be measured ,by various 

" techniques such as wide angle X-ray diffraction, small 

angle X-ray diffraction, small angle X-ray scattering, 

Infra Red spectroscopy and censity measurements. Crys-

tallinity evaluation 

to another. Several 

varies somewhat from one author 

workers(2l,35,36,37,38,39,40) have 

reported-the value_of crystallinity for commercial grade 

poly (vinyl chloride) in the range of 0-15%. StYi1ffc:~v~ et 

al (40) deny the existence of crystallinity in commercial 

poly (vinyl chloride) where other workers cannot neglect 

the crystallinity values based on various methods of sep-

aration amorphous and crystalline contribution to X-ray 

diffraction patterns. 

Several investigators(2l,35,36,4l-43) have found a 

direct correlation between the syndiotacticity and the 

degree of crystallinity. Syndiotacticity increases 

with the decrease in polymerisation temperature. 

D'Amato and Strella(44) have used X~ray techniques to 

'. 

\ 
\ 
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measure the degree of crystallinity of syndiotactic 

and commercial poly (vinyl chloride). Their results 

indicate a degree of crystallinity of about 10% for 

commercial poly (vinyl chloride) and about 23% for 

poly (vinyl chloride) polymerised at -60oC (highly 

syndiotactic). Gray(35) has reported ~ value of 11.9% 

for commercial poly (vinyl chloride) and 27.5% for 

syndiotactic poly (vinyl chloride), annealed at l60oC. 

A very highly syndiotactic poly (vinyl chloride) 

can be prepared by urea canal complex methods outlined 

by White(45). In this method initiation is being 

carried out by high energy radiation and the vinyl 

chloride monomer are stacked in the channel of the 

complex such ,that the spatial arrangement protects 

against termination and branching. Polymers produced 

in this way are of low molecular weight, contain a 

syndiotacticity of 80% and a degree of crystallinity of 

60%. Maddams et al(47) have also studied a highly syn-
• 

diotactic poly (vinyl chloride) prepared by' the same 

method. They used X-ray diffraction methods to measure 

crystallinity. They ~eported-a value of 63% crystallin

ity in original samples and 78% after annealing at 180oc. 

Horsley(46) and Lebedev et al(48) have studied the 

effect of plasticizer on degree of crystallinity ana 

found that increase in order is at a maximum at approxi-

mately 10% of plasticizer concentration. 

Witenhafer(49) has shown that poly (vinyl chloride) 
I 
cryst~llinity can be measured by infra red spectroscopy 
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using a compensation technique. Nakajima (36 ) and 

Behrens
C50

) have calculated crystallinity by density 

measurement methods. Their values appear to be over-

estimated when compared with those obtained by X-ray 

diffraction methods. 

• 
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2.4.1 Introduction 

At room temperature Poly (vinyl chloride) is 

inherently stable. Increase in temperature to above 

lOOoc causes decomposition. As decomposition pro

ceeds, the substantially colourless polymer usually 

becomes yellowish, then brown, and finally black. 

Therefore a stabilizer is an essential ingredient 

to make PVC a useful plastic material. The rate of 

decomposition and colour development are temperature 

dependent, increasing with increase in the latter. 

The:t'e are considerable differences in performance 

between different commercial resins, and it is thus 

common to speak of the "heat stability" of a particu

lar resin and to compare the "heat. stabilities" of 

different resins. LikeWise, stabilizers differ in 

their ability to reduce decomposition and it is 

common practice to compare "heat stabilities" of 

different compositions • 

. 
Mechanisms of degradation are several, complex 

and not yet fully explained, but effective stabilizers 

are available. 

Rigid PVC compounds will normally consist of the 

resin, the stabilizer, lubricant and modifier. Some 

rigid compounds may also contain a small amount of 
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plasticizer. It is an important general rule in 

formulation and compounding, that the interaction 

of all the components present should be borne in 

mind. Stabilizers can be classified into fairly 

well defined groups. 

Group I comprises lead salts and soaps. They 

are the oldest general purpose stabilizers, con

ferring particularly good electrical properties and 

hence widely used in PVC compounds for electrical 

insulation. They are also ccmparatively cheap., 

Their limitations and disadvantages include toxicity, 

opacity in compounds, and susceptibility to staining 

in contact with sulphur bearing materials or the 

atmosphere. 

Group II consists of salts and soaps of other 

metals, mainly calcium, cadmium, b~rium and zinc. 

Mostly they are used in mixtures for a complementary 

action and in some cases there are synergistic effects. 

Group III consists of organo-tin compounds, some 

of which are the most effective and powerful stabili

zers available. However, the organo-tin stabilizers 

are also the most expensive to use. They can confer 

the highest degree of heat stability and clarity. 

Few of them are approved for applications involving 

contact with food. 
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lGroup IV contain miscellaneous compounds of 

which the most important are epoxide oils and esters. 

They have plasticizing as well as stabilizing action. 

Group V includes synergistic mixtures, usually 

of stabilizers of Group 11 with those of Group IV. 

Such mixtures can be very effe~tive. Selected com

poSitions, e.g. certain Ca/Zn systems in some cases 

with epoxy compounds and phosphites - combined good 

clarity with no toxicity, and are used in food contact 

applications. 

All the above mentioned stabilizers are primarily 

heat stabilizers, although some of them have also light 

stabilizing action. The effectiveness of a stabilizer, 

or stabilizer system, can be affected by the other 

constituents of the compound. Thi$ should be borne in 

mind when selecting a stabilizer. Other main factors 

in choice are the processing conditions and variables, 

e.g. temperature, and the required properties of the 

compound, e.g. clarity, e~ectrical properties, non

toxicity. Amounts of stabilizer added vary with their 

nature, but generally fall within the limits of 0.5 to 

8 pph (parts per hundred) • 

Lubricants, although used at relatively low con

centrations, are essential additives for poly (vinyl 

chloride) plastics. A lubricant is added to PVC com

pounds to reduce the frictional effects and sticking of 



\ 

'~ 

29 

the plastic to the metal surfaces of the processing 

equipment. It is also added to reduce the frictional 

heat effect between resin particles during fusion, 

and between the resin molecules after fusion. Their 

effect between resin particles prior to fusion, and 

between metal and polymer melt surfaces after fusicn, 

can be considered external, whereas their influence 

between resin molecules after fusion, are internal 

with reference to polymer melt. 

Compounds used as lubricants include polyethylene, 

fatty acids, metal soaps, oil and waxes, fa~ty alco

hcls, esters and amides. The amount ranges from a 

fraction to a few pph. 

Many other materials are frequently added for 

various reasons and effects, and these are also impor-

tant in individual areas or applications. The most 

common of such ingredients include colourants, fill ers, 

blowing agents and antistatic agents. Minor specialist 

additivies may also be employed, for example, odourants 

to impart special odour, or deodorants, to combat a 

small. A comprehensive discussion of compounding and 

formulation of PVC is available in the literature, 

notably in the monographs by penn Cl), Matthews (2 ) and 

Nass C 3 ) • 
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2.4.2 Compounding 

COmpounding PVC esseptially involves adding 

to the base PVC resin, the components that will 

allow it to be processed into a finished product 

with desired properties. The families of mate-

rials that will be chosen will probably fall into 

one of the following classifications, which have 

already been discussed in the preceding section 

2.4.1: 

a) Stabilizer 

b) Lubricant 

c) Plasticizer 

d) Impact modifier 

~) Fillers 
• 

f) Colourants 

g) Miscellaneous. 

Add~ng to the PVC resin the proper type and 

amount of additives (as outlined above). results 'in a 

compounded mixture that can subsequently be processed , 

into a satisfactory finished product. - Compounding 

can be defined as the mixing to homogeneity of PVC 

resin with the other components required for processing 

and performance. 
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It is normal to premix the ingredients in all 

processes except "dry blending". In fact dry 

blending should not be confused with pre-blending, 

which is just gentle physical mixing of ingredients. 

Various pre-mixing machines have been used for , 
mixing of PVC composi tions. The most common types 

are, tumble mixers, paddle mixers, ribbon blenders, 

air mixers and sigma blade mixers. 

Little or no frictional heat is developed in 

these mixers, hence heating and cooling jackets are 

necessary for plasticized blends. It is time consu

ming process which gives gentle physjcal mixing of 

ingredien ts. 

Further compounding is carried on, after PVC 

composition has been mixed properl¥ by any of the 

methods described above. The common machines used 

are roll mills, Banbury mixer, and compounding exten-

ders. 

Poly (vinyl chloride) dry blending is one of 

the most important methods of mixing rigid PVC pow-

der blends. The basic principle of dry blending is 

'that all ingredients are mixed 'in a single operation 

to produce a coropletely dry, free flowing powder. 

This type of blender can prepare batches, including 

mixing and cooling, with relatively short cycles 
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(10 - 20 minutes) and achieve excellent dispersion. 

In general a dry blending mixer consists of 

a mixing chamber fitted with a pitched-blade rotor 

or mixing impeller. An adjustable baffle blade is 

mounted vertically that acts as a deflector and its 

function is to direct the flow of material away from. 

the wall to optimize the mixing action. 

Due to the high speed of the mixer, frictional 

heat is developed and raises the temperature of the 

blEnd. When the required temperature is reached, the 

blend is discharged into a cooling chamber through 

a pneumatic value. The cooling mixe·r is a jacketed 

bowl of large diameter and low height equipped with 

a rotor that operates at relatively low speeds. 

Dry-blends can be fed direct~ to an extruder 

for fabrication into wire insulation, hoses or other 

final forms. In fact this technique of direct dry-

blend extrusion is ever increasing. Porosity and 

surface roughness a~e the main difficulties, but 

valved extrusion(93')' and vented extrusion ('1¥) <'have 

helped in this direction. ])1/ blends a~ useL as F-slrxh 

Att /wi", p~ J4(~UI;d'" /,Yt>ce.s.J uJ.i.k f~~y'W1k M.t

~ 4
J 
~ef ,.a:Ivde- So" /111y/e ;90'lC1J ./?;f.!ru..fioV\ CmJ. ,."c.,},,4''}j 
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2.4.3 Compression Moulding 

Compression moulding is not commercially a 

widely used technique for rigid PVC because it is 
, 

a time consuming process. PVC is processed oy the 

application of heat, shear and pressure or the 

combination of any of these parameters. Compression 

moulding involves the minimum shear forces, therefore 

hiSh processing temperatures are required in this 

technique which is also not favourable from the 

comrrercial point of view. However the process is 

"used in a few applications where other production 

methods are not suitable. 

Practically every kind of plastics processing 

can be applied to PVC in one form or another. The 

various different routes by means of which PVC can 

be ccnverted tc finished products, are shown in 

figure 3(95). Shear rate encountered in PVC proce-

ssing, varies from one method to another: 

Compression moulding 1 -10 sec -1 

Milling and calendering 10 _ 102 -1 sec 

Extrusion 102_ 103 sec -1 

Injection moulding 103_ 104 sec -1 

" 
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I 

ROUTES OF CONVERSION OF PVC RESINS TO FINISHED 
PRODUCTS (95) • 
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2.5 Effects of Processing and Thermal Treatment on 
Structure 
• C ri/,st4 li fYI Q 

A pureAsUbstance has a sharp melting pOint. When 

the amorphous phase contains an additional chemical 

substance, or diluent, melting takes place over a 

range of temperatures and a plot of the amount melted 

versus temperature is a solubility curve for the crys

talline substance in the diluent. On account of the 

rather unusual nature of polymer crystallites, which 

contain regularly arranged' segments rather than whole 

molecules and have consequently no sharp physical 

boundaries separating them from the amorphous phase, 

it is not immediately obvious whether they will show 

behaviour similar to that of ordinary. crystalline sub-

stances. 

There are at least two physic~l reasons why, even 

with the greatest refinement of experimental techniques, 

a homo-polymer of finite molecular weight woul-d not melt 

at a single sharp temperature. The perfect arrangement 

of molecular segments in a crystallite would be disrup-

ted by the presence of chain end groups. For this reason 

~: the end groups tend to remain in the amorphous phase 

where their concentration progressively increases as 

more and more polymer becomes incorporated into the 

crystalline phase. Thus the end groups may be thought 

of as an inevitable diluent which lowers the·freezing 

point as crystallisation proceeds. The concentration, 

and hence the effect of.these end groups, decreases as 
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the molecular weight increases and would just disappear 

at the imaginary limit of infinite molecular weight. 

Secondly, it has long been known that for very 

small crystals, the interfacial energy between the 

crystal and its surroundings is an appreciable frac

tion of its total free energy. Hence very small cry

stals are found-to melt at a lower- temperature than 

macroscopic ones. In the case of polymer crystallites 

the lack of clear physical boundaries somewhat, the 

parallel chains in a crystallite are more closely 

packed than in the amorphous state and the chain 

emerging from the ends of a crystallite must.therefore 

continue in a semi-ordered, slightly diverging array for 

a few chain units because there is insufficient cross 

sectional area for them to do anything else. There 

must be an excess of free energy associated with the , 

semi-ordered region at each end of a crystallite. It 

will be independent of the crystallite length and hence 

of greater relative significance to a short crystallite 

than to a long one. Thus, in complete analogy with the 

effect of the interfacial energy, the smallest crystall-

ite, however. perfect their internal arrangement, will be 

expected to melt at a lower temperature ±han the larger 

ones. 

The thermodynamic consequences of these two effects 

in producing a dispersion of the melting point are inclu

ded in a comprehensive theoretical study of melting by 

Flory(5l). He has given a statistical thermodynamic 
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treatment of partial crystallinity based on a 

development of the lattice model which had already 

enabled the thermodynamic properties of concentrated 

solutions of polymer to be interpreted successfully. 

The crystalline polymer is represented in this theory 

by a fringed micelle model. The effe?t of molecular .. _ 

weight and added diluent are dealt with, and the 

results are extended to co-polymers. 

Flory has assumed that contributions to' the en-

tropy associated with the subdivision of the crystall-

ine material into numerous small crystallites, and with 

the random or.ientation of these crystallites, may be 

neglected. Moreover, this assumption would not be 

upset if the crystalline material were later found to 

have a more highly organised arrangement. If, however, 

chain folding were proved to play an important part in 
• 

crystallisation from the melt some alteration would be 

required to the statistical description of the process 

by which the polymer and diluent are added to the 

pseudo-lattice of the theory. Chain folding in a poly-

mer cannot occur to such an extent that all polymer mole-

cules are either complet?ly formed into crystallites, or 

not crystallised at all. If this were so the polymer 

would have a sharp melling point instead of a melting 

range. 

The equilibrium of crystalline polymers with the 

mixture of amorphous polymer and diluent at melting 

pOint, Tm can be represented mathematically: 
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Vl 1 1 R Vu 
(1 -

B Vl (- --) = 
/l Hu RT vl ) vl T TO m m m 

where: VI = the molar volume of the diluent. 

V .. = the molar volume of the repeat unit. 

~ = mole fraction of the diluent. 

T = .mel:ting point of polymer/diluent system. ·m 
TO= 

m melting point of pure polymer. 

Hu = heat of fusion. 

BVr = Polymer - diluent interaction parameter. 

Anagnostopoulous et al(S2) and Nakajima et al(36) 

have used this theory to determine T , the melting point ,m 
of pure polymer. The former obtained a value of l760c 

for a commercial type poly (vinyl chloride) whereas 

Nakajima et al concluded that the polymers made at 

lSOC and -300C have melting points'of 2SSoC and 3l00C 

respectively. 

Reding et al(S3) investigated the effect of poly-

merisation temperature on both glass transition temper-

ature Tg and melting po~nt. The latter was found by 

extrapolation from data on plasticized samples, as the 

temperature at a stiffness modulus of 10 p.s.i. He 

found that poly vinyl chloride polymerised at tempera

tures of 1500, 40°, -100, and -SOoC, have melting points 

of lSSoc, 2200C, 26SoC and more than 3000c respectively. 

Similarly Tg went from 6Soc to lOOoC. 
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The melting point of crystalline poly (vinyl 

chloride) increase with the inc-reasing steroregularity. 

From 

as a 

X-ray measurements of the degree of crystallinity 

function of temperature, KOCkott(54) has shown that 

the melting of the crystallites takes place over a wide 

range of temperatures from l500 C to 2200 c for a sample 

polymerised at -70oC. The melting-of the commercial 

polymer was extrapolated to l500 C and that of completely 

syndiotactic polymer to 2730 c. 

Munstedt(55) has studied the flow and elastic 

behaviour of suspension poly (vinyl chloride). 

:-. ----<_yIPer". Poly (vinyl chloride) shows non-Newtonian 

flow behaviour for low shear raLes which can clearly be 

in terpreted as "particle flow". The elastic behaviour, 

too, demonstrated by the elastic shear modulus, shows 

that the poly (vinyl chloride) melts, consists at least 

to a considerable extent of particles. However it is 

remarkable that the flow behaviour and the elastic 

behaviour alter clearly at 200 - 2l0oC, the flow curves 

~lte~ their gradient at about 200 - 2l0oc. 

pezZin(56) achieved a similar result during the 

inves,tigation of flow behaviour of suspension poly (vinyl 

chloride) and he attributes this shifting to the melting 

of crystallites in poly (vinyl chloride). 
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Viscosity of PVC as a function of temp-
erature (measuren'ents - Den Otter, quoted in Ref. 55) 

H Hattori et al(6), Shinagawa(7), Singleton et al(S) 

Faulker(9) and Katchy(57) have studied the effects of 

processing on microstructure of poly (vinyl chloride). 

The particulate structure of poly (vinyl chloride) 

particles breaks down during'processing under the com-

bined effects of heat and shear. Hattori et al have 

also studied the breakdown of I \lm particles only by 

heat. They concluded that heat can be effective in 

breaking down the I \lm particles, but the potential 

for breakdown becomes more effective when heat is com-

bined with shear. 

In their study of fusion of particulate structure 

of PVC resin during powder extrusion, they observed that 

at low processing temperatures 1600 C or 170oC, the inner 

structure seems not to have changed from the original 
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PVC granules. The 1 ~m particle structure still 

remains, but at higher temperature these particles 

start breaking and finally the breakdown of the net

work is completed at 200oC. Shinagawa also reported 

the flow behaviour of PVC in the melt and correlated 

it with the degree of polymerisation. The flow beha-

viour of the melt can generally be" divided into three 

types: 

al Viscous flow:- polymers with low ~egrees of poly-

merisation show this type of flow in which parti-

cles vanish in a short time. 

bl Particle flow:- in this p~ocess of flow, particles 

exist even if it is mixed for long times. The type 

of behaviour is shown by the polyroer having high 

degrees of polymerisation. 
• 

cl Intermedfate:- in this type of flow, polymers show 

an intermediate behaviour between (al and (bl, which 

shifts from the particle to viscous flow. , 

Katahy has examined the microstructure of commer-

cial PVC moulded at different temperatures and found that 

particulate structure is largely retained, and this results 

in brittle failure, at low moulding temperatures. How

ever as the moulding temperature is raised the primary 

particles are gradually ~roken down and corresponding 

changes in ductile failure occur. At significantly high 

moulding temperatures, only sub-primary particles are 

left as the microstructure. 
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Faulkner has investigated the processing charac

teristics of PVC using Brabender Plasticorder and 

found three distinct peaks in the temperature-torque 

curve. These peaks are regarded as the breakdown of 

resin, secondary and primary particles. 

The first peak represents the breakdown of r,ssin 

particles. The height and temperature of peak depends 

on the size and size distribution of resin particles. 

The second peak is attributed to the fusion, 

behaviour of the compound. The position of this peak 

is not directly affected by the size and size distri

bution of resin particles. 

The third peak represents the formation of true 

melt. The theoretical,explanation of these three peaks 

found in a typical temperature torque, can be seen in 

the following figure: 

:r 
III ..,.It 

I. fAi.",,"!y f~""d~J , il = s£<o'-''''':1 p •• hdu -d 

@:: te£JJi~ flQ;hdes. 

FIGURE, 5 

Schematic Re resentation of Tern erature Curves 
for PVC Compound (9 
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These pOints will occur on the curve where the 

resin, secondary and primary particles predominate. 

Polymer melt will exist at a higher temperature, 

possibly after the third peak in the curve. The 

slope of the curve at these points will give the 

temperature-torque relationship for the resin, secon

dary and primary particles, and polymer melt. As each 

particle type is broken down, there is an increase in 

torque above the theoretically anticipated value of the 

next smaller particle (or melt in the case of the third 

peak). The torque-temperature relationship gradually 

reverts to that predicted by the next smaller particle, 

and this process continues until a true melt is obtained. 

Several authors believe that PVC melt has fome 

sort of structure which is not yet understood. Hattori 

et al have observed the fibril structure of the order 
o 

of 300 A in the commercial grade PVC extruded at 210o C. 

Faulkner suggests a particle structure at the 10 nm 

level. He observed this structure by transmission elec-

tron microscopy in material taken from beyond the third 

peak. 

Munstedt believes that non-destructible or irre-

versible particles exist in polymer melt, whereas Menz 

et al(13) concludes from their studies on rigid PVC, 

that globules (0.1 to 2 vrn particles) arising during 

polymerisation remain undestroyed up to high tempera

tures « 230oC). At most they are deformed for better 

filling of cavities. 
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Lngaee-Jorgenson(ll) has proposed a model which 

predicts the conditions under which the last trace of 

crystallinity disappears from PVC melt under continuous 

shear. This model is based on the postulate that the 

last crystallites in the PVC melt have the same structure 

as found in the dilute solution. In his earlier studies 

he found that in dilute solutions of commercial PVC, 

10-15 molecules are held together by a crystalline 

nucleus: 

where: Q = is a constant 

Tdyn= mel tingte771p in shear 

T = static melting temperature m 
't = shear stress. • 

Static melting temperatures can be estimated by 

Flory's equation. 

Polymer structures are very dependent on the ther

mal history of the sample and thermal properties of a 

material are very sensitive to changes of the structure. 

This means that thermal properties are potentially use-

ful methods of studying polymer structures. 

A'polymeF is given a thermal history when it is 

either slowly or quickly cooled as a melt, or when it 

is heated again after, having solidified. The effect of 

annealing and cooling rate on morphology, crystallinity, 

the melting pOint, are well established in the case of 
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many partly crystalline polymers. Any influence on 

crystallinity is generally only feasible by annea

ling above Tg. Annealing below Tg simply changes 

the free volume. The changes in properties with 

thermal history for an amorphous polymer close to its 

glass to rubber transition, can be ,interpreted in 

terms of "hole theory" of liquids as proposed by 

Eyring(60) • 

Hirai - and Eyrin~(6l) developed the theory for 

polymers and Wunderlich et al(62) used the theory 

to interpret D.T.A. traces for polystyrene. In the 

"hole theory" it is proposed that polymer chain move-

ment can take place by the jumping of segments into 

vacant "holes", and each segment leaving another 

hole for movement of a further segment and so on. 

In the liquid state the number of holes increases 

with temperature and expansion occurs, but on cooling 

there comes a point at which chain mobility is lost 

and segments cannot jump into holes. Then an equi

librium hole concentration is frozen in and the expan-

sion coefficient is much reduced. The liquid has then 

reached the "glassy state" and 'a marked change of 

properties o,ccurs. Wunderlich et al proposed this as 

a mechanism for the dependence of glass transition 

temperature on the rate of cooling. The effect of 

cooling and heating rate on hole concentration is 

" 
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illustrated by figure 6(63) The concept of "holes" 

has now been replaced by free volume, where free 

volume can be roughly defined as that volume occu-

pied by a material beyond the volume it would occupy 

if all its'molecules were packed tightly as at 

absolute zero temperature. 
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Jujin et al(64) have studied in detail, the 

effect of thermal treatment on the structure of PVC. 

They have found that the magnitude of the annealing 

effect depends on the extent to which the primary 

crystallinity has been removed. The effect becomes 

larger when the amount of primary crystallinity left 

after preheating, decreases. An unreacted virgin pow

der does not show any effect at all. 
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(64-67) Several workers have shown that 

annealing effects increase in intensity when annea-

ling is prolonged. Endotherms observed in D.T.A. 

faces of , PVC annealed samples, are considered to be 

due to the formation of crystal lites which melt 

about 200 C above the annealing temperature. They 

all agree that the maximum effect of annealing is 

around IIOoC. 

. 
The broad X-ray diffraction maxima and a very 

broad melting D.T.A. endotherm indicates that the 

crystallites in PVC are small and have a wid~ range 

of perfection. The orthorhombic structure of PVC is 

well established, but some times in X-ray diagraros of 

commercial PVC, a diffraction ring is found which 

cannot be ascribed to the orthorhombic crystal form. 
, 

Mami and Nardi(58,59) describe this reflection as being 

due to the so called mesomorphic or nematic structures 

which appear after annealing at 850 
- I070 C of stretched 

fibres. The nematic structures consist of straight 

chains aligned in par~llel with a distance, between 
o 

the axes of 5.4 A. 

Jujin(63) believes that there are two types of 

crystallinity in PVC - these are referred to as 

primary and secondary crystallinity. Primary crys

tallinity is attained by the polymer during polymer-

isation or careful precipitation from its solution. 
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The primary crystallinity has the orthorhornbic 

structure. He supported his argument by quoting 

Kockott's X-ray work on commercial PVC who showed 

that X-ray reflections disappear upon melting at 

l50oc. Jujin has found from his own calorimetric 

experimental work on various grades of PVC that this 

melting pOint is-lower than that of partly syndiotac-

tic PVC. He suggests that the introduction of 

atactic chain segments in the crystal lattice 

depresses the melting temperature. 

upon annealing secondary crystallinity is formed 

and this type of crystallinity has a nemati'c struc

ture. The packing of the chains is less ideal com

pared with that in the orthorhornbic lattice. This 

results in lower melting temperatures and a lower 

heat of fusion.' 

Lebedev et al(48) have found that annealing at 

1100c produces reflections from orthorhornbic and nema~ 

tic structures at the same time, which means that the 

alignment of chains proceeds simultaneously with the 

formation of real orthorhornbic crystallites. 

witenhafer(49) strongly believes that upon annea

ling above Tg, the imperfect crystal lites in PVC form 

stable crystal structures which results in an increase 

in crystallinity. 

Baker et al(47) have investiga~ed the annealing 
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effect on highly syndiotactic PVC by X-ray diffraction 

and infra-red [techniques. They have found that annea

ling causes increase 'in crystallinity and have sugges-

ted a mechanism for the increase in crystallinity on 

annealing. As the temperature is raised, some amor-

phous material is converted to a nematic phase, and 

this may crystallise during subsequent cooling. 

In order to support this idea, they have compared 

the area beneath the three dimensional, 3d, two dimen

sional, 2d, and amorphous region reflections in X-ray 

diagrams. The res ul t is shown in Table 2. 

TABLE 2 

Tempera- Area ben- Area ben- Area ben-
eath the eath 3 di- ea t.."1 2 di- Ratio 

ture amorphous mensional mensional 
region reflection reflection 2d/3d 

(h,k/l) 
240 - 260 

(h,K,O) , 
• (h,O,O) , 

160 - 180 

Ambient 36.6% 51.6% 11.8% 1:4.35 

1l00C 33.9% 52.0% 14.1% 1:3.68 

l800c 28.8% 53.2% 18.0% 1:2.96 

Table 2 clearly shows that, not only crystalline 

material forms at the expense of the amorphous material 

during the annealing process, but the two dimensional order 
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apparently increases more rapidly than the wholly 

crystalline phase. 

The ratio of the two types of reflection after 

cooling from 1800 C annealing temperature, is the . 

highest, even higher than the one prior to annealing. 

This clearly shows that three dimensional order 

increase5at the expense of two dimensional order. 

TABLE 

Temperature Ratio of 2d/3d 

Ambient 1:4.35 

1100c 1:3.68 

1800C 1:2.96 

Cooled from 1:4.69 1800 C 

Gray (64) has studied in detail the effect of 

annealing below and above Tg on structural orders of 

various grades of pvc. Three vinyl chloride polymers 

were annealed at temperatures in the· range 400C -

1600 C for times varying from 0.5 - 5 hours. Structu-

ral changes occurring in the polymer were examined by 

density measurements, differential thermal analysis, 

and X-ray diffraction. 

X-ray results showed that annealing above Tg 

caused an increase in crystallinity~ From the D.T.A. 
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traces it was concluded that annealing had caused the 

formation of crystallites which melt about 200 C 

above annealing temperature. Enthalpy changes corres-

ponding to the fusion of these crystallites are found 

to pass through a maximum between Tg and Tm (melting 

temperature) in a manner typical of most crystallizing 

polymers. 

There was no significant change in crystallinity 

upon annealing below Tg a~: was confirmed by X-ray 

measurements. Increase in density and an additional 

endothermic peak below Tg, have been assigned to the 

free volume changes. 

Illers(65) has thoroughly investigated the annea-

ling effect en ~~e properties of pvc. He mainly used 

differential scanning calorimetric techniques to study 

property changes as a function of annealing times and 

temperatures. Illers found that after annealing samples 

at temperatures below Tg, endothermic peaks followed 

the Tg step on the D.S.C. trace, in fact this is due 

to overheating of the glassy lattice before an equili-

brium hole structure is achieved. Illers also found 

that endothermic peaks occurrin~ on D.S.C. traces after 

ann~aling above Tg aye due to the melting of crystallites 

at temperatures 20 to 300 C above the annealing tempera-
1 

ture. 
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2.6 Mechanical Properties 

A phenomenological description of the mechanical 

properties of polymers appeared long before the first 

conception of the molecular nature of these bodies 

W~5- formed. The discovery that polymer molecules 

are very large and are'flexible if their structure 

is.linear, led to a new stage in development of the 

"theory of mechanical properties of polymeric bodies". 

This theory also covers the relationship between mech

anical properties and basic characteristics of macro

molecules such as size and size distribution flexibility. 

The theory of mechanical properties of polymeric 

bodies, was based on two main premises: 

i) Deformation of the polymer depends wholly on the 

behaviour of its macromolecules, reversible defor

mation being due to changes in'conformations of 

the macromolecules, and irreversible deformations 

to their displacement. 

ii) Isotropic amorphous polymeric bodies are homogen

eous bodies conSisting of randomly arranged mac~O

molecules, isotropic crystalline polymeric bodies 

being regarded as the result of ordering of small 

r~gions of these bodies into microcrystals. 

It was considered that the macromolecules pass 

through several such crystalline regions and amorphous 

regions separating them. The anisotropy of polymeric 

bodies was attributed to straightening and orientation 
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of their macromolecules. The homogeneity of polymeric 

bodies was taken for granted. 

The first polymeric bodies whose mechanical prop

erties rapidly became an object of study, were amor

phous synthetic rubbers, the structure of which corres

ponded more than those of other polymers to the basic 

premise of the theory. However as the sphere of poly-

meric objects expanded, yarious complications began to 

arise. It was especially difficult to reconcile such 

simplified ideas of the structure of a polymeric body 

with the meChanical properties observed in crystalline 

polymers. The discovery of super-molecular structures 

in amorphous and crystalline polYll\ers, showed that the 

basic premises concerning the structure of polymeric 

bodies were no more than a first approximation which 

could serve only in the Simplest cases. This marks 

the begi~ing of the second stage of development in 

the theory of relationships between the mechanical 

properties of polymeric bodies and their·structures. 

At this stage the theory was based on the following 

premises: 

al All polymeric bodies, whether isotropic or aniso

tropic liquid or solid, amorphoUS or crystalline, 

contain super-molecular formations of different 

degrees of complexity and of differing sizes. 

Their existence makes it possible to consider poly-

meric bodies homogeneous or even continuous in some 

cases. 
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b) The deformation of a body and its mechanical 

properties are governed by the specific forms 

of its super-molecular formations and their 

properties, which in their tu~ depend both on 

their own characteristics and on macromolecular 

characteristics. 

Thus, at this stage, polymeric bodies were in 

some cases regarded as continuous and homogeneous, 

and in others, as heterogeneous and rather even as 

microconstructions. Closest to the first group were 

polymer solutions and melts, and to the second group, 

crystalline polymers. 

The second, modern stage in the theory of mecha

nical properties of polymeric bodies, features very 

rapid progress in both experimental and theoretical 

investigations, and in separation of the structural 

mechanics of polymers into an independent division of 

polymer mechanics. 

The simplest type of supermolecular structure is 

the "Globular" type. Any polymer whose macromolecules 

are sufficiently flexible can be obtained in a globular 

structure which will be stable or unstable depending on 

the temperature. Polymeric amorphous bodies possessing 

globular structures, lose all characteristic features 

tha t can be traced to the flexibili ty of their macro

molecules, they prove to be brittle, solid materials or 

very weak rubbers, provided their globules do not strai

ghten during deformation, but if deformation involves a 
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structure transformation, the globular structure 

changing, for example, to a "fibrillar" one, the 

mechanical properties also improve substantially. 

Thus, when considering the influence of the 

structure of polymeric bodies on their mechanical 

properties, two cases should always be distinguished, 

- either the structure is preserved until the body fails 

completely, or structural transformations occur during 

the deformation. 

Another characteristic type of supermolecular 

structure is the "Fibrillar" type. Polymeric bodies 

with fibrillar structures are always more deformable 

and stronger than polymeric bodies of the same com-

position and molecular build, but of globular struc-

ture. In the case of crystallizing polymers of fibri

llar structure, a large number of more complex structural 
• 

forms appear with corresponding complexes of properties. 

The next type of supermolecular formation, is the 

"lamellar" type. As in the case of the fibrillar type 

sheets aggregate into a diversity of more complex struc

tural forms. Polymers of sheet structure also possess 

a better complex of properties than do polymers of 

globular structure. 

Finally, the most common type of supermolecular 

structure is "spheruli te" types. The smaller the 

spherulite, the more uniformly are the mechanical 

stresses distributed, and the more the behaviour of 
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the poly~eric body approaches that of a homogeneous 

body. This is why such bodies-can withstand fairly 

high stresses before they fail, and develop a neck, 

i.e. change their spherulitic isotropic structure 

into an oriented anisotropic structure. For this 

reason, specimens of such bodies fail at larger 

ultimat~ elongations and under considerable stresses, 

but if the spherulites are large, interfaces appear 

between them, which maybe as large as cracks. Here, 

failure develops readily and the body suffers brittle 

rupture at small elongations and comparatively low 

stresses. Of importance in the origin of meohanical 

properties are not only the size of spherulites, but 

also their inner structure. This accounts for the 

numerous exceptions to this rule. Therefore, spheru-

lite growth, which may occur durin~ storage or usage 

of polymeric articles, has a signi~icant effect on the 

stability of property values. 

The ba<;ic characteristics of mechanical proper-

ties of solids are usually determined by tests resul-

ting in various deformations-vs-stress dependencies, 

such as stress-strain diagrams. 

When discussing stress-strain relationships, 

it must be agreed beforehand to which cross-sectional 

area of the specimen the force acting on that cross

section will be referred. OWing to the very high 
I 

values of the strains actually obtained when elasto-
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EIGURE 7 Idealised stress-strain curve. The 

slope of line OA is a measure of the 

true modulus 
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meric, crystalline, and glassy polymers are extended, 

the cross-sectional area of the strained specimen may 

vary several fold. For this reason two values are 

ordinarily considered, namely, the actual stress and 

the nominal stress. The former is the quotient of the 

applied force divided by the actual cross-sectional 

area, and the latter,· divided ?y the ·cross-sectional 

area of the original specimen. 

By subjecting a specimen to a tensile force 

applied at a uniform rate and measuring the resulting 

deformation, a curve of the type shown in figure 7 is 

obta~ned. The shape of such a curve is dependent on 

the rate of testing and temperature at wh~ch the 

test has been carried out. Consequently, the testing 

conditions must be specified if a meaningful compari-

son of data is to be made and tes~s must b~ performed 

within as wide a range of temperatures as possible. 

In figure 7(68) the initial portion of the curve is 

linear and the tensile modulus 'E' is obtained from 

its SlOPt- The pOi1'!t 'L'. represents the stress 

beyond which a brittle material will fracture, and the 

area underneath the curve to this point is proportional 

to the energy required for brittle failure. If the 

material is tough, no fracture occurs, and the curve 

then passes through a maximum or inflection point 'Y', 

known as the yield point. Beyond this,the ultimate 

elongation is 

Pt 
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at 'B'. The area under this part of the curve is the 

energy required for ductile failure to take place. 

The term "tensile strength", though widely used, 

needs care because it can refer to three different 

phenomena which should be distinguished. In the above 

figure 

i) 

7, tensile strength has been used to describe: 

cr = brittle strength - the maximum stress 
L 

in brittle failure. 

ii) cry = yield stress - the maximum,stress at 

yield point. 

iii) crB = tensile strength at break - the maximum 

stress at the break point in ductile 

failure. 

The values of modulus, tensile strength, and 
• 

the elongation at break can be used to characterise 

the polymer material under test. 

Several theories have been put forward to explain 

the yield and cold-drawing behaviour 

to Jackel(69), Marshall et 

of polymers. 

al (70), and According 

Muller (71) a large amount of heat is generated during 

the stretching process and the major portion of it goes 

into the heating of the necked region and hence yielding 

and cold drawing occurs. Alternatively Vincent(72) 

explains the phenomenon by stating that stress in poly-

mers lowers the softening temperature to about the 
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temperature at which the drawing occurs. 

Some objectives have been put forward to the 

above theories. J S Lazurkin(73) has found that 

yielding and cold-drawing can occur even if the 

temperature during stretching is reduced by trans-

--ferring it to surroundings and lowering the stretching 

speed. Robertson(74) and Sternstein et al(75) have 

found the yielding phenomenon in shear, and Whitney 

and Andrews (76) have observed this phenomenon in com-

pression. Neither shear nor compression affect the 

softening temperature. Moreover there is no molecular 

mechanism to explain the lowering of softening temp-

erature. 

Lazurkin based his explanation therefore on the 

Eyring model. Such 

workers (77,78,79) • 

models have been proposed by other 

The effects of thermal motion and 

mechanical stresses during stretching combine to rupture 

intermolecular bonds and allow large scale configurational 

changes. Yielding occurs therefore when stresses or 

strains create increased segmental mobility. The magni

tude of the force will be greatly dependent on the initial 

Chain mobility of the sample to be deformed. The Lazur-, 

kin-Eyring model appears to explain ~e phenomenon most 

satisfactorily and has been used by several workers to 

explain the tensile behaviour of the polymers. 
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Another important mechanical property for 

plastics is the impact strength. The abil~ty of a 

fabricated article to withstand shock is often a 

decisive factor in the replacement of a conventional 

material by a polymer. This impact resistance, or __ 

ability to withstand shock, may deviate appreciably 

from the results suggested by standard impact tests. 

The impact resistance of a plastic article depends 

not only on basic impact properties of the polymer, 

but also on the following factors: 

a) Design of the object. 

b) Conditions during fabrication. 

c) Environmental conditions. 

d) The nature of the blow. • 

e) The frequency of the shock. 

A rigid plastiC is usually classified as brittle 

or ductile, according to the type of failure which 

results from a blow, but the usage is loose and does 

not precisely define the nature of the break. 
\ 
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1. Brittle failure: 

Vincent(72) has defined brittle fracture as 

a failure in which there are no signs of permanent 

deformation. However, this may not be precise in 

that: 

a) there may be deformation which is not obvious 

to the naked eye, 

or 

b) the deformation may be recoverable so that 

2. 

the nature of the break has changed its'appear

ance by the time the test samples are examined. 

Ductile failure: 

If the plastic undergoes deformation or yielding 

during failure, then the material will be adjudged to 

fail by a ductile fracture. The plastic is said to have 

good impact strength. 

PVC .is'ClIn :_~r: ,"::;]: variable material on which to 

study' mechanical properties. The reproducibility of 

results is often poor. This is probably due to large 

number of influences on the properties, and careful 

standardisation of specimen preparation is required if 

meaningful results are to be obtained. 

The greater structural regularity of the polymer 
, 

molecules and the increased crystallinity of low tempera-

ture polymerised PVC, lead not only to a higher softening 

y , 
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but also to higher strength and greater resistance to 

creep. However the mechanical properties are strongly 

influenced by the processing conditions. 

Malac(&O) has studied the influence of processing 

conditions on sample properties. He examined the 

influence of pressing temperature and rate of cooling 

on tensile strength, impact strength and embrittlement 

properties of PVC. A slow rate of cooling gives an 

increase in tensile strength, a low impact strength 

and raises the embrittlement temperature from -lSoc 

to +150 C. This he attributed to the.freezing-in of 

free volume in fast cooling. ' 

Phillips,et al(81) found annealing above Tg couses 

a decrease in tensile strength and elongation, whereas 

yield stress increases. Retting(8~) has examined tensile 
• 

behaviour between speeds of 10-3 and 1 cm/sec. Samples 

were annealed below Tg. He found that modulus at low 

strain rates increases substantially with annealing time. 

At higher strain~ there was little effect of heat treat

ment. Illers(66) attributed changes in tensile behaviour 

to a decrease in free volume for samples heated below Tg, 

and crystallinity changes for those heated above Tg. 

Influence of processing history and crystallinity 

on the mechanical properties, has been thoroughly 

investigated by Pezzin et al(S3\. They found that main 

transition a (glass transition) and the shear modulus 

above Ta depend on the thermal hiStory and are strongly 

effected by crystallinity, whereas the dynamic mechanical 
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spectrum below Ta is not influenced by these parameters. 

They also found that room temperature tensile modulus 

and yield properties are very little affected by 

processing history and crystallinity, whereas the 

elongation at break and,fracture energy increases 

with milling temperature. 

Impact strength of crystalline PVC is lower than 

that of conventional PVC ( 84,85) • The impe.et strength 

of crystalline PVC can be improved by compounding the 

polymer with a suitable toughening additive, such as 

an ethylene-vinyl acetate copolymer. The notched 

impact strength of crystalline PVC can be in'creased 

by a factor of 3 (from 4 to 12 kgf cm/cm2) by adding 

12% of ethylene vinyl acetate copolymer and by pro-

cessing the compound at 200oC( (6) • Clther tough-
also 

ening additives havejbeen found ..,Md. increase the impact 

strength.' " 
. " 

static mechanical properties, creep and stress 

relaxation, have been studied by a number of authors 

in order 

Aiken et 

to study structure and plasticization mechanisms. 

al (07)- ca;;ied out one of the earliest thorough 

investigations of creep behaviour in plasticized PVC. 

They pointed out that since plasticization can give 

rise to flexibility unaccompanied by flow, then there 

must be a three dimensional gel network present. They 

discovered that a gel structure existed even in solution 
\ 

of 4% PVC in 96% plasticizer. They further noted'that 

the gel structure apparently became tighter when kept 
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at room temperature since the shear modulus steadily 

increased. 

Taylor and TObolSky(8B) made stress relaxation 

measurements at various temperatures on PVC containing 

a range of plasticizer types and levels. They concluded 

that PVC is semi-crystalline in nature, the crystallites 

can be considered to act as cross-links. The action 

of the plasticizer is similar to their effect on com-

pletely amorphous polymers, but the crystallites 

remain stable under their action. This work has been 

continued by Hata and Tobolsky(89) who noted some 

anomalous behaviour, depending on the heat history of 

the sample used. The behaviour of plasticized PVC can 

be usefully compared to the behaviour of unplasticized 

PVC at high temperatures. Crugnola et al(90) have 

studied the stress relaxation of PV~ in the temperature 

range 100 - 180oC. They also attributed the elastic 

nature of 

Sabia and 

the PVC response to crystallite cross-links. 

Eirich(SJ,92) studied the viscoelastic beha-

vious of PVC at large deformations using stress relaxa

tion and oreep experiments. They proposed two mechanisms 

for viscoelastic behaviour of PVC in creep. Firstly, 

elongation of amorphous regions, followed by deforma

tion of the crystallites, so resulting in flow and set. 
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CHAPTER 3 

EXPERIMENTAL TECHNIQUES 

3.1 Plan of Procedure 

This work is a part of the large programme being 

undertaken in the Institute of Polymer Technology.' 

The aim of the above mentioned programme is the study 

of inter-relationships between PVC powder morpholohy, 

proceSSing conditions, structure and properties of 

mouldings. 

In this work investigations have been made on 

rigid PVC simply because plasticizers change the 

entire properties of PVC. A very careful formulation 

(3 pph of Tl35 stabiliser and 0.5 pph of calcium stear-

ate as lubricant) was used in order to have the minimum 

effects of additives on the properties as well as 

excellent clarity and finished surface of the moulded 

sheets. 

TWo commercial grade PVC resins have been used 

for this work. The first material was Breon M-80/5Q, 

mass PVC supplied by B P Chemicals Ltd. The second was 

COrvic D55/09, suspension PVC, manufactured by ICI. 

They will be referred to as M-PVC and S-PVC respec-

tively throughout this work. Technical data for these 

two resins is given in Tables 4 and 5. From published 
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literature the crysrallinity in both materials is 

expected to be in the range of 10-15%. 

This research project was aimed to find the 

relationship between structure and mechanical prop-

erties of Poly (vinyl chloride). In order to investi-

gate structural changes and corresponding property 

changes in the absence of high shear forces present 

in injection moulding, it was planned to prepare 

compression moulded sheets from dry blends at various 

mould temperatures. Since moulding& produced below 

1600 C exhibit incomplete fusion of powder particles, 

mould temperature~ above l600 C were used. 

Other research workers (96) working on the com-

pounding area of this programme, had established ~~e 

optimum conditions for dry-blending. So it was also 
, 

decided to use the same optimum conditions fc.r dry-

blending in this project. 

Structural changes were examined by X-ray diffrac-

tion and differential thermal analysis techniques. 

The mechanical tests for tensile, Young's modulus were 

carried out on an Instron testing machine, while Charpy 

was used for impact tests. 

New structures were introduced by thermal treat-

ment and any changes in structure and properties were 

examined using the same techniques. It was hoped that 

·the correlation between structure and properties of heat 
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treated samples would confirm the invest~gat~ons in 

structure and propert~es relationship of untreated 

samples. 

TABLE 4 

Technical Data of M80/50(97) 

Specif~c v~scosity 0.39 - 0.41 , 
(0.5% solution in cyclohexane) 

K - value 56 - 58 

Viscosity No. (Iso method R174: 78 - 82' 
1961) 

Bulk density 640 - 680 kg/m 3 

(BS 2782, Pa:r-t 5, !:".ethod SOlA) 

r---
Particle size 99.9% min. . < 250 ].lm 

90% min < 100 ].lm 

6% min < 63 ].lm 

Measurements of molecular weight on G.P.C. apparatus bv 

RAPRA (Rubber & Plastics Research Assoc~ation) 

Molecular We~ght M-PVC S-PVC 

Weight a.::::erage molecular 66,700 76,470 
we~ght (~) 

Number a.::::erage molecular 29,400 34,030 weight (Mn) 
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TABLE 5 

(~ 8) Technical data sheet for Corvic D55/09, 1 

. 

Property Unit Value Test Method 

K value - 62 No. 1 

Viscosity Number - 95 -, 150 - R174 

Packing Density g/ml 0.64, No. 2 

Apparent Density g/ml 0.59 150 - R60 

Relative Density 1.40 lIrchimedes l~ethod 

Weight passing % 99.9 No. 3 
60 mesh 
(250 ",m) . 
Weight passing % 5 No. 3 
200 mesh 
(75 ,um) 

,. , 

Volatile content % 0.2 No. 4 

-

No. 1: Calculated from relative viscosity data obtained 

by method ISO-R174. 

No. 2: From volume of 20 grams of polymer in cylinder 

dropped 30 times from a height of 51 mm. 

No. 3: By sieving dry polymer for 30 minutes in humid 

,air (BS 410: 1969). 

No. 4: Weight loss after one hour at 1350 C. 
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3.2 Preparation of Blends 

In the present work the following formulation 

was used for both M-PVC and S-PVC. 

Formulation 

PVC resin 

T-135, Thiotin (stabilizer) 

Calcium Stearate (lubricant) 

100 pph by-weight 

3 pph by weight 

0.5 pph by weight 

This simple formulation was used to achieve the 

following properties: 

a) The minimum effect of additives on tr.e proper

ties of PVC. 

b) ExceLlent clarity and finish surface of the 
• 

moulded sheets. 

c) Geod dispersibility of ingredients. 

Thiotin stabilizer is the most suitable stabi-

lizer which gives excellent clarity and surface finish 

in rigid PVC. primarily it is a heat stabilizer but 

it' also gives good light stability, non-staining and 

non-toxic properties. Calcium st~arate acts as inter-

nal lubricant and has good dispersibility. These addi-

tives were supplied by Akzo Chemic U.K. Ltd. They have 
• 
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been added at levels to impart minimum effects on 

mechanical properties of PVC. 

Dry-blends of formulation described above from 

both M-PVC and S-PVC were prepared in an 8 litre 

T.K. Fielder mixer using the optimum conditions 

determined previously (9G) • The working capacity 

of the mixer chamber is about 3 Kg with impe11er speeds 

ranging from 500 - 4000 revolutions per minute. The 

mixer is fitted with stock temperature measurement 

facilities, jacket temperature control and a separate 

cooling mixer. The cooling mixer has an arra~gement 

to circulate cold water in the inner jacket and equipped 

with rotor that operates at relatively low speeds. An 

iron/constantan thermocouple protrudes through the 

baffle to measure the blend temperature. 

The jacket was heated to 750 c by steam in order 

to minimise the mixing cycle and to attain a high 

blend temperature of l20oc. About 2 kilograms mass 

was placed in the mixing chamber and the rotor speed 

was set to 3500 revolutions per minute. After the 

temperature of the mass reached 50oC, the stabilizer 

was added through the window in the lid of the mixing 

chamber. Due to the high speed of the impe11er, the 

components were thoroughly mixed and intensive fric

tional heat was developed. The temperature of the 

mass increased gradually and in 15-20 minutes it reached 
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120oc. The blend was discharged, at this temperature, 

into the cooling mixer through a pneumatic valve. 

The mass was cooled for about 3 minutes at the speed 

of 1000 revolutions per minute. 

Mixing cycles for S-PVC took longer than M-PVC, 

--- due to the morphological differences between the two 

~esins. In ~-PVC mixing cycles, less frictional heat 

is generated and hence less rapid rise in temperature 

occurs compared to the M-PVC. This happens because 

S-PVC resin particles have a skin or membrane around 

them, and therefore the particle' s surface is smoother. 

Moreover S-PVC particles have less regularity in shape 

and wider partIcle size distribution. 

The blending conditions are given in Table 6. 
\ 

Table 7 shows the typical propert~es of Thiotin-TI35, 

stabilizer. 
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TABLE 6 

Optimum Blending COnditions 

Rotor speed 

Jacket temperature 

3500 r.p.m. 

75°C 

Temperature of stabilizer addition 

Blend discharge temperature 

Cooling mixer rotor speed 

50°C 

120°C 

1000 r.p.m. 

2-3 minutes Cooling time 

TABLE 7 

!ypical properties of Stabilizer 

Type 

Colour (garden) 

Density 

Reflective index 

Viscosity p 

Thiotin T-135 

1 

1.1 gm/ml at 20°C 

1.508 at 20°C 

< 0.5 Poise at 20°C 
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3.3 Preparation of Mouldings 

Compression moulded sheets were prepared from 

both M-PVC and S-PVC powder blends at various 

temperatures ranging from 1600 c to 2200 C in steps 

of 10oc. 

20 x 20 cm2 sheets of thickness 1 mm and 3 mm 

were prepared in an electric press. 200 gm of pow

der blend for 3 mm thick sheet and 80 gm of 1 mm 

thick sheet, was placed in the preheated mould. 

The mould was heated for 15 minutes in the press 

at a fixed temperature and a constant pressure of 

25 tons on 8 inch diameter. The mould was then 

cooled down to 500C by c~rcul~ting cold water 

through the press platen. The cooling cycle took 

7-8 minutes. 

In order to investigate the effect of cooling 

rate on structure and propert~es of PVC, a few sh~ets 

were cooled by ice cold water to reduce the cooling 

cycle to 5 minutes. Figure 8 shows the two different 

rates of cooling. 

Moulded sheets were stored at -21o C in a deep

freezer to inhibit any free volume changes during 

storage. 

.. 
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3.4 Physical Characterisation 

3.4.1 Particle Size Distribution 

The size and size distribution of resin parti

cles are reflected in the properties such as surface 

area, bulk and apparent densities and powder flow. 

These paramete~s also have'a profound effect'on the 

" processing behaviour. During processing, large 

resin par'ticles would require more processing to 

break them down and the time to achieve this would 

depend on bulk density of the resin. It is, there-

fore, desirable for the resin to have narrow .particle 

size distribution with minimum of fines or oversize. 

Particle size and size distribution are usually 

determined by sieve analysis using a stack of stan-

y dard ge_v_es in the range of l2-300.BS mesh sizes. 

Other methods such as microscopy, electrical conduc-

tivity and relative rootion between particles and fluid 

are also used for particle size analysis. The choice 

of the method depends on particle size range and form 

of the specimen. 

In the present work an optical method was used 

to analyse the particle size of both M-PVC and S-PVC 

dry blended resins. The optical method involves the 

use of a Zeiss TGZ3 particle size analyser. In this 

method the diameter of each particle is measured and 



, , 
\ 

77 

hence it becomes essential to observe sufficient 

numbers of particles. At least 1000 particles 

were analysed for each sample at a magnification 

of X100. Each particle-on the micrograph was 

analysed by adjusting the area of the iris to coin-

aide with the area of the particle. On pressing 

the footswitch, the particle size is recorded auto-

matically on the counter. 

• 
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3.4.2 Density of PVC Powder Blends 

One of the important phy~cal characteristics 

of polymer resins, in establishing processing con

ditions, is bulk/apparent density. In the present 

work bulk and apparent densities were measured by 

usual methods. _ 

Bu~k density: Bulk, tap or packing density are three 

different terminologies for the same thing. About 

100 grams of dry-blended powder were vibrated in 

a tall cylinder until the volume was constant • 
. 

The bulk density was then calculated simply by 

dividing the weight of the PVC powder by its volume. 

The average of three'determinations is reported. 

Apparent density: Apparent density was measured by 

BS 2782, part 5-1970, SOlA method.' 

The standard funnel was supported vertically 

with its lower orifice 20 mm above the measuring 

cup. The measuring cup was coaxial with the funnel. 

The bottom of the funnel was closed with a cardboard 

sheet and about 100 grams of PVC blended powder was 

placed in the funnel, then the cardboard sheet was 

slid away so that powder filled the cup and overflowed. 

The powder in the measuring cup was levelled off and 

L-____________________________________________________________ _ 
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the cup was tapped gently to settle the powder. The 

cup and powder was weighed and the weight of the pow

der was obtained by difference. Volume of the cup 

was taken as 80 cm3 • The apparent density was then 

calculated by dividing the 

the volume of the cup - 80 

Flow rate 

weight 
3 cm • 

of the powder by 

In order to measure the flow rate, 25 grams of 

powder was allowed to flow through the funnel and time 

in seconds was recorded. The flow rate was ~easured 

using the same apparatus and procedure as described 

for the apparent density. 
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3.5 Thermal Techniques 

3.5.1 Thermal Treatment 

From the literature review, in Section 2.5, 

it is clear that thermal treatment (annealing) is 

a useful method of modifying the polymer structure, 

and thermal properties are a potentially useful 

method of studying polymer structures. 

Therefore, in the present work, samples were 

heat treated in order to introduce various struc

tures'and then to study the corresponding properties. 

In order to provide a uniform thermal history, 

samples from one specific moulding temperature were 

chosen for heat treatment. Two sets of samples 'a and 

b' from both M-PVC and S-PVC moulded sheets at 2000 C 

were prepared for heat treatment. 

a) Samples from both M-PVC and S-PVC moulded 

sheet at 2000 C were annealed at'temperatures 

between BOoC to l700 C for times varying from 

0.5 hours to 5 hours. No pre-treatment was 

given to this set of samples. In order to see 

the effect of rate of cooling on structure and 

properties, a few samples were quenched in ice/ 
, 

water mixture after being annealed, whereas the 

rest of the samples were cooled to ambient temp-

eratures in air. 
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b) This set of samples was subjected to a pre-

, treatment prior to being annealed. The pre-

treatment was carried out in an attempt to 

remove the existing order. Samples from both 

M-PVC and S-PVC moulded sheet at 2000 C were 

wrapped in aluminium foil and placed in an air 
- - - - ~ -

circulating oven for 5 minutes at 210oC. Samples 

were then quenched immediately in ice/water 

mixtures. The quenched samples were then 

annealed at temperatures between 800 c to lSOoc 

for times varying trom 0.5 to 5 hours. 

Samples from both sets "a and b" were wrapped 

in aluminium foil to prevent them cticking to the 

surface of the oven and to retain their surfaces 

smooth. They were annealed in an air circulating 

oven and were brought to ambient temperature just by 

cooling in air. A few samples from set "a" were 

quenched in ice/water mixture after being annealed. 

The heat treated samples were stored at -21oC in the 

deep freezer to inhibit any morphological changes which 

may otherwise take place. 

I 
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3.5.2 Differential Thermal Analysis (DTA) 

Differential thermal analysis is a technique 

for studying the thermal behaviour of materials as 

they undergo physical and chemical changes during 

heating or cooling. The sample to be examined is 

heated at a linear rate alongside an inert reference. 

The temperature difference is monitored by thermo

couples situated underneath the sample and reference. 

A Du Pont 900 thermal analyser, fitted with a 

"DSC" cell was used. The heart of the analyser is 

the s~lid state electronic temperature programmer 

controller, which permits a wi~e range of temperature 

scanning conditions. Heating, cooling, isoL~crmal, 

hold and cyclic operations are selected by a 

"programme mode" switch. The hea;!:ing or cooling 

rates and the starting temperature of the prograrrme 

can be varied to suit individual needs. The 900 X-Y 

recorder plots chemical, physical and mechanical prop

erties on the Y-axis as a function of sample tempera

ture or time on X-axis. A plot of ~T as a function 

of either temperature or time is known as a thermo

gram. 

A schematic disgram of "DSC" cell is shown in 

figure 9. Samples and reference pans made of alumin

ium are placed on the raised platforms or th~rmo

electric diSC, which is made of constantan. Chrome 1 
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FIGURE 9: SCHEMATIC FOR DSC CELL 
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wire is welded at the centre of the base of each 

platform. Thermocouple junctions thus formed are 

used for measuring the temperature difference 

between sample and reference. The signal between 

these two junctions is fed to the 900 amplifier, 

and observed on the Y axis of the recorder. An 

alumel wire is also welded to the centre of the 

front raised platforms, forming a chromel-alumel 

thermocouple, which isused to measure the tempera

ture of that platform. 

The corresponding cold junction of the thermo

couple is placed in crushed ice at OOC and the out

put observed on the X-axis of the recorder. The 

constantan disc also servc~ to transfer heat 

radially inward from the heating block to the sample 

and reference which are otherwise'thermally isolated. 

A chromel-alumel the~mocouple situated close to the 

heater winding is used to operate the temperature 

programmer-controller via a feedback mechanism. The 

sample chamber is protected from external temperatures 

by a series of shields and lids and the entire cell 

is kept covered with a glass bell jar. 

Thermograms were run on samples from both 

annealed and unannealed PVC moulded sheets. Samples 

of weight lO±lmg were cut from the same position of 

moulded sheets and three runs were recorded for each 
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specimen. The cell was cooled to -40o C by pouring 

liquid nitrogen into a surrounding steel jacket. 

When the temperature was brought to -400C, the 

cooling jacket was quickly replaced by a steel 

cover and the entire cell was covered with the 

glass bell. jar •. The heating rate was used 

20oC/minute with the sensitivity of O.20C/ inch in 

an atmosphere of dry nitrogen. All thermograms 

were recorded from -400C to 200°C and a few were 

recorded to 220oC. 
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3.S.3 >Thermal Mechanical Analysis (TMA) 

The instrument used was a Du Pont 900 thermal 

analyser equipped with a thermo-mechanical analyser 

attachment. The Du Pont 941 thermo-mechanical analyser 

measures vertical displacement as a function of tempera

ture or time. The analyser comprises a moveable core 

differential transformer to which is coupled a quartz 

probe to sense displacement changes as small as 10-7 mm. 

Movement of the cone in the transformer results in a 

change in output of the transformer which is fed to 

the Y-axis of the recorder. A thermocouple attached 

to the sample holder tube contacts the sample and 

provides an output proportional to the sample temp

erature. The voltage, compensated with a suitable 

reference junction, is applied to the X-axis of the 

recorder. The sample and probe head are surrounded by 

a cylindrical heater containing a control thermocouple. 

In penetration measurements, the probe which can be 

weighted or loaded, sinks into the sample when the 

sample changes from solid to glassy state. 

The penetration thermograms were obtained using 

the penetration probe. The probe was loaded with 10 

gram weight and the trace was recorded from -40oe with 

a heating rate of SOe/min. 
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3.6 X-Ray D~ffraction 

A particularly effective way of examin~ng 

partially crystalline polymers, is by X-ray diff-

raction. Polymer specimens, whether fibres, sheets 

or moulding with no preferred molecular,orientation, , 

.give diffraction patterns having'not'only fairly 

sharp crystal diffraction, but also broad peaked 

diffuse scattering like that given by liquids or 

glasses. 

The crystall~ne and amorphous scattering in 

the diffraction pattern can be separated from each 

other, the crystalline fraction is equal to the ratio 

of ~ntegrated crystalline scattering to the total 

scattering, both crystalline and amorphous and 

expressed as percentage crystallinjty of the polymer 

specimens. 

, 
For both experimental and theoretical reasons, 

it is useful to separate X-ray diffraction effects 

into smkll-, and wide-angle regions according to the 

size of the angle of deviation from direct beam, desig-

nated by 29. Small-angle diffraction (SAXD) refers to 

effects observed at angles smaller than about 20 or 30 • 

Wide angle diffraction (WAXD) encompasses effects that 

are observed above at all larger angles. In the present 
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work the PVC diffraction pattern is observed from 120 

up to 460 28. 

x-rays are generated when high energy electrons 

impinge on a metal target, such as copper. By doing 

so a spectrum of wavelengths is produced as shown 

below in figure 10. 

Ni filter 

Intensit 

Wavelength (~b 1.5418 

FIGURE 10 IntenSity curve for X-ra~'s froM cop)"'er tarcret 

I 

__________ ~._J 
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The spectrum can be seen to consist of blO parts -

a broad band of continuous or white rad~ation, and 

a set of two sharp peaks Ka and Ka, Ka being the most 

~ntensive. By select~ng an appropriate filter, the 

unwanted wavelengths can be avo~ded and the radiation 

of -a desired -wavelength can be obtained, A Ni filter 

~s used to allow eu K radiation to pass through. a 

When a polymer specimen is subjected to X-rays, 

the crystallites present in the sample d~ffract X-ray 

beams from parallel planes for incident angles S, . 
which are determined by the Bragg equation: 

nA = 2d SinS. 

where: 

A = the wavelength of the radiation 

d = the distance between the parallel planes 

in the crystallites. 

S = the angle of incidence. 

n = an integer. 

Poly (vinyl chloride) has an X-ray diffraction 

pattern which is of low intensity and, therefore, 

requ~res special conditions to be observed. The X-ray 
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diffraction spectra were recorded using a "Jeol DX-

GE-2S" X-ray generator, with DX-GO-S, vertical 
• 

goniometer, electronic counting device SX-CR-2, and 

a chart recorder CR-RD-l. The operating conditions 

used for all samples are given in table 8. 

TABLE 8 

X-ray tube 

Range 

Time constant 

Scan speed 

Receiving slit 

Scattering slit 

Divergence slit 

Angular range 

40 kV 30 rnA 

2 x 103 CPS 

2 

10/minute 

0.2 0 

12 - 460 26 

The schematic diagram of the diffractometric 

apparatus used for measuring crystallinity in PVC, is 

shown in figure 11. 
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Ni filtered Cu K radiation falls on the a 

surface of the specimen and crystal lites present in 

the sample diffract X-rays. The diffracted rays 

pass through slits 'R' and'S' and are received by 

the counter GX. The slit S minimises the air 

scattered X-rays that can be received by the coun-

ter GX. The pulses from counter GX are fed into an 

electronic device, SX-CR-2, which averages the 

measured intensities over 2 second i~tervals, which 

are finally registered by the recorder. A plot of 

average intensity as a function of Bragg angle 29 is 

obtained. 
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3.7 Mechanical properties 

3.7.1 Tensile Properties 

A tensile test, having been decided upon, it is 

necessary to choose the shape of the specimen. Oiff-

erent standards organisations have chosen different 

profiles. The profile used in the present work is 

according to the ASTM, 0-638, shown in figure 12(99). 

The tensile behaviour of all samples has been 

investigated using an Instron Universal Testing machine. 

The machine incorporates a highly se~sitive electronic 

weighing system to detect and record the load on the 

T 
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FIGURE 12.(99) 

Width of the narrow section Wc 3.0 mm 
Gauge length G = 7.62 mm 
Length of the narrow section L = 9.53 mm 
Grips distance 0 = 25.4 mm 
Overall length LO = 64.0 mm 
Width of the specimen WO = 9.53 mm 
Thickness of strip T = 3.0 mm 
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specimen. The moving cross-head is operated by two 

vertical drive screws from a servo-controlled drive 

system which provides for selection of a wide range 

of testing speeds. The recorder is equipped with a 

strip chart which is driven synchronously with res-

pect,to the cross-head over a wide range of testing 

speeds. Because of ,synchronism, the chart need not 

necessarily be operated at the same speed as the 

cross-head. The chart may be stopped whenever the 

pulling jaw is stationary and thus extension axis 

of the chart may be magnified or demagnified • . 

of the OampZes 

10 sets of tensile bars were prepared: 
• 

1. Bars from moulded sheets (M-PVC and S-PVC) at 

various temperatures from l600 C - 220oC. 

2. Bars from 2000 C moulded sheet cooled by ice/ 

water mixture in the press (M-PVC). 

3. Bars from quenched samples. Samples from 2000 C 

moulded sheets were quenched from 2l0oc in ice/ 

water mixture (M-PVC and S-PVC). 

4. Bars from annealed samples. Samples from 2000 C 

moulded sheet were annealed at various temperatures 

and cooled in the air (M-PVC and S-PVC) • 
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5. Bars from annealed samples. Samples from 2000 C 

moulded sheet were annealed at various tempera-

tures and quenched in ice/water m~xture. (M-PVC). 

6. Bars from annealed samples. Samples from 2000C 

moulded sheets were quenched from 2100 C ~n ~ce/ 

water m~xture and then annealed at various temp-

eratures and cooled in the air. 

Samples were cut from moulded and heat treated 

sheets ~nto strips of dimension 64 mm x 9.53 mm. 

These strips were then shaped by mach~ning (Dumbell 

shape as shown in figure 12(99). Marks left by 

coarse machining operation were carefully removed with 

a file and filed surfaces were then smoothed with fine 

abrasive papers. The cross-sectional area for each 

sample was measured by a micrometer. At least three 
, 

readings for each specimen were taken and an average 

recorded. 

Tensile tests were performed on all 10 sets of 

specimens at ambient temperature and on sets 1, 2 and 

3 tests at elevated temperatures of 40oC, 55°C and 700 C 

were also performed. 

For tests at elevated temperatures, an air cir-

culat~ng oven was used which fits on the machine. 

The oven was regulated for one hour at the test 

temperature. Each test specimen was held in between 
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the jaws for five m~nutes ~n the oven to allow the 

spec~men to acqu~re the test temperature. It was pre

checked by insert~ng a thermocouple probe inside a 

specimen and left ~n the oven, set at test temperature. 

In just about 5 minutes time the specimen had acquired 

the temperature of the oven. 

S~X determinat~ons on each sample were carried 

out, and mean values calculated~ The values of elon

gation were calculated using the in~tial gauge value 

and final cross-head separation. 

The operating cond~tions of the Instron are 

given in Table 8: 

TABLE 8 

CTM load cell full deflection 

Effective gauge length 

Cross head speed 

Chart speed 

50 Kg 

9.8 mm 

10 mm/=n 

100 mm/min 
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3.7.2 Impact Strength 

In the present work a Charpy Impact Tester 

was used. Both notched and unnotched specimens 

were tested at ambient temperatures. The Charpy 

Impact Tester In the laboratory uses small -bars 

of rectangular shape. The size and geometry of the 

specimens used is according to the size of the Charpy 

test supporter. Figure 15 shows the Charpy test 

piece and the support and in figure 16 the dimen

sions of the specimen are shown. 

Samples for impact tests were cut from M-PVC 

and S-PVC moulded sheets into rectangular bars of 

\' dimension 6 x 44 mm. The bars were notched 2.5 mm 

deep in the direction parallel to the moulded sur

faces. The sides of the bars were 'smoothed by a fine 

abrasive paper. 

The test specimen was mounted on the span support, 

notch facing the support (see figure 15). The pendu

lum striker was allowed to hit the sample centrally 

behind the notch (see figure 15) and the excess energy 

was then measured by the angle of the swing. Six 

determinations for each sample were carried out, the 

average value of the parameter was recorded. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

4.1 Physical Properties 

In this section results of physical properties 

studied on powder blends from both M-PVC and S-PVC 

are reported. These physical parameters would help 

in understanding the behaviour of the materials. 

4.1.1 Particle Size Distribution 

Particle size distriJbution for both M,.PVC 

and S-PVC powder blends was carried out using 

"ZEISS TG23" particle analyser as described in sec. 

3.4.1. Particles are plotted against % occurrence 

of particles; results are shown in Fig. 17. 

M-PVC has a narrower distribution of particle 

size which results in higher bulk and apparent den

sities, better absorption of additives. 

4.1.2 Density of Powder Blends 

Bulk and apparent densities of both M-PVC and 

S-PVC powder blends as prepared in sec. 3.2 were meas

ured by usual methods explained in sec. 3.4.2. The 

values of these parameters are listed in the table 9. 

. -
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TABLE 9 

Bulk and apparent densities for M-PVC and S-PVC 

Type of Bulk Dens~ty Apparent Den- Flow Rate 
Blend Kg/m3 sity Kg/m3 

kg/sec 

- -- - l 
M-PVC -
powder 760 690 82 
blend 

S-PVC 
powder 685 620 105 
blend 

Bulk and apparent densities of M-PVC are higher 

tb.an tha-c: of S-PVC. This can be attributed to the 

known morphological difference between two resins. 
, 

M-PVC res~ particles have no skin or"membrane around 

them, therefore, the additives are absorbed more uni-

formly as compared to the S-PVC particles which are 

covered w~th a skin. Moreover narrow particle size 

distribution and regularity in shape also help M-PVC 

resin to absorb additives more uniformly. 
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4.2 Thermal Properties 

4.2.1 Differential Thermal Analysis (DTA) 

Thermograms of moulded sheets annealed and quenched 

samples were recorded using the Du Pont 900 thermal 

analyser fitted with a 'DSC' cell. The 
- -

general construction -and principle of the analyser and 

the cell have already been,described in Sect10n 3.5.2. 

The thermograms were recorded from -400C to 2000C and 

in some cases up to 220oc, using a heating rate of 

20oC/minute and a sample weight of 10 ±l mg. An 

empty aluminium sample pan was used as the inert 

reference. 

The areas of peaks observed in the thermograms 

were traced and weighed on a four figure balance. 

Weights in milligrams were convert~d into areas in cm2 

by comparing the weight of a piece from the same paper 

of the known area. To obtain values of these areas in 

energy units, the cell was calibrated using Indium, 

melting point l57oC, heat of fusion 28.4 kJ/kg. 

Calculation for Heat of Fusion, 6Hf 

A = KW 6Hf 

A = Area of the peak 

W = Weight of the sample 

K = A con'stant 

6Hf = Heat of fusion 
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Area of the peak and weight of the sample are 

known from the thermogram, ~Hf' heat of fus~on ~s to 

be found and the only unknown left is the constant "K". 

Calculation for the constant "K" 

~Hf' heat of fusion for indium is known, there

fore value of "K" the constant is found from the 

above equation. 

The "K" value is used in determining heat of 

fusion, ~Hf' for all other samples: 

= A 1 -xW K 

Five de terminations were carried out to obtain 

the value of "K" and the standard deviation was found 

to be 5% of the mean. 

The thermograms obtained for PVC powder-blend 

and moulded sheets at temperatures from 1600 C to 

2200 C are shown in figure 19 for M-PVC. In the case 

of the powder-blend sample, the thermogram consists 

of three transitions. The first transitio~ at approx

imately 56 0 C is due to non-uniform distribution of 

liquid tin stabiliser. The uptake of tin stabiliser 

depends on the particle size and size distribution of 

resin particles. During blending operations, some 

particles absorb tin stabilisers more quickly than the 

others, which results into a glass transition at a 
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lower temperature ~n the thermogram of the powder-blend. 

This transition is absent in the moulded sheets from 

trhe same blends. Thus it is reasonable to assume that 

all the resin particles have a uniform absorption of 

tin stabiliser during moulding at 160°C and higher 

temperatures. 

The second base-line shift at 7SoC is assigned 

-- to-the glass transition temperature,-Tg. The last 

transition is in the form of a deep and broad endo

therm starting at 155°C extending to 200°C. This 

transi tion is designated by a letter. "A" (see figure 

19) • 

Thermograms for moulded sheets have also three 

. ° transitions, except 160 moulded sheet which has only 

two. The transition observed in powder-blend samples 

at 56°C is absent, whereas the remaining two transi
/7 

~3 tions (Tg and A) are common in the 'thermograms of all 
a.~ 

other samples. However "Tg" has been shifted to 74°C: 

transition "A" decreases in magnitude and occurs at a 

~igher temperature as the moulding temperature increases. 

In thermograms of samples moulded at 1700 C and above, 

a new transition is observed which starts at 104 to 112°C 

and extends to 200 to 212°C. This transition is designated 

by a letter "B" and the magnitude of the transition 

increases with the increase in moulding temperature 

(see figure 19). The values in energy units for both 

these transitions, A and B, are listed in Table 10. 
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The enthalpy changes in the transitions A and 

E, are plotted against moulding temperature in figures 

20 and 21, respectively. 

Figure 22 shows the thermograms P and Q of 1600 C 

moulded M-PVC. Thermogram P is the initial run, 

whereas Q is the rerun. The thermogram Q was obtained 

when the sample was taken to 2000 C in D.T.A. and then 

cooled slowly to -40°C. 

The thermogram Q shows an endothermic effect 

which starts at IlpoC and extends to 206°C. This 

thermogram is very similar to the one obtained for 

210°C moulded sample. 

The thermograms obtained for S-PVC moulded 

samples and blended powder are similar to that of 

M-PVC, however, the glass trans~tion, Tg, was highcr 

and transition "E" was absent up to 170°C moulding • 
• 

The thermograms are shown in figure 23. The values 

in energy units for these transitions are listed in 

table 11. 

Figure 24 shows the thermogram for a quenched 

sample. The thermogram consists of a base line shift 

at 72°C which is assigned to glass transition, Tg. 

Soon after the glass transition an exothermic peak 

is obtained at SSoC which is followed by a broad 

endothermic peak starting at 9SoC and extending to 

200°C. All the transitions merge into one another. 

The glass transition is lower than that in the 
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unquenched samples. values obtained for exo-and 

endotherm~c changes are given in Table 12. 

With the heat treated samples, sharper endo

thermic changes are observed and appear at approxi-
, 0 

mately 20 C above the annealing temperature. The 

transition is designated by a letter "C" (see figure 

25). The start~ng temperatures of this transition 

for M-PVC and S-PVC are given in" Table- 13 and the-

influence of annealing time on melting temperature 

is shown in Figure 26. 

In all thermograms of heat treated samples, a 

portion of the broad endotherm "B" observed in its 

original thermogram is still present. This portion 

of the thermogram w~ll be called the transition "B I " , 

(see figure 25). The values in energy units for the 

transitions C and B' are listed in Table 15. 

, 
The change in enthalpy w~th annealing temperature 

for transitions C and B' is plotted in figure 27. 

The heat of fusion for transition C passes through a 

maxima while for transition "B'" passes through a 

minima at 1100C annealing temperature. Figure 28 

shows the plot of the ratio of two transitions against 

the annealing temperature. 

The effect of annealing time on the magnitude of 

annealing effect fc;>r transitions C and B is shown in 

figures 29 and 30 respectively, and the values in energy 

units are listed in Table 16. 
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From the above table it is noted that magnitude 

of annealing effect increases in transition "c" 

whereas decreases in transition "B'" as the annealing 

is prolonged. It is also noted that the magni tude of , 

annealing effect on both transitions C and B' ~s maxi-

mum at 1100c annealing temperature. 

In order to see the effect of cooling rate on 

the structure of PVC, thermograms from samples 

cooled at different rates were also obtained. 

Figure 31 shows the thermograms Rand S obtained 

from S-PVC annealed at 110oc, but cooled at different 

rates. Thermogram 'R" obtained from the sample cooled 

in air to ambient temperature and thermogram'S' from 

the sample quenched in ice/water mixture after being 

annealed. D.T.A. could not detect any difference , 

between the two samples. 

Figure 32 shows the thermograms T and U obtained 

from 2000C moulded M-PVC sheet cooled at different 

rates as described in Section 3.5.1. Again there was , 
no significant difference in their thermograms. 

4.2.2 Thermomechanical Analysis 

The glass transition temperatures of the moulded 

samples were measured using Du Pont thermal analyser 

equipped with a thermomechanical analyser attachment. 

The glass transition temperature does not change with 

moulding temperature for both polymers. Tg recorded 

for M-PVC is 740 C and that of S-PVC 750C. 
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TABLE 10 

M-PVC 

Type of Sample Tg Melting temperature Melting area Melting area 

°c °c lIH f kJ/kg nAil lIH f kJ/kg liB 11 ~ ... \} 
-

Powder-blend 56,78 155°C 4.02 - 4 D'L 

160°C 74 170.5 , 3.73 - - " 
.,) 

170°C 74 175 1. 98 3.58 
5- S c-

180°C 74 182 1. 48 3.86 
'0,.54-

I-' 

'" 
1900c 74 192 0.78 7.11 

,.>:, I-' 

-

200°C 74 206 0.62 8.68 
'1. 30 

10· Li ] 
210°c 74 . 206 0.50 9.93 

220°C 74 206 0.50 10.76 
11' -Z, _ 



TABLE 11 

S-PVC 

Type of Sample Tg Melting temperature Melting area Melting area 
°c . 

°c lIH f kJ/kg 11 A" lIH f kJ/kg "B" 
et-.... £I 

Powder blend 56,79 153 4.00 - ". ()." 

l600C 75 166 3.50 - l . S 

. 
170°C 75 177 1. 94 -

\.'7'+ 

180°C 75 182 1.82 2.59 
4. 41 ...... 

N 
N 

190°C 75 186 1.77 2.59 
7.;. s£ 

200°C 75 206 0.53 9.52 10·DS 

• 
210°C 75 212 0.46 13.99 14 4S 

220°C 75 212 0.47 13.40 t3·<t7 
, 
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Table 12 

Enthalpy Change Values for Quenched Samples 

-
, 

Type of Tg. °c Exothermic Endotherrnic 
Sample Peak kJ/kg Peak kJ/kg 

/ 

M-PVC 72 5.26 8.26 

. - -- -
S-PVC 72 - 5.80 8.58 

Table 13 

Effect of Annealing Time on the Starting Temperature 
of Transit~on "C" ~n M-PVC 

Annealing Annealing 80 95 110 130 Time Temperature 
°c 

15' Starting - 107°C 121°C -
Temperature 

30' of 98°C 108°C 122°C -
transition 

I 60' "C II 96°C 109°C 124°C -

120' "e" 96°c lIlaC 128°C -

. 

300' "C II 96°c 113°C 132°C 149°C 
, 

1000' lie" - - 132°c -

150 

I -
I 

-

I -

-

170°C 

-
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\ 
Table 14 

Effect of Annealing T1me on the Start1ng Tem12erature 

of Transit10n nc" in S-PVC -

Annealing Annealing 
SOoC 95°C 1100e 130°C 150°C in t1me Temperature 

m1nutes °c 

15 Starting - 10SoC 122°C 
Temperature/ -

30 " 96°C 10SoC 122°C 

60 " 96°C 109°C 124°C 

120 " 96°C 111°C 129°C 

300 " 97°C 114°C 134 0e 149°C 171°C 

Table 15 

Effect of Annealing Temperature on the Magnitude of 

Annealing Effect for M-PVC Annealed for 5 Hours 

Annealing llHf kJ/kg llHf kJ/kg Ratio Temperature Transition Transition C:B' 
°c 11 ell "B'II 

SO 1.26 2.1S 0.57S 

95 2.36 1.66 1.421 

• 
110 3.32 0.5S 5.724 

130 2.62 0.92 2.840 

150 2.22 3.24 0.685 



TABLE 16 

Effect of Annealing Time on the Magnitude of Annealing Effect for M-pve on Transitions 
e and B' 

Annealing 
time in 800 e 950 e 1l0oe 
minutes 

Annealing lIH
f kJ/1.<g lIHf kJ/kg lIH f kJ/kg 

Temperature e D e D e D 

15 - - 1.04 3.41 1.45 2.20 

30 0.29 5.63 1.20 3.11 2.00 1.40 

. 
60 0.63 4.74 1. 81 2.65 2.80 1.10 

, 

120 0.86 4.91 1. 91 2.02 3.15 0.70 

300 1. 26 2.18 2.36 1. 66 3.32 0.58 . 
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4.3 X-Ray Diffraction 

X-ray diffraction patterns for both M7PVC and 

S-PVC, moulded and annealed samples were obta~ned 
I 

on Jeol DX-GE-25 diffractometer. The operating 

condit~ons have been described ~n Section 3.6 

Percentage crystallinity was calculated for all 

the samples by using the following formula over a 

limited 26 range 120_360 • 

% Crystallin~ty = 

where: 

+ X a 
x 100 

= area of the crystalline portion 

= area of the biomodeal amorphous back-

ground. 

To obtain the diffraction trace for amorphous 

PVC, several attempts were made to convert the poly-

mer into amorphous state by quenching from high 

temperatures to different cooling systems. The 

temperature, time and cooling system used for 

quenching are given ~n Table 17. 
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TABLE 17 

Polymer Temperature Time in 
°c Minutes 

190 10' 

200 5 ' 

M-PVC 205 5 ' 

210 5 ' 

220 3' 

The follow~ng three cooling systems were used: 

i) L~quid nitrogen. 

~i) Sol~d cO2/methanol. 

Hi) Ice/water. 

These conditions were chosen following studies 

of thermal stability of the materials and the litera-

ture review of the melting of PVC. The intent~on was 

to use the h~ghest temperature possible in an attempt 

to remove existing order whilst keeping degradation to 

a minimum. A successful amorphous trace was obtained 

from M-PVC quenched from 2100 c into an ice/water m~x-

ture. The amorphous trace obtained (see figure 34) 

is similar to that used by other workers(39,41,47). 
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Templates were made from the amorphous trace 

by reducing the ~ntensity axis. The points were 

selected on the orig~nal trace at each ~o 29. The 

values of these pOints in arbitary units of intens~ty 

on Y-axis were reduced to nine-tenths, eight-tenths, ..• 

one-tenth of their original~values and plotted against 

29. In this way ten templates (see figure 34) were 

obtained as in reference 100, 

In order to calculate percentage crystallin~ty, 

the appropriate amorphous trace was fitted to the 

experimental curve such that its trough touched the 

experimental curve at pOints A, Band C as shown ~n 

figure 35. In this way crystalline portions were 

separated from amorphous regions. The straight line 

AC indicates the background level. Areas for both 

amorphous and crystall~ne portions above base line AC 

were measured by planimeter and % crystall~nity was 

calculated using the above equation. Five determinat~ons 

were made for each diffraction trace and the mean value 

has been reported. 

The values of calculated crystallinity for M-PVC 

and S-PVC moulded samples are listed in Tables 18 and 

19 respectively. From the Tables it is noted that the 

value of crystallinity decreases as the moulding tempera

ture is raised. The sample moulded at the h~ghest temper

ature has the lowest value of crystallinity. Th~s has 
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been shown by plotting a graph in between percentage 

crystallinity and the moulding temperature (see 

figure 36). 

Figures, 37 and 38 show the typical X-ray diffrac

tion traces for M-PVC and S-PVC moulded samples at 

temperatures of 1600 c and 2200 c. Crystalline peaks 

were observed at 160 29 from lattice pla~es (010) 

and (200), 180 29 from (110), 24-260 29 from (210), 

(210) and (Ill), 410 29 from (220) and (410) and a 

less pronounced peak at 310 29 from lattice planes 

(310). The assignment of the lattice spacings, is 

according to the literature (41) • 

The reflection from (110) at 180 29 was qu~te 

sharp in the X-ray diffraction traces for samples 

moulded at low temperature and ~t.continued to 

decrease with other reflections as the moulding 

temperature was ~ncreased. In the X-ray trace for 

2200c, moulded sample, all reflections are reduced in 

size as compared to the reflections in that of 1600 c 

moulded sample. 

X-ray diffraction traces for heat treated samples 

were also obta~ned using the same technique. Samples 

from both M-PVC and S-PVC annealed for 5 hours at var-

ious temperatures, have been analysed. The percentage 
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crystallinity has been calculated in the similar 
, 

way as that for moulded samples. The values are 

listed in Tables 20 and 21 for M-PVC and S-PVC 

respecti vely. 

From the table it is noted that the annealing 

causes increase in the amount of crystallinity and 

is maximum at 1100c annealing temperature. 

Typical X-ray traces for heat treated samples 

are shown ~n Figures 39 and 40 for M-PVC and S-PVC 

respectively. A close examination of the traces 

reveals that the reflection from all planes are 

sharper for heat treated samples and the peak height 

is max~mum at an annealing temperature of 110oc. 

In F~gures 41 and 42 perce~tage crystallinity 
. 

values for heat treated samples are plotted aga~nst 

the anneal~ng temperature. The value of crystallinity 

passes through a maxima at 110oC. 
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TABLE 18 

Percentage Crystallin1ty for M-PVC at Various Moulding 

Temperatures 

Moulding Temperature I % crys tal11ni ty 

160°C 10.3 

170°C 9.6 
-

180°C 8.9 

1900C 7.9 

200°C 7.4 

210°C 7.0 

222°C 6.3 

TABLE 19 

Percentage Crystallinity for S-PVC at Various Moulding 

TemperatuJ:1es 

Moulding Temperature % Crystallinity 

l600C 11.52 

170°C 10.42 

l800c 10.33 

1900C 10 .16 

200°C 9.55 

210°C 8.79 

222°C 8.54 
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TABLE 20 

M-PVC Annealed at Various Temperatures for 5 hours 

Annealing Temperature % Crystallinity 

80°C 10.29 
- -

95°C 10.93 

110°C 13.28 

130°C 9.43 

150°C 8.33 

TABLE 21 

S-PVC Annealed for 5 hours at Various Temperatures 

Annealing Temperature % Crystallinity 

80°C 10.06 

95°C 10.29 . 
110°C 

, 
11.96 

130°C 9.43 

150°C 8.06 
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4.4 Mechanical Properties. 

4.4.1 Tensile Propert~es 

Samples from M-PVC and S-PVC, moulded at 

different temperatures, and heat treated mater~al 

were tested on an Instron universal testing machine. 

Deta~ls of the operation conditions have been given 

in section 3.7.1. 

Typ~cal stress strain curves for MPVC and SPVC 

moulding made at different temperatures are shown in 

figures 42-45. The mode of deformation was found 

to be dependent on moulding temperature and the type 

of resin. For ~nstance in M-PVC mouldings, ductile 

failure was observed whereas mouldings made from 

similar blends with S-PVC failed in a brittle manner, 

without yielding at mo~ld~ng temperatures below 

190oC. Cold-drawing was,observed in M-PVC at a . 
moulding temperature of 1900 C and above( while in 

S-PVC it was not observed until a'moulding temperature 

of 210oC. This was followed by the specimen breaking 

at the necked region. It is clear from figures 42-45 

that as the moulding temperature is raised the type 

of failure changes progressive~y from brittle fracture 

to necking rupture to cold drawing. 

The results of the yield stress or breaking 

stress ~n case of brittle fa~lure, and elastic modulus 

for M-PVC and S-PVC are given in tables 22 and 23. 

The stress and modulus values are shown as a function 
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of mould~ng temperature in figures 46 and 47 respect~vely. 

Initially the M-PVC has higher value of yield stress 

than S-PVC but after reaching to 2000 C moulding 

temperature the values are approximately same. In 

the case of M-PVC an increase of 7% was observed in 

yield stress whereas in S-PVC yield was increased 

by 88%. Elastic modulus also ~ncreased w~th the r~se 

in moulding temperature but again there was a sharp 

increase of 36% in the case of S-PVC wh~le ~n M-PVC 

only 21% increase ~n the value of modulus was observed. 

The elongation at break for M-PVC was much higher 

than S-PVC and the elongation at break for S-PVC 

2000 C moulded sample was approximately equal to the 

M-PVC l800 C moulded sample. Figures 48-51 show the 

typical stress-strain curves for M-PVC and S-PVC 

1800 and 2000C mouldings, tested at elevated temperatures. 

The mode of deformation changed considerably in the case 

of S-PVC. Samples from 
.• 0 

S-PVC moulded at 180 C show 

brittle failure at ambient temperature while ductile 

failure with necking was observed at elevated temperatures. 

The mode of deformation at elevated temperature for 

M-PVC was similar to that at ambient temperature, 

however the magnitude of elongat~on was larger at 

elevated temperatures. 

The values of yield stress and modulus 

decreased at elevated temperatures from both M-PVC 

and S-PVC and tend to the same value as the test 
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temperature is increased. This has been shown in 

figures 53 - 55. 

Tensile tests were also carr~ed out for M·?VC 

quenched samples at amb~ent and elevated temperatures. 

Typical curves for quenched material are shown in 

f~gure 52. The values of yield stress and modulus 

are plotted against test temperatures, in f~gures 

54 and 55 respectively. The quenched samples break 

just after yielding at ambIent temperature, but cold-

drawing is observed in the same sampl~ ~~ elevated 

temperatures. Yield stress and modulus decrease as 

the test temperature is increased. Figure 56 shows 

the typical stress-strain curves for annealed samples 

from M-PVC quenched material. The mode of deformation 

for all the samples is sim~lar ~n that the samples 

break just after yielding. The values of y~eld 

stress are given in table 29. The "samples annealed 

at 110°C shows the highest value of y~eld stress. 

Figures 58 and 59 show the typical stress 

strain curves for 2000 C moulded sheets from M-PVC 

and S-PVC annealed at various temperatures. The values 

of yield stress are listed in table 28, and these 

values of yield stress are plotted as a function of 

annealing temperature (see figure 57). -, 
The mode of detormation in the case of M-PVC 

annealed samples changes from cold drawing to less 

ductile and after reaching an annealing temperature 
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of 1100C the order is reversed. Whereas in the case 

of S-PVC the mode of deformation is little changed. 

From table 28 it is noted that tensile yield stress 

increases on annealing. The maximum value of yield 

stress was obtained for samples annealed at 110oC, 

these samples also had minimum value of elongation 

at break. 

In order to see the effect of cooling rate 

on mechanical propertie~, tests were performed on 

M-PVC, 2000C moulded samples cooled at different 

rates. Figure 60 is the plot of yield stress aga~nst 

the test temperature of two M-PVC samples cooled 

at different rates. There is no significant difference 

in the values of yield stress- of the two specimens 

at variety of test temperature. 

Calculation of Tensile Properties: 

• 
1) Yield 'Stress, ay. 

Yield stress was calculated by using the following 

formula: 

ay = FIA 

where ay = yield stress 

F = load at the yield point 

A = Cross-sectional area of the 
original specimen. 

2) Young's Modulus, E. 

Young's modulus was calculated from the load-

extension curve by drawing a tangent from a point on 
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the uniformly extended portion of the curve. A normal 

was drawn from a point of the tangent to the strain 

axis, and by using the following formula the value 

of 'E' was obtained; 

where 

N.B. 

E = 

F = 
A- = 

llL = 

L = 0 

stress 
strain 

Force at 

Area of 

any pOint on 

cross-section 

the tangent 

of the original 
specimen 

Change in length at the point where 
force i!;l considered. 

The effective gauge length of the 
original specimen. 

Due to the use of small size sample an 

extensometer could not be used to record the actual 

extension, therefore, percentage strain was calculated 

from load-extension curve. Hence the values for 

moduli reported here may not be absolute values but 

can be used for a comparative study: 
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Stress-strain curves for l800e ll-pve mouldins 
at elevated temperatures: 
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TABLE 22 

~oulding Temp. 

°c 
, 

160 

170 

180 

190 

200 

210 

164 

Effect of moulding temperature 

on nominal yield stress and Young's 

Modulus in M-PVC. 

, 
I Nominal Yield Stress Young's 

2 Modulus MN/m 2 
MN/m 

61 762 

62 826 

62 849 

. 
64 914 

64 914 

64 927 J 
I 

I 
I 
! . 
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Moulding Nom~nal Yield Young's ~1odulus Temperature Stress - ---°c - MN/m2 MN/m2 

160 33 660 

170 45 692 

180 53 706 

190 61 835 

200 - 62 885 

210 62 898 
, 

220 63 913 

TABLE 23: Effect of mould~ng teMperature on nominal 
yield stress and Young's modulus in S-PVC. 



Test 

Temperature Nominal 

25°C 

40°C 

55°C 

70°C 

TABLE 24: 

M-PVC S-PVC 

Yield Stress Young's Mod ul us Nominal Yield Stress Young's Modulus 

MN/m2 MN/m2 HN/m2 

62 849 53 

-
46 604 44 

35 566 32 

-

10 183 10 

Nominal yield stress and Young's modulus for H-PVC and S-PVC 
180°C mouldings at ambient and elevated temperatures. 

HN/m2 

706 

556 

-442 

160 



ri-PVC S-PVC 
Test 

Temperature Nominal Yield Stress Young's Modulus Nominal Yield stress Young's Modulus 

25°C 

40°C 

55°C 

70°C 

MN/M2 MN/m2 NM/m2 NM/m2 

64 917 62 -

" 

47 626 42 

30 - 30 

• 
12 - 12.5 

TABLE 25: Nomlnal yield stress and Young's Modulus for M-PVC and S-PVC 
200°C mouldings at elevated temperatures. 

885 

575 

450 

-
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Nominal Test Young's Modulus 
Y~eld Stress Temperature MN/m 2 

MN/m2 

25 41 415 

40 29 338 

-
55 21 250 

70 8 -

TABLE 26: Yield stress and modulus values for M-PVC 
quenched mater~al at elevated temperatures. 

, 

Annealing Yield Stress 
Temperature MN(m2 

unannealed 41 (queche) 

800 C 53 

. - ~o C . 

.~J 54 

150°C 50 

TABLE 27: Effect of anneal~ng temperature on yield 
stress in quenched M-PVC 



Annealing Unannealcd 
80°C 95°C llOoC. 130°C Temperature Sample 

. 
M-PVC t\ 

t.. 
64 68 68 69 65 

q " 
S-PVC ~~ . 62 64 65 65 64 

~~ 
~ .. 

Quenched 
41 53 - 54 -M-PVC 

TABLE 28: Effect of annealing on- the nominal yield stress 
(samples annealed for 5 hrs) 

150°C 

64 

63 

50 



\ 

170 

4.4.2 Impact Strength 

Impact strength tests were carried out on both 

notched and unnotched samples from M-PVC and S-PVC 

using a Charpy impact tester. The value of the energy 

to break the specimen was divided by the area b-eneath 

the notch and by the cross sectional area ~n case of 

tmnotched samples. The energy to break per unit area 

in MN/m of the specimens has been reported. 

Table 29 shows the results for unnotched samples. 

In the case of S-PVC the value of impact strength in-

creases with the increase ~n moulding tempera£ure. 

The mode of deformation was brittle for 1600 C and 1800 C 

moulded samples, but the sample moulded at 2000 c failed 

in a ductile manner i.e. it had good impact strength. 

However the M-PVC samples were'highly ductile 

and except for the sample moulded at 1600 C could not 

be broken by the highest weight tup available. There-

fore notched spec~mens were prepared for both M-PVC 

and S-PVC mouldings to carry out impact tests. 

The values of impact strength for notched samples 

are listed in table 30. Again impact strength increa-

ses with the increase in moulding temperature for 

both polymers. M-PVC samples have a higher value of 

impact strength than samples of S-PVC. The mode of 

deformation, in the case of M-PVC, was ductile whereas 
, 

in S-PVC brittle failure was observed. 
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Figures 61 and 62 show the impact strength as 

a function of moulding temperature. 

TABLE 29 

Effect of moulding temperature on impact strength of 
unnotched samples 

x 10 2 MN/m 

Moulding 
Temperature M-PVC S-PVC 

°c 

160 I 1.7 0.64 

180 did not break 0.88 

200 I did not break 4.40 

TABLE 30 

Effect of moulding temperature on impact strength of 
notched samples 

x 10 2 MN/m 

Moulding 
Temperature M-PVC S-PVC 

°c 

160 0.37 0.114 

, 
180 1.11 0.170 

200 1.56 0.431 

'. 
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CHAPTER 5 

DISCUSSION 

5.1 Effects of Processing and Heat Treatment on 
Structure 

5.1.1 Introduct~on 

When virgin PVC together with heat stabil~ser 

is given heat treatment, it loses its original order 

and a new order is induced simultaneously. Various 

ideas have been put forward to explain the structural 

changes in PVC during heat treatment and can be divi-

.ded into two groups. The first group deals with the 

structural changes below Tg and uses the "hole theory" 

of liquids as proposed by Eyring(60) , (see Section 2.5) • 

The other group is concerned with structural changes 

above Tg and the results have been explained in terms 

of secondary crystallinity. 

In this work a mechanism will be put forward to 

explain the structural changes taking place in PVC 

during thermal treatment above.Tg. The mechanism of 
,'l\ 

structural changes is that of introduction of secon-
. , 

,dary crystallinity during processing and perfecting 

it on subsequent annealing. The results will be 

assessed in terms ofoenthalpy changes and percentage 

crystallinity in PVC. The schematic diagram of the 

mechanism is as follows. 



VIRGIN POWDER 

Primary 
Crystallini ty 

(Orthorhombi c 
Structure) 

Schematic Diagram of the Proposed Mech-anism , , 

First step 
) 

Processing at 
high temperatures 

Secondary 
Crystallinity 

(crystallites of 
very small size 
and wide range 
of perfection) 

Second step 
----~ 
Annealing 
above Tg 

Secondary 
Crystallini ty 

(of more perfect 
nature than in the 
first step of its 
growth) 
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5.1.2 Discussion of the Results 

Glass transition temperature, Tg: 

In thermograms of PVC powder blends from M-PVC 

and S-PVC, a transition is observed at about 780 C. 

This base line shift is attributed to the glass tran-

sition temperature, Tg, of the polymer. In moulded 

samples, Tg ~s found to decrease by 4-5 0 c in both the 

polymers. The drop in Tg can be explained as the 

outcome of tin stab~liser. Tin stabiliser is absorbea 

into the polymer particles in a manner analogous to 

plasticizer and hence 'PVC particles swell to 'a small 

amount. During blending operation the stabiliser has 

not been taken up enough and thus when powder blends 

are pressed at high temperature, PVC particles are_ 

able to imbibe the stabiliser to tte maximum extent. 

By doing so PVC particles swell, although by small 

amounts, and free volume changes which results in the 

fall of Tg in moulded samples. Similar observations 

have been reported previously by Katchy(57), Natov 

and GanCheva(lOl,102), and MCKinney(103). 

Structural changesr 

The DTA thermogram of the PVC powder blend h~s 

a broad endo~erm starting at 1550 C, and extend~ng 

to 2000 C. This endothermic peak (transition A in 
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figure 19) has been ascribed to the melting of 

primary crystallinity introduced during polymeri-

sation. 

Thermograms obtained from moulded samples 

at temperatures from l600 C to 2200 c both from M-PVC 

arid'S-pvC show a decrease in melting peak assigned 

to primary crystallinity with increasing mould temp

erature. This peak almost d~sappears for samples 

moulded at 2000 C and above (see tables 10 and 11) . 

This is quite reasonable because during processing 

we are heating the or~ginal PVC above its melting 

po~nt. As we increase the moulding temperature from 

l600 c to 220o C, the pr~mary crystallinity gradually 

melts out in the press and diminishes at temperatures 

2000 C and above. 

The values of the percentage crystall~nity meas

ured by X-ray diffraction methods have also been found 

to decrease with the increasing moulding temperature. 

Thjs is a clear indication that primary crystallinity 

is reduced in moulding cycles. 

Thermograms obtained from the l600 C moulded sample 

and a rerun of the same sample cooled from 2000 C to 

-40o c are shown in figure 22. In thermogram Q the 

peak ass~gned to melting of primary crystallin~ty is 

almost absent, instead there is a broad endothermic , 

peak starting from 1100C extending to 206 o C. A similar 
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transition was observed by Lebedev et al(104) but 

no explanation was given. In fact this observat~on 

has been neglected by other workers as well, al-

though it is very important in understanding the 

mechanism of formation of crystallites by annealing 

process. In th~s work it has been assigned to the 

intermediate step for the growth of crystall~tes of 

more perfect nature on annealing. This intermediate 

step is suggested to be due to the melting of secon

dary crystallinity induced during cooling the sample 

from 200oc. 

Similar types of endotherms are observed in 

the thermograms of moulded samples at 1700 and above 

in the case of M-PVC, and 1800 C and above for S-PVC, 

(see Figures 19 and 23, transition B). , In this work 

this transition has been aSSigned to the melting of 

secondary crystallinity ~ntroduced during processing. 

The size of the endotherm 'B' increases as the moul-

ding temperature is increased. As more and more pri-

mary crystallinity is melted out, the amount of secon

dary crystallinity introduced increases. This has 

been demonstrated by plotting the value of heat of 

fusion against the mould~ng temperature in figures 

20 and 21. 

The concept of secondary crystallinity has been 

used by Jujin et al(31). According to their explana-
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tion the secondary crystallinity is induced during 

annealing, and has a nematic structure because it 

starts melting at a lower temperature. In th~s 

work another explanation will be proposed. It is 

suggested that secondary crystallites are formed 

in two stages. 'In the first stage, during processing, 

secondary crystallites formed are very small ~n size 

with a wide range of perfection. In the second step, 

on annealing above Tg, the crystal lites are perfected. 

Hence secondary crystallites formed during annealing 

are of more perfect nature than in the first step of . 
its growth. X-ray diffraction analysis and DTA 

results do not give any evidence for the nematic struc-

ture of secondary crystallites. Now this will be 

discussed in detail. 

,If the thermograms of heat treated samples are 
, 

examined, two transitions C and B are detected, in 

addition to Tg. The thermograms are shown in figure 

25. Transition B'is the left over secondary crysta-

llinity which was introduced during processing, and 

unchanged by heat treatment. The transition C is 

assigned to the melting of crystallites of more per-

fect nature formed during annealing. The trans~tion 

C becomes sharper,as the anneal~ng is prolonged at 

the expense of transition B'. From table 16 it is 

noted that the magnitude of transition C is increased 
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with the increase in anneal~ng time whereas the 

magnitude of transition B'is decreased. The melting 

temperature of transition C is seen to shift to a 

higher temperatur~ as the time of annealing is 

increased. Both these phenomenon can be cons~dered 

to be due to a greater-extent of perfection of 

crystallites. S~milar observations have been repor

ted by Gray(65) and Illers(66). 

In figure 29, the enthalpy changes observed 

for transition C in heat treated samples are plotted 

as a function of annealing time. The values increase 

steadily with time and then level off; it may, there-

fore, be concluded that the extent of crystallisat~on 

is approaching its maximum value at each temperature. 

In table 15 enthalpy ch.;.::,;a;:;- for transition C 
, 

and B are listed for various annealing temperatures. 

These values of enthalp~ changes are plotted as a 

function of annealing temperature in figure 27. The 

plot of transition C passes through a maximum whereas 

that of transit~on Bpasses through a minimum: The 

magnitude of enthalpy change for transition C is maxi

mum at an annealing temperature of 1100C and for 

transition B is minimum at the same temperature. These 

observations clearly indicate that the annealing effect 

is maximum at 110oC. Similar observations have been 
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reported previously by Jujin et al(31), Gray(65) 

and Ohta et al(38), although the latter two authors 

report that the maximum occurs at 1300C. 

X-ray measurements have also shown that annea-

ling causes an increase in crystallinity both in 

M-PVC and S-PVC. In figures 41 and 42 the crYstalli-

nity values have been plotted as a function of annea-

ling temperature for M-PVC and S-PVC respectively. 

Again, a maximum was observed at an annealing temp-

erature of 1100C for both polymers. This is a clear 

indication that samples annealed at 1100C have the 

highest degree of crystallinity and perfection. The 

increase ~n crYstallin~ty during annealing has been 

reported by several authors(47,49,65,66). 

On examination of the X-ray diffract~on traces 

in figures 39 and 40, it is noticed that there is no 

significant difference in the relative intensities 

of reflections from all the planes, but the peaks 

themselves increased in annealed samples. This is 

again a strong evidence to believe that secondarY 

crYstal lites do not have nematic structure but have 
• 

a three dimensional structure as that of primarY crYs-

tallites. 

In the X-ray trace for annealed samples at 110°C, 

figure 39, a reflect~on has been observed at 280 29. 
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Th~s type of reflection has not been reported in 

the literature even for highly syndiotactic material. 

The Bragg spacing calculated for this reflection is 
o 

,1.64 A. It ~as not possible to identify this peak 

from ASTM data tables. The only solid additive used 

is calc~um stearate which has the strongest reflec-

tion at 200 29. Therefore 'it is assumed that a com-

plex compound of calcium might have produced by the 

interaction of calcium stearate and the polymer which 

gives this reflection at 280 29. 

Jujin(64) has found that the magnitude of 

annealing effect depends on the preheating tempera-

ture of the PVC. An unheated virgin powder does not 

show any effect at all. This is because primary 

crystallites which have orthorhornbic structures pre-

vent chain mobility in their vicin~ty, hence heat 

treatment cannot be effective unless the primary 

crystallites are melted out. 

In the present work the anneal~ng effect has 

been interpreted in terms of secondary crystallinity 

~vailable, which is developed during processing, and 

is further perfected on subsequent annealing. It is 

the intermediate step which has been noted in this 

work. 

Experimental results from X-ray and DTA also show 

that in the secondary crystall~nity.introduced during 
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processing, there are a wide variety of c~stallites 

present. Certain of these crystal lites can be per

fected by anneal~ng at a particular temperature and 

therefore various sets of perfected crystallites can 

be obtained in the same sample annealed at various 

tempe-ratures (see figure 63).- One thing is notable 

that the maximum number of crystallites can be per

fected at about lOO-115°C annealing temperature. 

Once they are perfected they require a higher temp

erature to melt and therefore melting starts at about 

200c above the annealing temperature. 

The maximum annealing effect at 1100C can be 

considered to be due to the fact that the molecular 

mobility in PVC at temperatures below lOOoC is poor, 

therefore PVC crytallites cannot be perfected to a 

greater extent until the temperature is raised. 

On the other hand, if we increase the temperature 

too high the crystalli<l:!ewill start degrading, hence 

maximum crystallisation will take place at an opti

mum annealing temperature. The optimum annealing 

temperature for S-PVC and M-PVC used in the present 

work was found to be 110oC. 

Jujin et al (31) have suggested that low melting 

temperatures of secondary crystallites, formed dur~ng 

annealing, is due to a nematic structure, whereas 

the present work suggests that this is not the case. 
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Crystallites which have melted at this low temperature 

in the thermogram of annealed samples, would have 

melted at still lower temperatures if they were not 

annealed (see figure 64). In this figure it has been 

shown 'that in an unannealed sample, melting starts 

at a lower temperature (llOoC) and in the same sample 

after annealing at 1100C for 5 hours, melting starts 

at l32 0 c which is 220c above its orig~nal melting 

temperature •. In the thermogram 3, annealed at l500 C 

for 5 hours, melting starts at l700C which is even 

higher than the starting melting temperature 'of pri-

mary crystallites. The only explanat~on is that the 

crystalli tes are small in size and hence will melt 

at relatively lower temperatures, however perfect 

they may be, compared to the other.crystallites wh~ch 

are larger in size. 

The peaks obtained from reflections at 16-180 26 

are assigned to the two dimensional order whereas the 

peaks at 24-260 26 range to ,three dimensional order (47) • 

If the secondary crystal lites had a nematic structure • 

then in the X-ray diffraction of annealed samples, the 

relative intensities of reflections from planes (010), 

(200), and (110) at 16-180 26 would have increased and 

the peaks at 24-260 26 would have reducsd, as has been 

observed by Gilbert and vyvoda(105) in the stretched PVC. 
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Similarly Mamml. and Nardi (58) have reported a nematic 

structure l.n a PVC stretched fibre annealed at 85-107oC. 

The distance between the chains in nematl.C structure is 

only slightly larger than that of orthrhombic lattice, 
o 

5.4 and 5.3 A respectively. 

Hence it is-concluded that under these processing 

conditions, where minimum shear is used and there is 

no orientation in the PVC, annealing will simply help 

in perfecting the crystallites. Toe crytallites formed 

during annealing have orthorhombic structure. Similar 

conclusio~s were drawn by Baker 

Illers(66) and witenhafer(49). 

et 1 (47) G (65) a , ray , 

Studies of the quenched sample 

The thermogram obtained from a quenched sample 

is shown in figure 24. This consists of base line 

shift at approximately noc, followed by an exother-

mic peak and finally a very broad endothermic peak. 

The base line shift is due to the glass transition 

temperature. The Tg of quenched sample is about 20 C 

lower than that for moulded samples. This can be 

explained in terms of "hole theory" as proposed by 

~yring(60) see section 2.5. 
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If the material is cooled rapidly throug~ the 

glass transition region a non-equilibrium hole con-

centration ma~ be frozen-in. In a second heating 

cycle at a control rate, the hole concentration 

approaches equilibrium and results in a lower glass 

transi tion-. 

The exothermic peak following the Tg is consi

dered to be due to crystallisation. 

In this work it has been checked by the X-ray 

diffraction method. The X-ray diffraction trace of 

the quenched sample shown in figure 34 is a bimodal 

trace. In fact the reflection at 160 26 and 180 26 

have been merged into one and the reflection at 250 29 

has reduced tremendously. This shows that quenching 

has destroyed the ex~sting crysta~linityto~consider

able extent. When the quenched sample was heated up 

to the end of exothermic peak (lOOoC) for only 3 

minutes, then X-rayed again, sharp reflections were 

observed at 160 , ISO and 250 26 which is a strong evi

dence that exothermic peaks in the thermogram of 

quenched samples is due to crystallisation. This 

observation is in agreement with work published by 

Gray and Gilbert(35) and Illers(66) ori heat treatment 

of a commercial suspension PVC. 

The final broad endotherm is ascribed to the 

melting of crystallites, if remaining, from the pre

treatment and those formed during crystallisation. All 
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three transitjons in the DTA trace occur very close 

together, making calculations of the enthalpy change 

difficult. However, approximate values of the magn~

tude of the trans~tions have been made and are lis

ted in table 12. The exothermic peak corresponds to 

5.26 kJ/kg and the endothermic enthalpy value was 

found to be 8.26 kJ/kg. 

The exothermic :anthalpy change was equivalent 

to 63% which shows that more than two-thirds of the 

melt~ng crystals were transformed by quenching into 

the amorphous state at first, and became crystals 

again during heating in the cell. Similar d'etermi

nations have been reported by Illers and Gray and 

G~lbert. The value 40% of exothermic peak reported 

by Gray and G~lbert for a commercial suspension PVC 

seems to be rather low and this i~ due to poor quen

ching. 

No structural changes were observed in samples 

cooled at different rates in the mould during pro

cessing. This may be due to the fact that cooling 

rate implied was' not fast enough to bring about any 

change in the structure.'Samples cooled at different 

rates after being annealed also did not show any sig~ 

nificant change in structure. 
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5.2 Mechanical Properties 

, 
Four different types of behaviour have been 

observed during tensile testing which can be repre-

sented by the following figure. 

FIGURE 65 

In figure 65, curve 1 shows the brittle failure, 

curve 2 the necking rupture, curve 3 cold drawing and 

the curve 4 cold drawing without necking. 

Different ideas and theories, to explain the 

yield and cold drawing behaviour of polymers, have 

been discussed in section 2.5 •. In this work Lazurkin

Eyring(73) concept will be used to explain the results 
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obtained from tensile testing. 

Stress-strain curves for moulded samples from 

M-PVC and S-PVC are shown in figures 42-45. In the 

case of S-PVC the samples moulded up to l800C under-

went brittle fracture with very small elongation. 

On the other hand similar M-PVC moulded samples have 

shown ductile failure. This is due to the known 

morphological differences between two res~ns as d~s-

cussed at several places in this work. The S-PVC 

resin particles are covered with skin around them so 

require a higher temperature to be processed. 

Tensile testing on similar mouldings have been 

carried out by Katchy(57). He has also reported the 

difference in tensile behaviour of the two polymers. 

The brittle failure of the samples moulded at low 

temperatures from a cOITmercial PVC have also been 

reported by Pezzin et al(83). 

From literature review in section 2.5 it is clear 

that the complete breakdown of the network in PVC takes 

place at 200-2l00C. In this work the brittle failure 

of S-PVC has been assigned to the improper melting of 

resin particles. As the moulding temperature is raised 

the boundaries of secondary particles are diffused and 

at about 2000C a homogeneous melt is formed. It is 

clear that the breakdown of particle structure is 
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faster in M-PVC than ~n S-PVC, and the mode of 

failure from brittle to necking rupture to cold 

drawing is governed by the degree of the parti

culate structure retained in the polymer which 

ultimately depends on the moulding temperature. 

It means that mouldings from both the polymers of 

similar tensile behaviour can be made by raising 
, 

the moulding temperature for S-PVC to an appropriate 

level. 

Young's modulus and yield stress values have 

been plotted as a function of moulding temperature 

in figures 46 and 47. Both modulus and yield stress 

increase with increasing moulding temperature. 

A sudden rise in the values of modulus and yield 

stress for S-PVC is due to the proper fus~on of 

part~cles at h~gh mould~ng temperatures. These para-

meters did not increase sharply for M-PVC as the 

fusion had started at a lower moulding temperature. 

The crystallinity measurements by X-ray d~ffraction 

show the decrease in total crystallinity with increa

sing moulding temperature. Tne possible explanation 

in terms of, crystallin~ ty is that the primary crysta

ll~n~ty which ~s gradually melted out ~n the -moulding 

cycles does not affect the mechanical properties under 

these processing conditions. The development of the 

secondary crystallinity has ~ direct influence on the 

tensile parameters of the material. 
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Primary crystallinity is the measure of the 

order of crystallisable syndiotactic segments in 

PVC, which is confined in a resin particle. There-

fore primary crystal lites can only form a crystalline 

network within a particle. Thus the mouldings in 

which the major part of primary crystallinity is 

retained, shows the interparticle failure wh~ch 

clearly indicates that primary crystallinity does 

not affect mechanical properties under these pro-

cessing conditions. 

On the other hand secondary crystallinity is 

introduced in PVC when the material is slowly cooled 

from a high moulding temperature. At high moulding 

temperatures (200-2100 C) the particulate network of 

PVC breaks down and on subsequent ,cooling to ambient 

temperature secondary crystallites are formed. The 

secondary crystallites, though smaller in size and/or 

imperfect, form a stronger crystalline network through

out the material which improves the mechanical prop

erties of PVC. Thus the secondary crystallinity in 

PVC causes intraparticle failure. 

At low moulding temperatures the fusion of parti-

cles does not take place properly and hence less force 

is needed to pull the material apart. The break~ng 

stress will be less than the yield stress under these 

conditions, so that no yield is observed. The stress 

! 

l • 
I 
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will be smaller which results in a lower Young's 

modulus. Following is the crude representation of 

the fusion of particles with respect to moulding 

temperature. 

FIGURE 67 
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c- ,Ils the proper gelation and the development of 

secondary crystallinity in moulded samples at high 

temperatures reduce,the segmental movement, and high 
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force is needed to pull the material, this results 

in high modulus and yield stress values. The per-

centage elongation of these samples also increases 

as the orientation hardening takes place in these 

cases. 

Tensile tests were also performed on quenched 

material. on quenching from a-high temperature 2l00 c 

an excess free volume is frozen-in which tends to 

increase the segmental mobility and at the same t~me 

voids are also 11a~d in. Less force will be required 
• 

to pull the material and due to the presence of voids, 

the neck cannot be restab~lised and hence neck~ng 

rupture will result. This was found to be the case 

with quenched material from both M-PVC and S-PVC. 

The Charpy impact results show that the impact 

strength increases with increasing moulding tempera

ture. This is again due to the fact that proper gelling 

takes place at higher moulding temperatures. The 

values for M-PVC are higher than S-PVC which is in 

agreement with expectations and clearly shows the 

fusion behaviour of the two polymers. 

The tensile tests have been performed at eleva

ted temperatures on mouldings prepared at 1800 and 

2000 from M-PVC and S-PVC, and on quenched samples. 
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The typ~cal stress-strain curves are shown in figures 

53 and 54. The mode of deformation in S-PVC changes 

dramatically from britt~e to cold-drawing. The Young's 
, 

modulus and yield stress decrease with increasing test 

temperatures in all the tests. A similar observation 

has -been- reported by GO~ze - et-al(106) in PVC and -they 

explained their results using Eyring models proposed 

by Roetling(77) and Baumen(78,79). 

Yield stress and modulus have been plotted as a 

function of temperature in figures 53-55. When temp-

erature is increased the thermal motion in the mate-

rial increases and results into an increase in seg-

mental mobility. Ultimately the force to pull the 

material is reduced, thus decreasing the modulus. 

Due to the increase in segmental mobility, yield stress 

also decreases. Follow~ng the yield point stress 

decreases until it becomes constant and a neck is 

formed which restabilises as the molecular orienta-

tion (orientating hardening) takes place. Because of 

the high segmental mobility, orientation hardening is 

easier and the sample cold draws, the shoulder of the 

neck travel along the sample till it breaks. As the 

temperature approaching to the glass transition, the 

yield stress and Young's modulus for all the samples 

reach to a minimum value and are approximately equal. 

The sample does not neck because molecular orientation 



--------------------- --

\ 

196 

takes place just at the point of yielding. The 

elongation of the sample increases with increasing 

temperature, a value of 300% elongation is observed 

for M-PVC tested at 70oC. 

A rise ~n the test temperature in fact reduces 

the effect of the defects in the structure and lowers 

the y~eld stress of the sample. According to the 

principle of stress variation at a given stra~n, if 

the experimental conditions are changed (in this case 

temperatu~e) in such a way that the stress is smaller 

at a given strain, the probability of the fracture at 

that strain is decreased. The ductile behaviour of 

S-PVC with increasing temperature is a straightforward 

example of this principle. 

Similarly results of quenched samples 'at ele-
• 

vated temperatures can be explained. 

On annealing above Tg crystallisation has been 

shown to occur. The crystalline network will reduce 

the chain mobility (107) • Hence a greater" force will 

be needed to pull the sample, thus high yield stress 

and drop in elongation at break will be expected. This 

was found to be the case with both the polymers. 

Typical stress-strain curves for M-PVC annealed 

samples are shown in figure 58. The crystallinity was 

found to be maximum in the sample annealed at 110oC. 

The corresponding values of yield stress and elongation 



\ 

197 

are in good agreement w~th expectations. ,The sample 

has the highest yield stress and the lowest elonga-

tion. The value of yield stress has been plotted 

as a function of annealing temperature in figure 59. 

The yield stress value passes through a maximum, at 
. 

the annealing temperature of 1100C. 

The annealed samples from the quenched state 

have also shown an ~ncrease ~n yield stress but there 

was no significant change jJn elongation at break. vii th 

,the quenched samples, the situation becomes more com-

plicated by the fact that on quenching from fl high 

temperature, 2l00C, an excess free volume will be 

frozen-in which tends to increase the segmental 

mobility, on the other hand annealing causes crysta-

llisation which has the inverse effect on the chain 

mobility. The effect of crystalline network predomi

nates over the free volume on segmental motion and 

hence high yield stresses are observed in annealed 

samples. The results reported here are in agreement 

with those published by Gray and Gilbert(35) for comm

ercial and highly syndiotactic PVC samples. 

The results for M-PVC moulded at 2000C and cooled 

at faster rates, did not show any significant diff-

erence in the tensile properties. Figure 60 shows 

the plot of yield stress for both samples, ,cooled at 

different rates, as a function of test temperature. 
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This ,may be due to the fact that the cooling rate 
i 

was ~ot fast enough to bring about any change in 

the, structure which would have been reflected in 
I : 

mechanical properties. 
I 
i 
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5.3 Structure and Properties Relationships 

Mechanical properties of both the polymers 

have large differences at low moulding temperatures 

(160-lBOoC). Th~s can be attributed to the known 

difference in the particle surface morphology. The

higher tensile yield stress in the case of M-PVC, 

suggests that the ~nterface of this polymer is melted 

more easily and there is better particle adhesion 

than in S-PVC. 

FrOm differential thermal analysis it is noticed 

that the development of secondary crystallinity in 

the case of S-PVC starts at a higher moulding temp

erature, IBOoC, whereas ~t starts at 1700 C moulding 

temperature in the case of M-PVC. The values of 

enthalpy changes for secondary cry~tallinity are 

in correspondence to the tensile properties ~n that 

both increase with increased moulding temperature. 

x-ray diffraction analysis of these mouldings 

has shown that the percentage crystallinity decreases 

with the increasing moulding temperature. As the 

moulding temperature is raised, the primary crystalli

nity is melted out but a new order is introduced when 

the melt is cooled to ambient temperature. This new 

order is called secondary crystallinity of PVC. The 

secondary crystallites are very small and have a w~de 

range of perfection. They are not completely detected 
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by X-ray diffract~on and hence a gradual decrease 

in the percentage crystallinity is observed, although 

the recorded crystallinity is the sum of both primary 

and secondary crystallinities. It has been suggested 

in the preceding sect~on 5.2 that primary crystallinity 

does not affect the mechanical properties of PVC. 

The development of secondary crystallinity seems to 

have direct effect on the mechanical properties. 

Secondary crystallinity forIl'ed during processing in 

fact develops good adhes~on among secondary part~cles 

and further w-oc..ofh deveicrps.goCld .wihf?JIO'LtM1I.Ong P7imary 

particles. In other words secondary. 'crystallini ty 

can be aSSOCiated with the fusion behaviour of PVC 

particles. The better the fUSion, the higher the 

secondary crystallinity. 

Higher s~condary crystallinity ~n the PVC sample 

results in higher yield stress, and elongation at 
\. 

break, and good impact strength. A h~gh yield stress 

value indicates that the crystalline network has 

reduced the segmental mobility and therefore higher 

force would be needed to yield. The h~gher value of 

elongation at bre'ak indicates the nature of the secon-

dary crystallites. It is suggested that secondary 

crystallites are very small in s~ze and their network 

is not strong enough to stop the molecular or~entation. 

Soon after annealing these crystal lites are perfected 

and hence form a stronger network which reduces the 
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molecular orientation which results in lower elonga

tion at break, and higher values of yield stress are 

obtained. From X-ray diffract~on and d~fferential 

thermal analysis, it is found that on annealing the 

crystallinity increases and has the profound effect 

on mechanical properties. For example, a sample 

annealed at 1100C for 5 hours has the-highest degree 

of crystallinity measured by the X-ray diffract~on 

m~thod and confirmed by DTA, and also has the 

highest value of yield stress and minimum value of 

elongation at break. 
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CHAPTER 6 

CONCLUSIONS 

Differential thermal analysis demonstrated 

the variation in structure produced by different 

mould temperatures. Primary crystallinity_is grad

ually melted out with the increasing moulding temp

erature and secondary crystallinity is introduced 

on subsequent cooling the melt. The magnitude of 

secondary crystallinity increases whereas that of 

primary crystallinity decreases with the increasing . 
moulding temperature. The 'traces of primary cryst-

allinity can be seen even at the highest mould temp-

erature, therefore the percentage crystallinity, 

though it decreases with increas~ng moulding temp-
. 

erature, is the sum of primary and secondary crys-

tallinities. 

Primary crystallinity has no effect o~ mechanical 

properties, but the development of secondary crystallinity 

has the direct influence. 

The absence of secondary crystallin~ty causes 

brittle failure, whereas the complexity of ductile 

behaviour depends on the amount of secondary crysta

llini ty presen t in the sample. The higher the secon

dary crystallinity, the better the mechanical proper-

ties. 
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At low moulding temperatures, l60-l80oC, the two 

polymers show a great difference in mechanical prop

erties. This is due to the difference in the surface 

morphology of the two polymers. The breakdown of 

particles is faster in M-PVC than in S-PVC. At high 

moulding temperature this difference is not signifi

cant and hence mouldings of similar tensile proper

tes for both M-PVC and S-PVC can be made by increa

sing moulding temperature to an appropriate level 

for S-PVC. 

A rise in temperature in tensile testing,reduces 

the effect of the defects in structure and hence the 

performance of the PVC article is bettered. 

Secondary crystallinity, formed during process~ng, 

is the intermediate step for furth~r perfedtLon and/or 

increasesthe crystal dimension on annealing above Tg. 

The greater the secondary crystallinity available, 

the greater is the annealing effect. The effect appears 

to be greater for M-PVC than S-PVC. 

Secondary crystallites formed during annealing 

have orthorhombic structure. 

The exotherm in the thermogram of a quenched 

sample is due to crystallisation, this was checked 

by X-ray diffraction. 

Mechanical properties- correlate with the struc

tural changes during the processing. Results obtained 
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from heat treated samples confirm these observations. 

An attempt to see the effect of cooling rate on 

the structure and properties was unsuccessful. This 

may be because the cooling was not fast enough to 

bring about any structural changes • 

• 
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