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QUOTATION

"Philosophy, as I wnderstand the word, 18 something
intermediate between theology and science. Like
theology, it consists of speculations on matters

as to which definite knowledge has, so far, been
wnascertainable; but like science it appeals to
human reason rather than to authority, whether

that of tradition or that of revelation. All defi-
nite knowledge - so I shall contend - belongs to
science; all dogma as to what swrpasses definite
knowledge to theology. But between theology and
setence there i3 a No Man's Land, exposed to attack
from both 8ides; this No Man's Land 12}37 philosophy”

Bertrand Russell (1872-1970)
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ABSTRACT

The efficiency of unplasticised polyvinylchloride (UPVC)
extrusion from dry blends of high-attrition mixers largely depends
on powder characteristics of the dry blends. Better understanding
of the morphological features of the powder blend and its proces-
sed form would therefore underlie the optimisation of the effi-
ciency of the overall process. This is the theme, and therefore
the 'raison d’étre', for the present study.

The programme has included the study of morphological changes
in dry blends, extrudates, extruder core samples and compression
mouldings. Effective evaluations .of their properties have required
the integral use of microscopy methods with conventional instru-
mentation. Microscopy methods were the primary techniques employed
in this study. Qualitative and quantitative application of UV
fluorescence microscopy techniques were developed and used to
obtain results in agreement with conventional methods.

Fluorescence microscopy has been used .to study the changes
in particle morphology and additive distribution during blending.
Powder densities were. found to increase with blending conditions,
and fluorescence work showed the occurrence of ‘breakdown' and
'adhesion' of particles during blending. Also differential
interference contrast (DIC) technique wasused to examine additives
distribution. Solid additives were found to coat the surfaces of
PYC grains. No significant change in distribution was observed
at different blending speeds, but grain shape, not size, affects
additives distribution, Cast-film method showed that a single
stabilizer particle can only protect the area it is occupying
from thermal degradation.

Blends were extruded into strips and compression moulded
into sheets. Electron and 1ight microscopy were used to study
additives distribution and fusion. Samples prepared by petrological
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techniques showed marked differences in morphological features’of
sampies extruded at different conditions. Similar observations J
were made with UV fluorescence, DIC and.electron microscopy.

The results obtained by impact strength, solvent absorption,
shrinkage and 'surface skin' thickness measurements were not all-
correlateéd. However, additives distribution strongly depended

on changes in morphological features, and both were found to
affect physical properties significantly.

Fiuorescence and DIC microscopy demonstrated that fusion
increases along the screw length, but varies slightly within the
same screw zone., Solvent tests gave misleading. results due to
particle-compaction effect, but results of differential scanning
calorimeter broadly agreed with microscopy observations.

Relative fluorescence intensity, as a measure of degradation, was
found to decrease along the screw (from feed to metering zones),

the values apparently depending on the pfevai]ing extrusion temp-
erature, |
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CHAPTER 1
INTRODUCTION AND GENERAL BACKGROUND OF PROJECT

1.1 INTRODUCTION

1.1.1 Vinylchloride Polymers

The homopolymer of vinylchloride * - contains the repeat
unit fCHZ-CHC1)ﬁ§ where 'n' denotes the degree of polymerization.
The repeat unit is introduced by addition polymerization of the
monomer (see Section 1.4.2) and, in commercial polymers averages .
100 repeat units per chain. The “homopolymer produced is structu-
rally very unstable and has not been successfully processed alone
at normal processing temperature, but this problem is vastly
overcome when adequate amounts of modifying agents such as stabi-
lizers, plasticisers and lubricants are incorporated into the
polymer before processing. Since polymerization is mainly by
free radical addition mechanism the structure is essentially
atatic, with some syndiotactic sequences. Therefore the polymer
is amorphous with up to 10% short range crystallinity introduced
by the presence of syndiotacticity]’32.

There are various polyvinylchloride homopolymers and, co-
polymers with such monomergas vinylacetate, propylene, vinylidene
chloride etc. In petrochemical and plastic industries the term
'polyvinylchloride' is used to call virtuatlly any polymer in which
vinylchloride accounts for at least 60% by weight of the resin
composition. This situation seems justified since in the extreme
case, the copolymer could contain vinylchloride contents of 50%
by weight of the composition (for example, vinylchloride/asbestos
floor ti]eS).

In many cases, plasticiser is incorporated into vinylchloride
polymer with higher molecular weight. This reduces processing
difficulties and, most important, imparts flexibility to the
product, hence the product is identified as 'flexible' PVC.



Where PVC product contains no plasticiser the word 'unplasticised’
PYC has been used, but if very little amount of plasticiser is used
to aid processing the product is called 'rigid' PVC. Both terms
have also been used indiscriminately by writers to mean PVC products
without any plasticiser content. In this thesis the word 'unplasti
cised' PYC is preferred, and the abbreviation ‘UPVC' will be used
wherever it is more convenient.

1.1.2 Historical Survey

The formation of vinylchloride was first observed by Liebig,
but the preparation was first reported in a paper by Regnault in
18352. The same year, two later publicationsa’4 showed that the
preparation was essentially the by-product of a free radical reac-
tion. The method used was to expose 1,2-dichloroethane in an
alcoholic solution of potassium hydroxide in sunlight for several
days. The reaction yielded a white precipitate which, after repeated
careful analysis of the product, was assigned the formula C2H3CL

Despite these earlier works, the first mention of vinyl
polymerization was in 1860 by Hofmanns, who described the metamor-
phosis of an ethylene bromide. But an intensive inVestigation was
further carried out by Baumann which was reported in 1872. Baumann,
in his investigation confirmed Hofmann's observations and, repeated
Hofmann's experiment using vinylchloride in place of ethylene bro-
mides. After Baumann's successful polymerization of vinylchloride,
he also correctly determined the density of the product as
1.406g cm™>. -

Apart from these references, there was no further interest in
vinylchloride for almost forty years. Many present day writers
have associated these barren years with the period when our early
investigators prbbably did not recognise the polymeric nature or
commercial importance of the material. However, renewed interest
was brought about by the overcapacity in the production of calcium
carbide in Europe in 1928. The over-estimation of acetylene as a



potential elluminant in early 1900s led to the unnecessary con-
struction of many new acetylene plants. Therefore, there was a
substantial drop in the price of calcium carbide by nearly £20

per ton within five years. In Germany the position was particu-
larly acute, and hence they set up an eXtensive-research programme
to investigate poSsib]e chemical uses of acetylene.

In 1912, Klatte of Griesheim-Elektron’ filed a patent claiming
the manufacture of vinylchloride monomer by reaction between acety-
lene and hydrogen chloride in the presence of mercuric chloride
catalyst. He also described in his patent, the applications of
polyvinylchloride as film, fibre and lacquer. At about the same
period, work on vinyl-halides was being carried out by Ostromis-
Tensky et a]a in Russia. Ostromislensky's work was mainly regarded
as an extension of reaction mechanisms in vinylchloride polymeriza-
tion.

Subsequently, the technique of copolymerization to improve
processing characteristics and the use of peroxides as polymeriza-
tion initiators was introducedg. Wide areas of non-rigid applica-
tions were opened up through the discovery of the plasticising
effect by Semon10 of B F Goodrich. Susich et a]1]

the important principles of heat stabilisation.

also discovered

Industrial production of PVC sprang up from the 1930s. In
Europe its production was started in Germany in 1931 (Badische
Anilin-Undsad a Fabrik, I G Farbenindustrie A.G}; 1in the United
States in 1933 {(Union Carbide Corporation); in Japan in 1939
(Shin Nippon Chisso Hiryo); in Great Britain and France in 1940
(Imperial Chemical Industries Ltd and Pechiney-Saint-Gobain res-
pectively) and in Italy in 1951 (Montecatin S.G). The outbreak
of the Second World War was a boost to the polyvinylchloride
industries. It was during this period that PVC made its landslide,
when the highly costly rubber was effectively substituted with
plasticised polyvinylchloride in some applications (particularly
in cable insulations and sheathing for marine applications).



Polyvinylchloride is now one of the three major plastics,
between polyethylene and polystyrene, World production has
increased with new areas of application since after the war.

The annual growth rate was consistently at 10% in the late 1970s
(see Section 1.1.3), most probably due to the economic recession.

1.1.3 Commercial and Economic Aspects

Polyvinylchloride is the first commercially available synthetic
thermop'lastic12 and the most versatile of all plastics in terms of
the number and variety of end uses. However, the present day eco-
nomic recession and the awareness of the toxicity of the monomer
have placed polyvinylchloride (PVC) second to the polyolefins.

The amount produced is about 25% of the total production of all
plastics and about 40% of thermoplastics.

The commercial and economic review of the problems and
anticipation of future prospects reveals several milestones in its
historical background, which has been adequately discussed by
several authorsl3'15. A brief discussion of this issue has already
been made in the last two paragraphs of Section 1.2. The landmark
discovery of effect of plasticising agents on PVC in the USA in
1933 increased the production level of the polymer. Table 1.1
shows .the growth history of PVC in the United States from 1945 to
i980]5;]7. The long term growth rate has been within 16%, but

this has fallen in the 1970s to within 10%.

The real progress in world production occurred within the
last two decades. Before then, progress had been relatively slow,
so that between 1945 and 1960 production increased by a mere one
million tons (i.e. 50,000 tons to 1.5 million tons). Table 1.2
shows the average annual world growth rate of polyvinylchloride
from 1960 to 1980. . Detailed figures for the consumption of PVC
since 1958 in most Western European countries are also shown in
Table 1.3. West Germany with an outstanding economy and commerce
first substituted rubber for plasticised PVC in 1937 and since
then, has maintained the highest annual consumption in Europe,



TABLE 1.1

Average growth rates of PYC consumption in the United States]6’17
Year PVC Consumption 5-year Growth Rate
{million 1bs) : (%)
1945 79 -
1950 315 38
1955 506 10
1960 - 900 12
1965 1854 16
1970 3000 10
1975 3500 11
1980 9748 10
TABLE 1.2
World PVC-ConsumptionlB: average growth rates (percent per annum)
World ©1960-1970 1970-1980
Western Europe 16 ' 10
Japan 16 12
USA 13 10

*'World' excludes the Eastern Europe and China countries



TABLE 1.3

PYC Consumption in Western Europe** (in 103 metric 'cons)]9
Countries 1958 1960 1965 1970 1976
Austria 6 12 20 - -
France 61 87 182 340 -
Italy 35 70 163 300 -
Netherlands 18 28 60 103 -
Sweden 1A 17 40 69 -
United Kingdom| 67 98 201 345 422
West Germany 88 157 416 700 -

** Selected Western European countries

In the tastern European countries, Soviet Union started
production in 1940 using suspension techniques for polymeriza-

tion30:

Between 1950 and 1960 production increased by 200% and

then by 300% during the period from 1960 to 1965. The record of
production is indicated below in Table 1.4,

TABLE 1.4

Production of SPYC in the USSR

Years

1965 1966 1967 1968 1969 1970
Production
(in tons) 100 127 142 250 290 450

Interested readers on the progress of PVC production in Eastern
European countries are referred to references 21-23.

The majority of the countries which have invested in develop-
ment have erected plants for the manufacture of PVC during recent




years, In the Third World especially, these plants have been
designed with the use of imported technology. Japan has been
very.active in this field besides having a sizeable export of
manufactured PVC.

Generally, as with all plastic materials the price of PVC
has fallen drastically. This has in the past contributed consi-
derably to its high rate of growth. During the same period
there has been a steady increase in the price of nearly all basic
raw materials, so that PVC is now able to compete in a number of
Targe-scale app1ication592. |

It would be ambiguous to make any conceptual forecast on the
commercial and economic future of PVC for the next decade. Rather,
it is certain that PYC will progress alongside with innovation and
technological changes in the plastic industry.

1.1.4 Industrialization of PolyvinyTchloride

Little was realised on the importance of this versatile
thermoplastic at the early stage, It was the need to replace
the costly rubber goods with less expensive material of almost
identical properties that accelerated the industrialization of
‘potyvinylchloride. This brought a change in the long term running
academic curiosity (see Section 1.2) and, in 1935 the first large-
scale production of polyvinylchloride began.

The production of the monomer and its subsequent polymeriza- |
tion are discussed in the following sub-sections.

1.1.4.1 Production and toxicity of vinylchloride monomer

There are two major routes for the production of vinylchloride
‘monomer (VCM): '

i) the acetylene route
ii) the ethylene route.



The acetylene route involves the addition of hydrogen
chloride to acetylene in the presence of mercuric chloride
catalyst via

Hg CL, -1

CH=CH + HOl —m8 CH2=CHCI + 22.8 Kcal mol

acetylene vinylchloride

This route has limited use due to the high energy required in the
production of calcium carbide used for acetylene. Another setback
is that the monomer made by this process can contain such impur-
ities as very small amounts of acetylene; methylacetylene;
1,1-dichloroethane; allene or acetaldehyde.

The second route involves the dehydrochlorination of dichloro-
ethane. This is the ethylene route as shown below:

CH,=CH, + C1, ~ C]\CH2 - CHyC1  (dichloroethane)

1000°¢C

CH,=CHCT + HC1

2
vinylchloride

Unlike the acetylene route, this process is about 95% efficient.
and yields from 55 to 60% monomer. It has undergone considerable
development with the need to use cheaper starting materials and,
hence, reducing the price of the monomer.

Its early disadvantage is the production of hydrogen chloride,
but this has been overcome by oxychlorination pr-ocess24
process involves the equation:

. A typical

CuCl
- 2 -
CHZ—CH2 + HC1 + 3 02-—————-—+ CHZ-CHC1 + HZO

ethylene vinylchloride |



Interested readers are referred to references 25 and 26.

One major setback in the production of vinylchloride monomer
(VCM) is the toxicity of the monomer. The monomer has been
associated with the cause of angiosarcoma (1liver cancer) and
possibly other disease527. In the United States many employees
involved with vinylchloride conversion were reported dead in the
late 1960528’29. This had led to the Governments of many countries
imposing very high safety 1imits on exposure of workers to VCM.

The requlation also affects the quantity of residual monomer

~allowed in polymers intended for food applicatioens.

Although the allowable limits for eight hours had been
dropped from 500 parts per million (previous limit) to 1 ppm,
governments and customers are still calling for very strict
safety measures. Therefore, anyone contemplating the use of VCM
is advised to consult the latest information on the governmental
regulations and safety measures. The Tatest development in this
matter is well discussed in references 92 and 93.

1.1.4.2. Manufacture of polyvinylchloride

Vinylchloride monomer is polymerized commercially by four
main methods:

i) Bulk (mass) polymerization
ii} Suspension poiymerization
iii) Emulsion polymerization
iv) Solution polymerization

But the major processes are Suspension and Emulsion methods, and
are sometimes referred to as traditional methods. These methods
help to dissipate: heat of polymerization (aHp) which is about
110 kJ mol"]. Suspension polymerization is by far the most
extensively used, but a few Targe Bulk polymerization plants are
also operated. The Bulk method was developed in France by Pechiney
Company. It has been used world-wide, and has been reported to
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give polymers similar to suspension polymers. The growth rates

of Bulk polymers since 1965 is also higher than for its counter-
parts. Solution polymerization is rarely used for the manufacture
of vinylchloride homopolymers. It is only used for polymerization
involving speciality copolymers. This is attributed to the high
heat of polymerization of solution polymers « ‘

With reference to this work, an account of Suspension poly-
merization methods only will be considered. In Suspension
polymerization the initiator must be water soluble. Therefore this
method consists of dispersion of the monomer as droplets (~100u)
in water by agitation and the use of a Suspension agent. The
Suspension agent is usually a water soluble polymer (examples:
polyvinyl alcohol; acrylics; cellulose derivatives), and largely
controls the particle size, porosity and size distribution. The
stirring is slow speed, about 30 rpm and als¢ has a slight effect
on particle size. At the end of polymerization the product is a
slurry of polymer particles in water.

Tempefature control in Suspension polymerization is aided
by an aqueous phase. Therefore the kinetic rate equation is given
as: '

Rate a [I]2

where Rate

(1]

rate of polymerization
initiator concentration

1]

Hence, polymer molecular weight is independent of [I] and is
varied by varying polymerization temperature30.

Many types of polyvinylchloride are produced by these three
main methods. In most cases, different types of PVC are produced
from the same method. This is because of the emphasis laid on
improving the properties of the polymer, (In all the techniques,



1

TABLE 1.5:

Types of Vinylchloride Polymer

EMULSION SUSPENSION ‘MASS
Properties
I Il I ' 11 111 I II
Spray Coagulated Original Easy- Non- Original Easy-
Dried washed and type processing porous type processing
dried (EP) (EP)
Particle 70% less than{ less than 90% less 60-95% 95% 90% less 60-95% greater
size (app. 754 (e.g. 100u than 75u greater than | greater than | than 754 than 75u
microns) mainly 30- (e.g. mainlyl 75u (e.q. 75u
50u) 30-50u) mainly _
75-200y)
Type of cenospheres | fine parti- | glossy and irregular irregular fine parti- ) irregular
particle or fragments | cles porous shaped and shaped and cles shaped and
spheres porous spheres porous
Purity least pure purer than ,
spray-dried Purer than Emulsion Purest
Potential least better than '
clarity and | spray-dried Better than emulsion Best
freedom
from colour
Electrical Towest almost as
resisti- high as Much higher than emulsion Highest
vity - suspension
Reaction wet; sticky |wet, sticky | wet damp very wet wet, sticky | damp
to plasti- | mixture or [mixture or | mixture mixture mixture mixture mixture
ciser {cold)| paste paste

/Continued...
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TABLE 1.5 ... continued

Reaction gels gels gels dry plasti- gels dry plasti-
to plasti- cised _ cised powder
ciser on powder

heating

Heat stabi- {usually better Usually better than emulsion but

lity (gen- poorest than depends on recipte to plant Best

eral, not syray-dried | - conditions

invariable

trend)
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the polymer produced is structurally unstable). Some of these
types of PVC available commercially are given in Table 1.5.

1.1.5 Additives for Polyvinylchloride

A1l thermoplastics; possibly including all polymers, on
prolonged storage suffer from ageing and degradation effects. In
some p]astics, these effects are observed during processing. For
polyvinylchloride a successful minimization of these phenomena
during processing and storage somehow depend on the incorporation
of additives mostly during processing. Additives, hence are a very
important entity in the polyvinylchloride industry. A prime
formulation achievement involves the possible combination of
polyvinylchloride resin with the following additives: fillers;
stabilizers; 1lubricants; plasticisers; extenders; waxes and
pigments. These additives (and many others) are not all used in a
single formulation and, choice depends on the required properties
of the fibricated , article. Few of these additives listed above
will be discussed, with more attention to stabilizers and lubri-
cants.

31,32

1.1.5.1 Plasticisers

Plasticisers are used in polyvinylchloride products where
softness and flexibility are required. They convert the hard and
brittle polymer to soft and flexible materials which have an
entirely different spectrum of end uses than the parent product,
The extent of flexibility depends on the quantity of plasticiser
being used and sparingly affects the properties of PVC up to an
optimum 1imit, Suitable plasticisers are high molecular weight
liquids which are:

a) non-volatile and difficult to extract with solvent;
b) relatively easy to mix with PVC polymers (which should be an
easy processing type (EP) to give free flowing dry blend).
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Plasticisers are classified according to their compatibility
with PVC via: ' '

i) Primary plasticisers
ii) Secondary plasticisers

Primary plasticisers are those capable of forming'one phase-system
when mixed in any proportion with PVC. They are phthalates

" (examples: dioctyl phthalate (DOP}; diisooctyl phthalate) and
phosphites (TXP; TTP) and, used mainly for high temperature and
good weathering resistance applications. Secondary plasticisers
are also compatible with PYC but only for a Timited composition
range. They are mostly esters of aliphatic acids (D0Z; DAZI*and
ester alcohols known as polymeric plasticisers (example is:
polypropylene adipate (PPA)) and retain filexibility at low
temperature.

1.1.5.2 Fillers32:33 .

Fillers are additivesused with PVC to reduce cost where
mechanical and other properties (e.g. opacity) can tolerate their
inclusion. There are two different forms: fibrous (for mechanical

~applications) and particulate (for electrical and heat applica-
tions). The coarse grade of chalk and whitening of particulatefillers
are the cheapest, but yield rough or at best matt surfaces. The
finer grades of particulate filler yield smoother products provided
agglomeration is avoided. Different fillers are used depending on
the application of the end-uses.

The quantity of fillers which can be incorporated without
adversely affecting the polymer propérties vary from 5 parts per
hundred of resin (phr) to 40 phr. Some of these fillers include
calcium carbonate (natural and synthetic), china clay, carbon black,
antimony trioxide and 'asbestos'. '

+ TXP trixyly; phosphate
TTP tritolyf phosphate
DOZ  diocty) azelate

DAZ  di alphanyt azelate
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1.1.5.3 Stabilizers

Whether plasticised or as in this case unplasticised -
polyvinylchloride, stabiliser is always incorporated. Stabilizers
are additiveswhich contain acid acceptor‘s34 capable of reacting with
and neutralizing the hydrogen chloride (HC1) evolved during high
temperature processing and outdoor exposure. When unstabilized
PVC is processed at high temperature, by the time as little as
0.1% of HC1 is evolved, an intense discolo ration is observed,
Many 1nvestigator535’36 have inferred that the colour change
(from white, yellow, brown to black) is due to the formufation
of conjugated polyene structures arising from elimination of HCI1

- from consecutive vinylchloride units. ‘

Little is known about the reaction mechanism for the thermal
degradation, but a free radical mechanism has generally been
_ accepted37’38. A generalised equation showing the formation of

short_chain palyeneswhen PVC degrades is as shown beTow:

100°¢
mCHZ-CH-(CHZ—TH)n-CHZ-?H n -—2-—-—-»—CH2-IH (CH=CH) ,~CH,~CH)

C1 (W C1 1 polyene 1

+ xHC1

(where x > 5 and usually n is from 1 to 30 x 103).

The various reaction mechanisms which have been proposed for thermal
decomposition of PVC are classified as follows:

i) Unimolecular elimination
1i) Free-radical chain
i11) Ionic mechanism
Since 1ittle is known about the reaction mechanism of thermal decom-

position of PVC, it is understandable that there is no satisfactory
“explanation to the reactipn mechanism of stabilization. However, two



TABLE 1.6: Stabilizer Class and Typical Examples

Possible problem

Class Typical Products areas
Basic lead compounds Dibasic lead stearate; tribasic lead sulphate Ecology
Metal soaps Stearate of barium, cadmium, zinc, magnesium Toxicity

Organotin compounds

Dibutyl tin ma]eatg“

Cost

Oxivane compounds

Epoxidized soya bean oil

Compatibility and
storage

ol
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end results are apparent: the formation of polyene which imparts
colour on the unstabilized PVC; and the generation of HC1 during
degradation. Therefore a substance could contribute effective
stabilizing activity in PVC if

1. It can prevent discolouration,
2. Absorb the hydrogen chloride (HC1) evolved.

Stabilizers are normally classified according to their

" chemical type and Table 1,6 lists the main groups of stabilizers,
together with typical examples, A1l of these react with the HCI
formed to give LC12; Mxé and stnXZ (for lead compounds, metal soaps
and organotins) respectively. The structural aspects of polyvinyl-
chloride stabilization depend on the technique of polymerization.

. Products produced at Tow polymerization temperatures tend to be

more heat stable than those at high temperatures. The occurrence

of branching phenomena in PVC has been reported to be one of the
factors leading to instability points. Few other factors which

have been observed are the presence of short chain poTymers and free
radical sites resulting from HC1 elimination during processing.
Therefore the basic lead compounds, such as white lead, basic lead
carbonate, are very effective stabilisers. They are hydrogen chloride
acceptors and hence minimise its autocatalytic effect on dehydro-
chlorination. These basic lead stabilizers are used at 3-10 phr

and are well known heat stabilizers.

Metal soaps.' and pheho]ates such as cadmium, zinc stearates
are effective at 1-3 phr. Mixtures of these stabilizers most times
give better results due to their effect of 'synergism'. For all
metal soap stabilizers, an induction period is observed after which
hydrogen chloride evolution proceeds at the rate markedly greater
than that of unstabilized PVC. This defect is more prominent with
group IIB than group IIA metal soaps. The commercial metal soaps
are most often compounded with secondary and organic stabilisers -
for low-toxic formulations. This also he1ps to improve the perfor-
mance of the stabilizerss 30,
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Another set of effective stabilizers are the organotin
compounds. These have very effective groups of substances for
protecting vinylchloride based polymers. They could be used also
in conjunction with small amounts of other stabilisers such as oxirane
compounds and metal soaps. The RZSnX2 and RSnX3 structures normally
have 'R' as dibutyl or n-octyl and 'X' as carboxylate; unsaturated
carboxylate; tin-sulphur or bonded organic sulphur compound54].
The amounts of organotin stabilizer added are usually from 0.2 to
2 phr, and mainly for applications where high transparency is
required.

1.1.5.4 LM33942“44

Lubricant is incorporated to modify the processing behaviour
of PVC, by reducing friction during fabrication. Hence there are
two types of lubricants:

1. External lubricants
2. Internal lubricants

The external lubricants are those which reduce friction bet-
ween PYC melt and metal surfaces of processing equipment. This type
of lubricant is used for both plasticised and unp?asficised PVC
and is relatively incompatible with PVC. At processing temperature
they migrate to surfaces of products and prevent sticking of the
hot material to the metal surfaces. Examples of these Tubricants
are stearic acids, lead; . zinc ; and other metal stearates.

Others are paraffin wax and low molecular weight polyethene.
Typical quantities used are 0.25 to 1 phr and the only problem is
fear of 'plate-out'.

Another type of lubricant used is the internal lubricant.
This is added to reduce friction within the PVC melt. Therefore
they are not needed in plasticised, but are extenSive]y used in
unplasticised PVC fabrications. It is far more compatible with PVC
than the external lubricant, and hence migration to the surface is
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not possible. For this reason, the substance is usually non-polar;
examples are amide, waxes, montan waxes, esters, ester of stearic
acid. ' . ;

The additives discussed above, including a few more, when
they are properly formulated, mixed and blended with PVC produce
inherently stable polymers and environmentally adequate products.
Their discovery greatly enhanced the consumption of PVC in domestic
and industrial applications.

1.71.6 Applications

Plastics have replaced most of the traditional materials in
many applications due toits characteristics.(processability,
availability and cost) and polyvinylchloride (PVC) accounts for
25% of these applications. Its versatility, non-flammability and
cheapness have made PYC one of the widely used synthetic polymers.
Its broad spectrum of end uses include: "curtains; furnishings;
upholstery; fabrics; women's and children's nightwear; blankets;
mattresses; rugs and industrial fire-protective clothings. Blends
with wool or nylon are also used in various clothing applications.
This is because of non-flammability properties of PVC and to impart
sufficient non-flammability at least 75% of PVC is required in blends.
Table 1.7 shows industrial applications of PVC and the reasons for
their use.

TABLE 1.7
Industrial areas of application of PVC

INDUSTRY ~ REASONS FOR USE
Building Flame resistance, cheap, abrasion resis-
- tance, chemical resistance (including
weathering)
Packaging Clarity, products readily made, resis-
tance to liquids
Electrical Good electrical properties, flame resis-
tance, cheap, flexible
Clothing/footwear | Abrasion resistance, flexibility, chemi-
cal and solvent resistance
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The major areas of industrial and domestic applications are
better discussed under two extreme types of PVC:

1. Flexible (plasticised) PVC
2. Rigid (unplasticised} PVC.

Plasticised PVC has successfully replaced natural rubber in many
applications. It is used for calendered sheet and film, for food
and packaging industries; cabie and wire; coatings; flooring;
belting; footwear; automotive and aircraft upholstery, dipping
and sTush mouldings and many miscellaneous articles including
foams. ' b

Rigid polyvinylchloride. is supplied both as powder and as
finished compounds in granular form. Rigid vinyls are designed
to take maximum advantage of the chemical inertness of polyvinyl-
chloride, Rigid pipes, fittings; valves; ducts:and hoods in
chemical plants to carry salt water and crude oil, are all areas.
of rigid PVC application. . Other uses also include profiles;
filter frames; rigid sheet and film; bottles and records.
Generally speaking, consumption of rigid PVC at present is higher,
than that of flexible polyvinylchloride. Table.1.8 summarises
the various areas of PVC application,

It is certain that the non-flammable property and cheapness
of polyvinylchloride will continuously provide new areas of appli-
cation.



TABLE 1.8
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PYC processing and areas of applications

Processing Method

Applications

Plasticised

Unplasticised

Calendering

Extrusion

Extrusion/Blow
moulding

Injection moul+:
ding
Rotational

mouldings

Spreading

Film and sheet for example;
rainwears;

floor covering;
c¢lothing.

tubes, hosepipe,

wire covering, cable
sheathing

Bottles énd contai-
ners

Footwear

Playballs, dolls;

Coated substrates (examples:
carpet backing)

cloths

packaging;
protective

pressure pipe;
efflient pipe; pro-
files (examples:
shuttering, drain-
pipes, monofilaments)

Bottles and contai-
ners

756Tid mouldings
(examples: fittings
for pipes)

toys

Teather-
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1.2 Previous Work and Project Objectives

1.2.1 Previous Work

Polyvinylchloride is utilised in many appiications and

currently in terms of tonnage consumption, it is one of the
three leading plastic materials in the world. Despite its
versatility, PVC is difficult to process at normal processing
temperatures due to the irregularity of its structure. To process
PVC free from degradation and discolouration the incorporation of
primary ingredients such as stabilizer and/or plasticiser, lubri-

cants and perhaps processing aid are necessary. The structure of
" the polymer proves to be thermally unstable and. therefore proces-
sing it without additives - especially a stabilizer - has been
unsucgessful.

In this programme the formulation contains only a lead
stabilizer and lubricants, which give a simple formulation to
enable the study of the effect of processing conditions on stabi-
lizer distribution and morphological changes in powder blend and.
its processed form. Stabilizers have heen reported by several
r'.\uthor's?’g’%'47 to prevent dehydrochlorination, excessive
degradation and.discoelouration during processihg at normal
processing temperature, but very few published. works exist on dis-
tribution of these stabilizers - especially in the processed mate-
rials,

Previous work based on distribution of additives and morpholo-
gical changes in unplasticised PVC blend and its processed form has
been reported by Hemsley et a148. It was thought that:these fac-
tors (distribution of additives and morphological changes) were
the major cause of characteristic changes of powder blends during
high speed bilending. By employing light and electron microscopy
in conjunction with other physical property methods, salid addi-
‘tives were found to coat the surfaces of the PVC grains, and to
distribute sporadically in the processed material.
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In#estigations on morphological changes in materials along
extruder screws and in the final extrudate when powder blends
are extruded had been carried out with little attention on
distribution of stabilizers. Ga]e's49 investigation on twin
screw extrusion of UPVC dry blends were based mainly on the
effect of Tubricants on additive dispersion in a high attrition
mixer and on fusion rate in extrusion. He blended lubricants of
various types and concentrations with UPVC suspension polymer
and extruded some of the blends through a twin screw extruder.
On characterizing the powder blends, Gale found that solid
additives coat the surfaces of the UPVC grains, and that dis-
charge temperature influences bulk density and flow properties of
the polymer. Using common light microscopy methods to examine
the samples along the twin screws and the final extrudates, Gale
was able to conclude that different lubricants affect the fusion
mechanism of extruded UPVC in different ways.

Unlike Gale, the investigation carried out by A]]sopp50 was
closer to explaining the distribution of stabilizer in extruded
materials. Allsopp used UY fluorescence light and differential
interference contrast microscopy methods in addition to common
tight microscopy methods to study the fusion of UPVC samples along
extruder screws and of the final product of a twin screw extruder.
He observed the distribution of tribasic lead sulphate stabilizer
in the stripped samples with UV fluorescence microscope; but commen-
ted there was 1ittle or no fluorescence observed in the final
extrudate. However, there is apparently no detailed study on the
distribution of stabilizer in the extrudate nor on the stabilizer
distribution affected by any processing conditions. |

1.2.2 Project Objectives

This work forms part of a large programme being undertaken
in the Institute of Polymer Technology, aimed at studying the
relationships between PVC powder morphology, processing conditions,
structure and properties of products.
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In direct powder processing the granulation stage is
completely omitted thus providing, among other things, enormous
savings in equipment costs and material handlin951’52’53. There~
fore many processors are turning to direct powder processing, but
if these benefits are to be derived consistency of powder blends
must be ensured to avoid erratic and surging output.

With this view, the present work is based on studying the
relationships between additives distribution, morphological
changes and processing conditions of three different, but
interconnected fabricating methods - blending, extrusion and com-
pression moulding. The objectives of this research are therefore
as follows: '

i) Investigate the effect of different blenders on the dry
blend characteristics;

ii) Evaluate the effect of operating conditions, within a single
blender, on powder blend characteristics;

iii) Examination of the effects of processing parameters on the
additives distribution and morphological changes along
extruder screws and in. final extrudates of a twin-screw
extruder;

iv) Study of the influence of relatively Tow shear-rate on
additives distribution and morphological changes in com-
pression moulding. . '

In order to meet these objectives however, the appropriate
sample preparation techniques for the assessment of the relation-
ships between stabilizer distribution, morphological changes and
processing conditions must be developed,
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1.3 Background of Project

1.3.1 Morphology and Particulate Structure of Polyvinyl-
chioride

Morphology of polyvinylchloride (PVC) normally comprises of
the composite nature of the polymer bead which is readiTy visible
by microscopy before or/and after processing. PVC morphology
could be studied either at Tow percentage of conversion during'
polymerization, before processing or after fabrication processes.
Many worker554'56 have studied the morphology of PVC grains before
processing and found that there are three types of PVC polymers
as a result of polymerization téchniques. During the commercial
polymerization either by bulk, suspension or emulsion method the
primary particles cluster: . and to some extent fuse together to
form grains of varying porosity and sizes. Table 1.5 illustrates
the order of sizes for particles of each polymerization method.
They have different particles morphology for bulk, suspension and
emulsion polymer grains. The illustrated micrograph of these
grain types from publication by Tragen and Bonnemayne57 is shown
in Figure 1.1.

Bulk polymer grains retain their agglomerated particle struc-
ture from the interior to the surface which is rounded and slightly.
compacted. Suspension polymer grains are being covered by a membrane
(skin) of about 0.2 um thick (although it is possible to produce
skin~free SPVC). Although both bulk and suspension polymers contain
interstitial voids, suspension PVC has larger skin-covered voids.
Emulsion polymer grains are cenospherical due to latex-drying
conditions, and consist of loosely agglomerated primary'pprtic1es.

1.3.1.1 Morphology of PVC particle

The morphology of a single PVC resin particle, whether of bulk,
suspension or emulsion, is built up of grain, sub-grains, agglom-
erates, primary particles, domains and micro-domains as has been
described and demonstrated by severaT workers]’Sg—Gl. This was

not actually discovered until late 1960597’64, before then
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FIGURE 1.1: Classification of Polyvinylchloride Grains>’
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emphasis was laid only on grain types resulting from different
polymerization processes. Table 1.9 shows the terminology
recommended for the classification of these PVC morphologies, .
as issued in the 2nd International Symposium on PVC held in July
1976° .

A1lsopp60 examined the PVC grains during polymerization and
reported that microdomains are formed and precipitated from the
monomer phase at the very early sfage of polymerization and,
‘consist of coiled macromolecules of about 0.02 um size. At
less than 2% conversion, these nascent particles aggregate to form
the domains (0.2 um size) and thereafter become primary particles.
work63 also reported the existence of primary particles at this
stage of polymerization with average size of about 0.7 um., The
primary particles are stable and form a feature of PYC morphology.
At more than 2% conversion the formed primary particles flocculate,
and growth proceeds in these flocs until a macrosize (of 100 um
average'size) is attained. The arrangement of these grains mor-
phology has been portrayed by many authmr'sss"67
in the sketches in Figure 1.2.

and is illustrated

1.3.1.2 Morphology of processed PVC

The morphology of processed PVC has been of considerable
concern to the processors. The heterogeneous nature of the grain
imposes processing difficulties, therefore attempts have been made
by investigators to find the relationship between PVC morphology
and processing history68"70. It has been shown that during proces-
sing the 100-120 um PVC grains are broken down to 10 um agglomerates
and then to 1 um primary particles which is the flow unit in most
conditions7]’72. Terselius et alsg had reported that neither the
2000A microdomain nor the 0.2 um domain structure is deformable
but that the connective tissue between the 0.2 um domain is
highly deformable. ‘This evidence is found to be consistent with
the fiow unit of unplasticised PVC being an approximately spherica?l
domain of about 0.2 um diameter which is not deformable itself during



TABLE 1.9:

Morphological characterization of"termino]ogy60
Approx. Size
RechT;nded Origin or Description Previous Terminology
Range Average
(um) (um)
Grain 50-250 130 Visible constituent of free flowing powders, made up | Granule; powder
of more than one monomer droplet particle. Cellular
grain
Sub-grain 10-150 40 Polymerised monomer droplet Sub-grainule; nodule .
Unicell -
Agglomerate | 1- 10 5 Formed during early stage of polymerization by Aggregates. Primary
coalescence of primary particles (1-2 pm). particle. Cluster;
Grows with conversion to size shown Macro-globule
Domain 0.1-0.2 0.2 Primary particle nucleus. Contains about 103 Primary nucleus;
: (200 nm/ | micro-domains. Only observed at low conversion Granule
2000°A) (less than 2%) or after mechanical working.
Term only used to describe 0.1 um species, becomes
primary ‘particle as soon as growth starts
Micro- 0.01~ 0.02 Smallest species so far identified. Aggregate of Basic particle.
domain 0.02 polymer chains - probably about 50 in number Particle.

82
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processing. Munstedt68 also reported that the 200°A micro-
domain is held together internally by ‘crystallinity' acting as
crosslinks but the connective tissue between the 0.1 pm domains
is far Tess ordered and easily deformable.

Although the various levels of morphology that are generated
during polymerization and processing have been considered in
detail by many authors, the morphology of the internal structures
are still under investigation. Generally, morphology exerts a major
influence on all stages of manufacture and processing, and on all
subsequent steps from bulk handling, through mixing and shaping.

1.3.2 Principles of High-speed Blender

Dry blending is normally considered as the intimate combina-
tion of liquid or dry additives with PVC to produce a homogeneous
free~flowing powder. This process is suitable for the easy-
processing type polymer (see Section 1.4.2). In the late 1940s the
commercially developed equipment, referred to in many literatures
as pfemixers, for this process were low-speed mixers such as
ribbon blenders, tumb]e,b]enders,'sigma-type'mixers and mullar-

type mixers73. Where homogeneity is essential their end-products

are homogenized in a compounding machine74.

These pkemixers develop little or no‘frictiona1 heat during .
blending operation and heating is supplied mainly by external
sources. Their application to blending rigid formulations was not
a total success and there was a need to develop a high-speed mixer.
In the late 1960s high-speed mixers such as Fielder blender,
Henschel blendér_ and Papenmeier blender were introduced74’75.
The high shear associated with the high speed blender makes it
possible for the generation of frictional heat during blending.
The blends produced with them are normally free-flowing and com-
paratively more homogeneous. The high-speed blenders (intensive
mixers) can be operated over a wide range of conditions so that
powder blends can be extruded or moulded directly without the
need for granulation. |
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Basically, intensive mixers utilise a specifically designed
propeller-1ike impeller mounted in the bottom of a stationary
‘chamber. An-adjustable baffle blade deflects slow moving material
from the top of the vortex down to the correct working area.

The temperature sensoring device consists of an iron/constantan
thermocoupTe which protrudes either through the baffle or wall of
the mixing chamber. Intensive mixing is jacketed for heating, and
cooling system which utilises either 0il or steam. Typical inten-
sive mixer is diagrammatically represented in Figure 1.3.

The 8 litre Fielder blender used in this project has a
working capacity of 2 to 3 kg and the impeller rotates at a high
speed ranging from 500 to 4500 rpm that creates a vortex mixing
action, The'mixing bowl is made of highly polished stainless
steel which facilitates cleaning and greatly reduces cross-con-
tamination (tending to zero). It also reduces wall friction and
hence is less prone to wear. Charging hatches are provided in
the 1id so that the mixer top need not be removed for the intro-
duction of solids or 1iquids. After attaining the required temp-
erature the batch is in many cases discharged into a low-speed -
cooler mixer.
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FIGURE 1.3: High Intensity Mixer for Dry B1endiﬁg
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The cooler unit consists of a rather larger chamber and
slow-impeller speed. The surface area of the cooler unit is
about three times larger than that of the mixing chamber and
with rotor speeds ranging from 100 to 1000 rpm. This cooler
chamber is adjacently placed below the mixing bowl and has a
water cooling inner jacket and is also made of highly polished
stainless steel.

1.3.3 Principles of Twin-Screw Extruder’ /8]

The principle of a twin-screw extruder is known to be based
on 'positive pumping' action. The extruder was invented and used
extensively in Europe in the early 1940s. It was designed to be
used méinly for compounding of plastics (i.e. plastics with pig-
ments, pelletization of regrind etc), but was readily adapted
for processing of dry blends. For many years dry blend extru-
sion of rigid poiyvinylchloride has imposed problems with single
screw extruders. Little was achieved byredesigning the screws of
the single screw extruders because of high residence time associa-
ted with it. PVC being very sensitive to excessive heating was
found to extrude with Tittle or not difficulties in the twin-screw
machine.

The successful direct extrusion of rigid PVC in the twin-
screw extruder is generally associated with its working principles.
The arrangements of the screws can be either counter-rotating or
co-rotating as shown in Figure 1.4. The screw can also be designed
to be either intermeshing or non-intermeshing. Regardiess of the
arrangements of the screws the extruder has been found to have a -
positive conveying action and mixing effectiveness. In twin-screw
extrusion once the screws pick up the polymer (whether it is powder,
flakes, pellets or regrind) at the feed throat, it is moved forward
along the barrel regardless of its condition (solid, semi-fluxed or
fluxed), pressure and/or feed rate. This is because there is no
back pressure flow in the barrel due to the absence of a continuous
channel. Therefore all particles are pushed forward continuously
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FIGURE 1.4:
Rotation of screws in twin-screw extruder

(a) Counter-rotating screws.

Very high shear rates are generated because material
gets milled in between the screws

(b) Co-rotating screws.

Low shear rates are observed because material is trans-
ferred from one screw to the other.
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and uniformly into two definite C-shaped sections.

Effective mixing is obtained mainly from a well designed
screw clearance ranging in the order of 0.335 to 0.22 cms and
which vary with different screw and extruder.designs. Additional
mixing action occurs at this region of the extruder where the
material encounters highest shear rates. Also at this inter-
meshing point one screw wipes off the other and prevents the
plastic melt from sticking onto the screws. In comparison with
the single screw extruder however, the forward travel of the plas-
tic material depends entirely upon the coefficient of friction
developed between the plastic melt and the barrel wall being
greater than that between the plastic melt and the screw.
Despite this, the single screw extrusion output is also affected
seriously by back pressure flow and heat flow. '

In this programme the twin-screw extruder used is the
Leistritz LS3034.with an optimum throughput of about 35 kg per
hour. The screws are. counter-rotating and intermeshing.

Figure 1.5 shows a schematic representation of the extruder,
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1.3.4 Microscopy of Polymers

The past forty years has seen various fields of studies,
such as microbiology, medicine, anatomy, metallurgy, zoology,
geology, bacteriology, etc. benefitting from the advent of
- vastly improved microscopical techniques. The examination of
plastic materials wth these techniques, although in its infancy,
has proved very successful. The areas of such investigation
include the study of surfaces of plastic materials; examination
of the mixing of various plastics such as plastics with rubbers;
examining the homogeneous dispersion of additives e.g. fillers,
stabilizers and pigments; investigation of stress and fractured
surface topography; and the crystalline structure and particles
morphology.

The low power optical microscopes and stereoscopes are not
only used for the examination of tensile and impact specimens for
edge notches or other stress raisers, but also for the observation
of the surfaces of an electric strength specimen for voids and
bubbles before test.

Microscopical examinations could be carried out with intact
specimens, and many methods may be used simultaneously with
microscopy, thereby making best use of small samples. Many authors
have discussed extensively on the application of microscopes
in testing and/or examination of plastic materials. Interested
readers are referred to references 94-96.

There are two specific types of microscope:

1. Light microscope.
2. Electron microscope.

Both have been extensively employed in the study of the physical
and chemical nature of polymeric materials. In PVC for instance,
light microscopical methods have been used to study the process
of polymer‘ization60 but with the advantages of higher magnification,
the electron microscopy techniques have been found useful for
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examining the morphology of the particles and microdomain566’67’82’83.
The two important factors mostly considered in microscopy are
'resolution’ and 'contrast'. The former depends essentially on
the type of instrument, and on the wavelength of the illuminating
radiation, Therefore considering the proper use of the microscope
resolution is largely beyond the control of the observer.
'Contrast' relies mainly on the ability to assess the probable
optical properties of the specimen and in selecting methods most
likely to reveal these properties. Therefore the choice of micro-
scope type and technique is vastly governed by these two conditions.
Obviously if 'resolution' beyond the 1imits of the optical micro-
scope is of primary importance the electron microscope must - be
used, but if the aim is to Tearn something about the chemical
nature and degree of orientation of the specimens or about their
dry mass or concentration, then the choice is invariably for the
optical method. '

Therefore the optical and electron microscopical methods were
designed to complement each other and as long as microscopists are
aware of the importance of 'resolution' and 'contrast', both
methods will continue to exist in conjunction with each other.

1.3.4.1 Light microscope

The use of lenses to aid vision was discovered as far back
as 60 A084’85, but the combination of concave and convex lenses by
a Dutch instrumentalist - Hans Hansen in 1590 - led to invention
of the microscope. Puzzled by its ability to reveal micro-
85 in 1625 designated
the name 'microscope' meaning 'seer of little things' to the
instrument. Since then optical microscopes have been continually
modified to meet with scientific developments.

organishs and structures, J Faber of Bamberg

The modern microscopes could be attributed to a great work of
Ernst Abbe86 whose contribution in this field led to vast discoveries
and improvements in microscopical techniques., Abbe's discoveries



38

quickened interests in microscope and a phase of rapid progress
in microscopes . .accured . within a short period,

In that process of innovation many microscopical techniques
relevant to polymer studies were discovered. Some of these
optical methods which have found application in the polymer field
are as listed below:

Common light microscopya

Dark-ground microscopy®

Phase-contrast microscopy

. Polarised-light microscopyb

. Interference microscopya

. Ultraviolet and fluorescence microscopya

th O B W N -

a = transmitted and reflected 1ight; b = transmitted light.

A1l microscopes have the same basic principles of image formation
but vary with additional type of optical elements used for specific
investigation. Figure 1.6 shows the diagrams of the types of
optical microscope listed above.

The working principle of an elementary microscope has been
adequately discussed by several author587'91. It tnvolves the
fundamental principles of optical physics. The elements required in
a basic compound microscope to produce a magnified image of an
object are objective, eyepiece(s) and perhaps condenser lens,
lamp and mirror. The objective produces a magnified image of the
object, but the eyepiece examines and enlarges this real image
formed by the objective. Hence magnification takes place in two
stages and, theoretically, optimum total magnification is enhanced
by employing short eyepiece and objective focal lengths - in
conjunction with a long optical tube length. The image produced
is always inverted and as a result when the object is moved, the
image moves in an opposite direction., However, the introduction of
a prism system as in Greenough stereoscopic microscope, has been
found to alter this relationship. Many elementary microscopes also
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contain a 1ight source and a condenser lens, The function of the
condenser lens is to concentrate the Tight rays entering the
objective, and hence is placed between the lamp and the object.

Other vital points in the implementation of Tight micro-
scopy are its advantages and limitations. The disadvantages are well
known to surround the optical elements: objectives and condenser
lenses. Although enormous improvements have occurred in recent
times, the problems may not have been completely eradicated, Some
of these limitations are:

a) It is only useable over magnification range of up to x1600.
b) Lateral resolution is limited to a half wavelength of the
light used.
¢} Sometimes the specimen requires sufficient degree of trans-
~parency for transmitted 1ight mode.

The main advantages apparently outweigh the disadvantages.
Some of these advantages are as summarised below:

a) There are no beam damage problems.

b) Some methods (for example; interference 1ight methods) have
a greater sensitivity to surface slope than scanning electron
microscopy, so that comparatively large areas of gently
sloping surface can be successfully imaged.

¢) The specimen is readily accessible and problems such as
the rapid removal of volatiles are not encountered.

d) Modern interference light techniques allow quantitative
assessments of surface roughness to a high degree of accuracy.

In this programme the differential interference contrast (DIC)
and UV fluorescence microscopical methods are the optical tech-
niques vastly employed and 'brief' accounts of these techniques
are given in Chapter 3.



41

1.3.4.2 Electron microscopy

The effective use of electron microscopes started in
about the late 1930527985 99, when it was discovered that elec-
trons exhibited a wavelength which could be less than one angstrom.
Since then the developments that followed were rapid compared
with that of optical microscopy and now it is one of the most
useful instruments for the examination of plastics and other
polymeric materials, The operating principles, unlike the optical
microscope, is based on the use of electron wavelength to form the
image of an object. This has been elaborately discussed in numerous
1iteraturesgg'103 and the operating instructions are well enumerated
in the manufacturers manuals. Nevertheless a brief account of the
image formation will be considered here.

To produce an image of a correctly prepared sample (see
Section 3.3.3) electrons are emitted from sufficiently heated
tungsten filaments. These electrons are accelerated by voltages
of between 50 to 500 KV through a vacuum column onto the specimen,
Focussing on this electron beam onto the specimen is accomplished
by one or two condenser lenses, while the image is formed by two
or more additional electromagnetic lenses. The image produced is
either observed on a fluorescent screen and/or recorded photo-
graphically.

There are many models of electron microscope, and more new
types of instruments and attachments arebeing developed rapidly.
Some of these conventional electron microscopes include:

a) Scanﬁing electron microscope (SEM)
- b) Scanning transmission electron microscope (STEM), and
c) Transmission electron microscope (TEM).

_Electron microscopes have numerous advantages over the optical
microscope. Despite its broad spectrum of applications it has .

higher resolution; greater depth of focus - up to 1000 times;

and it is possible to observe both the image of the sample and

its diffraction pattern by changing the power of the.intermediate lens.
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In spite of these advantages, the electron microscope has
some timitations. Sample preparation is more difficult and time
consuming, and also far less characterization information is
obtained as summarised in Table 1.10, This latter disadvantage
of electron microscopes is minimized for TEM by using selected
area: diffraction (SAED) and for both TEM and SEM by adding a
solid state, non-dispersive X-ray analyser (EDXRA) in order to

determine elemental composition,

TABLE 1.10

Adapted morphological analysis of microécopes

But unfortunately, EDXRA cannot
detect any elements below sodium in atomic number.

geneity, transparency, refrac-
tive indices, colour, bire-
fringence .

vicroscope ldedtifying Characteristics | Applicable

yp size range

SEM Size, shape, surface, EDXRA >0.1 um

TEM Size, shape, surface, EDXRA, 0.001- 1.0
SAED

Optical Size, shape, surface, homo- 1.0 um

Generally speaking, focussing on the attractions and limita-
tions of electron and optical microscopes, it could be seen that
both methods complement each other.
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CHAPTER 2
MATERIALS, FORMULATIONS AND PREPARATION OF SAMPLES

2.1 Materials
The materials used for.this programme were:

'Suspension polyvinylchloride

Dibasic lead stearate

Calcium stearate

Gr S 2411P wax

Normal lead stearate

Oxidized polyethylene wax (AC629A)
Glyceryl mono-stearate

Acrylic processing aid (Paraloid K120N)

The last four additives were used as 'secondary' ingredients

for assessing the distribution of dibasic lead stearate in
processed materials. The technical data and physical characteris-
tics of some of these materials are discussed below.

1. Suspension polyvinylchloride

Polyvinylchloride suspension resin was supplied by BP Chemicals
Ltd. It is the extrusion type resin with the technical name
Breon S110/11. The technical data for the resin is given in
Table 2.1. .

TABLE 2.1 ‘
Technical data of Breon S110/11 suspension PVC105
Viscosity No (ISO method IS 174:1974) 111
K-value (0.5% solution in cyclchexane) 66
Bulk density ¥m-3 : 550
Particle size (%) - less than 250 um 99.5
- less than 75 um 2.0

. Wt loss (1 hr at 1050C) % max 0.5
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Breon $110/11 is homopolymer of a medium/high bulk density
with a narrow particle distribution which gels quickly during
processing, It also has excellent heat stability, and exceptional
colour retention properties at high temperatures. Breon S110/11
is specially designed for the production of rigid pipes and corru-
gated clear sheet, and its excellent powder mixing properties makes
it an ideal polymer for use when processing from powder compound
especially in lead stabilized rigid formulations.

2. Dibasic lead stearate

Dibasic lead stearate (DBLS) is an orgahic lead stabilizer
with a Tubricating effect. Lead compound stabilizers are effec-
tive stabilizers for polyvinylchloride, but they fail to gain sub-
stantial commercial recognition to match their efficiency. This was
mainly due to the toxic nature of lead which resulted in many
government organisations passing strict regulations on the use of
lead compounds. Therefore lead compound stabilizers are recommended
only (i.e. in countries where they are not banned) for non-food
and toy applications. The properties of the lead compounds used
in this project are given in Table 2.2.

TABLE 2.2
Typical properties of lead compound stabilizers

. Dibasic lead Tribasic lead Normal lead
Properties stearate sulphate stearate
Formulation 2Pb0|:IPbco 3Pb0.PbSO4.H20 Pb(c]?”BSCOZ)Z

(Cy7H35C0,)
Form Powder Powder Powder
Colour - White White White
Specific y -
gravity 2.0 6.4-7.2 1.4
Lead con-
Refractive
index ("Dzo) 1.60 2.10 1.59
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Dibasic lead stearate (the primary additive in this project)
is a high temperature stabilizer and used mainly for electrical
applications. It has a high compatibility with PVC and less
Tubricating effect, therefore it is used extensively in rigid
PVC formulations. Dibasic lead stearate is usually used in small
quantity in formulations (i.e. from 1 to 3 parts per hundred of
resin).

Normal lead stabilizer is mostly employed as a lubricant
stabilizer rather than as a primary stabilizer. The compatibility
with polymer is low and in acting as a hydrogen chloride acceptor,
1iberates stearic acid which sﬁrues or exudes. Hence normal lead
stearate is usually employed at relatively low quantity, and
mostly in conjunction with dibasic lead stearate.

Tribasic lead sulphate is a highly reactive good heat
stabilizer with exceptional electrical properties. It is employed
in many electrical applications including building cable compounds.
The high reactivity has one big advantage, that is it could be
used with polyester plast1c1sers to meet the age1ng requirements
of high temperature (90- -120° C) insulation.

The activities of these lead stabilisers, as enumerated above,
refer to their applications in European countries only. In the
United States and Japan the use of lead stabilizers is very limited
officially. '

3. Calcium stearate

Calcium stearate has a good lubricating property and is nor-
mally used as an internal lubricant. It can also be used for PVC
stabilization when combined with other metal salts. The lubricant
is employed extensively in rigid PVC in combination with lead
stabilizers. '

Calcium stearate has inferior electrical properties but
equivalent heat stability to lead stearates. Comparatively it has
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a better compatibility with PVC than normal Tead stearate,
The melting point is 1200C as determined with DSC measurement,
the formula is Ca(C]8H3502)2 and refractive index is 1.50.

4. MHax GS 2411P

This is a very low molecular weight compound with a melting

" point of ~980C, It is an external lubricant and has poor
compatibility with polyvinylchloride. During processing it migrates
to the surface and prevents adhering of the hot plastic meit onto
the processing equipment.

5. Paraloid K120N

'Paraloid' (a trademark of Rohm and Haas Co) is a range of
modifiers which fall within 4 different categories of chemical
structures, each used for various specialised purposes in PVC.

The categories are: acrylic processing aid, methacrylate terpoly-
mer (MBS) impact modifier, acrylic impact modifier and acrylic
copolymer gloss control agents.

K120N belongs to the acrylic processing aid category. It is
a white, free-flowing dusty powder. It has a bulk density of
0.46 g/ml, specific gravity of 1.18. It offers faster, more con-
trolled fusion and homogenization of PVC.

2.2 Formulations

Formulation is one of the most important factors in PVC pro-
cessing industry. With the end-use borne in mind, the formulation
is selected wherever possible in order to obtain the required
properties (mechanical properties being primary factor) commen-
surate with processing behaviour and cost. These latter conditions
may impose themselves on the selection of some ingredients.‘

The possible combinations of polymer with additives such as
stabilizers, lubricants, plasticisers, fillers and pigments in PVC
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formulations are almost without Timits. The reason is that PVC

is thermally unstable (see Chapter 3}. For any single application,
even having quite narrowly defined property and performance require-
ments, a considerable number of alternative formulations are usually
possible.

In this project, a single formulation was developed to meet
with the programme requirements and was referred to as the 'standard
formulation'. Slight variations were then made on this ‘standard for-
mulation' while maintaining its *structure'. This standard formula-
tion, and the variable formulation (altogether add up to a total of
8 formulations) were supplied by B P Chemicals Ltd, Barry, |
Glamorgan.

In order to closely understand the relationship between
stabilizer distribution and morphoiogical changes it was even found
'ncessary to vary the stabilizer concentration. This led to an
additional & formulations making a total of 14 formulations. These
14 formulations were divided into two conveniently workable groups
as listed in Tables 2.3 and 2.4. Table 2.3 contains formulations
1 to 9, while Table 2.4 contains formulations 10 to 14. It is
important to note that formulation 1 is the 'standard formulation',
and that the rest of the. formulations were developed from it.



TABLE 2.3: Suspension PVC Formulation: (Group A)

Quantity of ingredient

FORMULATION NUMBER

Tribasic Tead sulphate

(pph)

Ingredients 1* 2 3 4 5 6 7 8 9
Breon S110/11 100 100 100 100 100 100 100 100 100
Dibasic lead stearate 2.5 2.5 2.5 2.5 2.5 2.5 2.5 1.5 -
Calcium stearate 0.4. 0.4 0.8 0.8 04 0.4 04 04 0.4
G.S. 2411P wax 0.3 0.15 0.3 0.15 0.3 0.3 0.3 0.3 0.3
Oxidised PE wax - - - - 0.2 - - - Co-
Glycerol monostearate - - - - - 0.4 - - -
Paraloid Ki20N - - - - - - 1.5 - -
Normal lead stearate - - - - - - - 1.5 -

- - - - - - - - 2,5

* Standard formulation

8t



TABLE 2.4: Suspension PVC formulation (Group B)

Quantity of Ingredient

FORMULATION NUMBER

(phr)
Ingredients 10 1 12 13 14
Breon $110/11 100 100 100 100 100
Calcium stearate 0.4 0.4 0.4 0.4 0.4
G.S. 2411P wax 0.3 0.3 0.3 0.3 0.3
Dibasic lead stearate - 1.0 2.0 3.0 4.0

(37
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2.3 Preparation of Samples

2.3.1 Preparation of Dry-blends

Two typég of high speed mixers were used to prepare the dry
blends of forﬁu1ations described in Section 2.2. These intensive
mixers were tﬁe 8-Titre T K Fielder blender at IPT and the 10-
litre Henstheliblender at B P Chemicals Ltd. The general con-
struction and princip1e of a high speed mixer is the same and
has : already been discussed in Sectionl3:2. The optimum blending
conditions were determined by carrying out a series of tentative
blending experiments.

The blend (thoroughlyhand-mixed) was charged into the treated
mixing chamber at a temperature of 75°C. When the required blending
_temperature (or time) was attained, the blend was discharged
through a pneumatic valve into a Tow speed cooler -mixer, The blend
was left in the cooler mixer for about 5 minutes for a 2 kg-charge
blend. before discharQing]@he cooling time of blends in the cooler
mixer being influenced by quantity and capacity of blend and cooler
unit respectively).

During this period the cooler mixer dissipates the heat within
the PVC powder mainly by condiction. Its low impeller speed and
water cooled large surface area facilitates the removal of heat
generated during blending. The cooling of the powder blend under
this processing condition is very essential. For instance, there
was a case when the hot blend was discharged into a plastic bucket
of narrow surface-area, and left overnight. The following morning
the blended powder was discarded because the colour turned brown
and the powder had formed a hard and brittle disc. Therefore to
avoid this 1nc1dent the hot powder had to be agitated during coeling.
Again, where the blend is stored in an anbient temperature prior
to proper cooling to at least 40°C in the cooler chamber, some

pebbles and lumps of powder are formed. This affects the flaw-rate,
and bulk density of the blend, and greatly impedes the feeding
operation during processing.
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The rest of the blends were prepared in the same manner
~and the blending conditions are listed in Table 2,5,

TABLE 2.5
Dry-blending conditions in high-speed mixers

'A) Blends prepared in a Fielder Dry Blender

Jacket temperature 75°¢C
Blending speed 3600 rpm
Blend discharge temperature 120°C
Cooling speed 150 rpm
Cooling time 5 mins
Blender heating system Steam

B) Blends prepared in an Henschel Dry Blender

Jacket temperature : 150%C
Blending speed 2600 rpm
Blend discharge temperature 120°C

- Blender heating system ‘ 0il

2.3.2 Preparation of Extrudates

Each formulation was dry-blended in an 8 litre T K Fielder
laboratory blender. Sufficient quantity of the homogeneous blend
was passed through a twin screw extruder to produce strips. The
Leistritz twin screw extruder was set at the standard extrusion
conditions listed in Table 2.6. When an equilibrium condition
'\ was attained the powder blend was fed to the hopper and extruded
through a 2 mm size die to form a strip. The strip was then passed
through a sizing die placed 10 cm away from the extruder and
through a vacuum water trough fnto a haul-off system. The length
of the water trough is approximately 1.98m and allowed a complete
solidification of the extrudate before the haul-off belt. When
equilibrium condition was reached a flow of colour Tines were
displayed on one of the computer screens. Représentative samples were
taken at this point.
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For the preparation of core samples, the machine was stopped
and stripped down for an average of 10 minutes to obtain samples
of the whole extruder profile. The design of the barrel allows
for the screws to be retrieved only from the die end {i.e. unlike
conventional barrels, this one cannot be opened). After turning all
heating zones to 100°C the extruder was stopped, the die piece
removed (there was no breaker plate and gauge) and a screw retrieval
mechanism (see Figure 2.1) attached at the die end. Figures 2.2
and 2-3- showswhere the screws were pulled out with the mechanism,
and where they were separated from the mechanism respectively,
The sample was then carefully stripped from the twin screws. The
entire process was timed to average 15 minutes from the time the
extruder was stopped to when the sample was completely stripped
from the screws.

But we also encountered some difficulties.The first thing we
noticed was that if the screws were not withdrawn before a maximum
time of 10 minutes, the unplasticised PVC degrades extensively.
to beyond the experimental interest, Secondly if the UPVC degrédes
and solidifies it becomes difficult to extract the screws and the
PVC from the barrel with the screw retrieval mechanism. The reason
is that the retrieval mechanism works by 'contact-gripping' of
" about 2 cm of the screw tip. Therefore if material is left within
this 2 cm of the screw tip (due to difficulties in removal caused
by either/both degradation or/and solidification) the gripping may
not be strong enough to permit screw pulling. These problems were
encountered on several occasions.

The material in each screw turn was numbered from the screw
tips to the powder end and collected so that a complete profile of
material from the feed to the die was retained for microscopy
examination and physical property evaluations.



FIGURE 2.1:

(S]]
(98

Photograph of screw extraction mechanism
attached to end of extruder before extrac-
tion process. 'A' = extraction mechanism;
'B' = end-region of the twin screw extruder

FIGURE 2.2:

Photograph of screws and core sample between
screw extraction mechanism after extraction
process. 'A' = extraction mechanism;

'C' = extruder screws; 'D' = core sample
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TABLE 2.7:

Zone control temperature variation of standard formu1at1on extruded
at various temperatures

Zone control Extruder Zones
= mp. (°C)
xtrus
Temp (3c1 2 3 4 5 6 7 g*
170 161 160 161 . 157 155 161 170
188 169 173 171 171 17 178 188
194 177 180 180 169 169 183 194
202 168 190 190 184 184 193 202
218 168 208 208 202 202 207 218
2 173 217 216 212 21 215 224
TABLE 2.8: .- - T

Zone control temperature variation of standard formulation extruded
at various screw speeds '

Zone control

temp (°C) Extruder Zones
Screw _
speed (rpm) | 2 3 4 5 6 7 g+

20 177 180 180 169 169 183 194

25 177 181 180 170 170 183.5 194
.30 173 180 180 170 170 183.5 194.5
40 172 180 180 170 170 183.5 195

50 167 180 180 169 170 184 194

* =Control die temperature representing‘the‘extrusion temperature
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TABLE 2.6
Standard extrusion condition used

Extruder Zone Control Temperature | Zone Control Pressure
zone (°C) . (KN m~2)
2 177 "138
3 180 . 5138
4 180 -
5 169 -55
6 169 7496
7 183 ‘ 7614
g* 194 9734

* Extrusion speed = 20 rpm; extrusion temperature = 194%C

2.3.3 Preparation of Compression Mouldings

The dry blends were compression moulded into rigid-PVC sheets
of approximately 20 x 20 cm2, with an average thickness of 0.3 cm,
depending on the response of the formulation to processing tempera-
ture and pressufe. The compression moulding machine used is a
.40-ton manually operated. piaten with electric heating and water
. cooling systems.

The blends were moulded at the same brocessing conditions in
a 3-plate mould. These processing conditions are listed in Table
2.9. After moulding, the samples were conditioned at a room temp-
erature of 20°C for 48 hours prior to further evaluations.

TABLE 2.9

Compression moulding conditions used.
Moulding temperature 190°C
Moulding pressure 35 kg cm™¢
Induction time 5 mins
Charge temperaturé 190%¢
Discharge temperature 50°C

Quantity of charged powder 2309
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CHAPTER 3

THE ESTABLISHMENT OF MICROSCOPICAL METHODS FOR CHARACTERIZING
THE _PROPERTIES OF UPVC POWDERS AND EXTRUDATES

3.1 Microscopical Methods Exploited

Light microscopy has been used as the principal method in
evaluating the properties of the materials. From previous
investigations on the morphology, structure and properties
relationships in UPVC (see Section 1.7.1) it was thought prudent
to exploit many microscopy methods. Tentative experiments were
hence carried out with the following methods:

a) Polarised light

b) Common light

c¢) Differential interference contrast
d) Ultraviolet fluorescence light

e) Microradiography

Among these microscopical methods exploited differentia]‘interfe-
‘rence contrast (DIC) and UV fluorescence Tight were found to be

the most promising and, therefore, have been employed in evalua-
ting the UPVC powder blends and processed materials. In a few
cases, common light and electron microscopy methods have been

used to substantiate the observations made with DIC and fluorescence
mathods.

The use of microradiography to study the distribution of
stabilizers in processed materials, using X-rays in the 29-32 KV
range, was largely unsuccessful. Its advantages over light micro-
scopy include the fact that thicker microtomed/petro]ogical1y '
prepared sections can be examined {20-50 pm). The method relies on
the absorption differential of X-rays:in the specified range between
stabilizer and polymer. When the sampTe is backed by the recording
film and exposure.is made, the contact negative will bear areas of
varying optical density, as a result of the differences in absorption.
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Very few particles were observed, mainly due to the size of the
stabilizer particles being small. Since the resolution of this
method is not as good as light microscopy in resolving small
stabilizer particles the method was discarded.

The principles of DIC and fluorescence light microscopy methods
will new be discussed. The fluorescence microscopy technique
developed for studying the properties of the powder blends will
also be described.

62,87,91,107,108

3.2 Differential Interfereﬁce Cantrast Microscopy

The differential interference contrast (DIC) microscope is a
two-beam qualitative instrument belonging to a shearing inter-
ference microscope using polarized light. It is not quantitative
because there is no visible separation of the 'image beam' from the
'reference beam' as found with other interference microscopes.

The shearing effect of the Savart crystal prisms provides an
apparert 3-dimensional image of the object, and hence the tech-
nique is. suitable for studying . polymers. — such as PVC
powders. '

The technique can be operated in either reflected or trans-
mitted light mode. The latter mode of operation was used through-
out this work. Basically, the working principle of the trans-
mitted light differential interference contrast microscope, as
illustrated in Figﬂre 3.1 involves the passage of polarized light.
through the first Wollaston prism placed beneath the microscope
condenser. Here the beam is sheared into two wavefronts (beam)
before passing through the condenser and the specimen under invest-
igation. (It is important to emphasise that the distance between
the two beams is small compared with the resolution of the light
microscope). The beams them pass through the objective and a
second Wollaston prism (inverse of the first prism) where recom-
bination takes place. Along the way through the analyser to the eye
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<; - Analyzer

Wollaston (Savart Crystal)
prism II

” . Objective

ﬂz_l__w _Samplg stage

Condenser

Wollaston (Savart Crystal)
prism I

(;:;::;) Polarizer
=D Field iris

FIGURE 3.1: Diagram of a typical DIC microscopy set-up
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piece (or screen) the beams interfere with each other to produce
interference fringes depicting the specimen's image. By this means,
contrast is gained without loss in resolution or optical section -
ality. The theory and principles are well described in the manu-
facturers' manual ].

Phése specimens which possess little contrast with ordinary

bright-fields are more visible in the DIC. Both transmitted and refiectéd

light DIC microscopy generally make use of the same inter-
ference principle, the major differences between them are as a
result of different techniques in recombining the beams. The
recombination of beams is by image formation in the . reflected mode--
by an anlyser in polarized-light and by a Savart crystal prism in
the DIC microscope. The advantages associated with using DIC are
that:

1. the image is free from certain artefacts (the 'phase-contrast
hale') and therefore a distinct relief effect and shallow
depth of field are obtainable. This is entirely an artefact
of the contrasting system which arises when the optical path
is 'biased' by adjustment of the equipment so that the back-
ground colour is dark-grey.

2. the nature of the contrast can usually be altered to obtain
‘ the best conditions for the detail being studied; and

3. measurements of péth difference can be made with precision.

Nevertheless, the DIC microscopy does not render phase-contrast
obsolete. The latter is suitable for phase specimens with optical
path differences of up to 1/2 retardation, while DIC is best with
specimens of path difference between A/10 and a full wavelength.
Thus, it is intermediate between phase-contrast énd conventional
bright field. |



3.3 Fluorescence Microscope

Fluorescence analysis is amongst the oldest and most esta-
blished analytical techniques. It has been prevalent in bio-
medical researches for nearly a century109'111, but Tittle
interest has been shown in the application of fluorescence
microscopy to the study of polymers. This is because in the past
microscopists have laid much emphasis on structural characteri-
sation.

With the UV fluorescence microscope some polymers that
fluoresce or which can be made to fluoresce can be observed
while they are illuminating with Tight of the spectral region
of their excitation spectra. The fluorescent properties of the
polymers can then be analysed either gualitatively or quantita-
tively. Some of the analysis carried out in qualitative methods
-are: '

i} The presence or absence of primary fluorescence
i) The effect of fluorochromes on the object (presence or
absence. of secondary fluorescence)
iii) The true colour of fluorescence of the cbject
iv) The.difference between the colour of fluorescence emitted
by the fluorochrome and by the object through secondary
fluorescence, _
v} The approximate relative intensity of the light emitted by
the object through fluorescence
vi) The approximate regions of excitation and emission spectra.

For quantitative methods the following analyses aremostly carried
out: '

i) The exact spectrophotometric curve of the excitation spectrum
of the polymer '
ii) The exact spectrophotometric curve of the emission spectrum
of the polymer _
iii) The fluorescence decay half 1ife of the polymer.



61

The identification of polymers with any of the above information
obtained with the fluorescence microscope is on the basis of
their fluorescing characteristics, rather than revelation of
minute structural details. |

Fluorescence microscopes. could be either transmitted or
reflected light, and are very capable of housing many of the
'extras' available to common Tight microscopy as shown in Figure
1.6. By so doing variable techniques could be successfully
administered. The most common (as used for this project) is the
use of conventional microscopes, with 1ittle alteration for
fluorescence work. Also fluorescence microscopy examination can
be made in either bright. or dark field for.both the transmittance
and reflectance modes. True phase-contrast observation is impossible
and polarized light is rare except for some natural fibres (via
difluorescence). These techniques have been widely discussed in
literatures' 12114,

Fluorescence in reflectance mode has been widely employed
for the investigation of opaque specimens, for example rocks,
minerals and polymers. The major disadvantage is.the presence of a
beam splitter which reduces both exciting and fluorescent:light.
But these have now been modified to incorporate a dichromatic mirror
which simultaneously functions partly as a combined exciter and
barrier filter. Also the reflectance mode is preferred to the
transmittance mode for studying transparent or translucent speci-
mens, especially when a thickish specimen absorbs much of the
exciting light as with the UV fluorescence. The effect of sample
thickness on fluorescence intensity is shown in Figure 3.2. If
transmitted 1ight is employed on a thick specimen the only parti-
cles which fluoresce are those situated deep in the specimen, while
particles on the surface fluoresce and can be more distinctly
observed if reflected 1ight is used.
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FIGURE 3.2: Effect of specimen thickness on fluorescence intensity
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3.3.1 Fluorescence Equipmentgo’"5

The complete assemblies for fluorescence microscopy can be
obtained from common-1light microscope with ‘extra' basic attach-
ments such as high pressure mercury. lamp, exciter filter, barrier
filter and sometimes high NA objectives. The set—up of these
attachments is shown in Figure 1.6.

r

For UV fluorescence 1ight the high pressure mercury vapour

Tamps are most frequently used, They are found to radiate very
strongly at about 365 nm and show reduced but strong and varying
intensity at longer wavelength. In general, they are not suitable
. for the objecté‘whose emission spectra occur in the longer wavelength
region. Fluorescence.outfits must at least contain one exciting
filter and one barrier filter. To function satisfactorily, the .
exciter filtermust produce the same wavelength radiation of 365 nm

as the light source, Its main purpose is to transmit all the
excitation spectrum from the light source. To ensure that only .
the UV radiation. is transmitted, in most cases additional filters
such "as ‘heat' filters (which removes heat) and BG38 (which removes
excess red-Tight) are used,

4

Barrier.filters specific purpose is to absorb all ranges
(scattered or residual) of excitation spectrum transmitted by the
exciter filter. They are placed between the objective and primary
image plane. If the barrier filter fails by the use of a wrong
filter or otherwise, to- filter out the UV 1ight there is a risk
of damage to the eye and photomicrographs will show a fogged
instead of a black background (or mostly blue with colour film).
Different microscope manufacturers have different types of filters.
Some examples of exciter filters are UGT and UG5 and barrier
filters are K430, X530 and K490,

For this study, the fluorescence equipment consists of a
Zeiss Universal microscope fitted with a UV lamp, Zeiss III RS
fluorescence attachment and a Plan-Neufluor X16/0.50 objective,
and used in the incident Tight mode.
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_ The UV 1ight source employed was a 50 watt HBO high pressure
mercury vapour lamp. A monochromator placed between the lamp and
the specimen iTlumination optics aids the emission wavelength from
this lamp to irradiate closer to the 365 nmexcitationwavelength. The
adapted90 emission peaks of & high pressure mercury lamp showing
a strong emission.peak at 365 nm wavelength 1is shown in Figure 3.3.
The presence of high intensity after 300 nm shows that the mercury
lamp is ideal for fluorescence microscopy of a specimen whose
excitation spectra is in the longer wavelength. The filters used
were the Standard 6365 exciter filter and LP420 barrier filter.

The transmission curves for these filters are shown in Figure 3.4.

Figure 3.4 reveals that the exciter filter G365 has maximum
transmission also at 365 nm. Since the best suited filters are
those with maximum transmission at 365 nm, therefore the G365
filter is an ideal exciter filter. The barrier filter (LP420)
is inexpensive and absorbs. wavelength shorter than 420 nm, Both
filtration systems were housed in the Zeiss IIl RS fluorescence
attachment.

The objectives used were Plan-Neofluor X16/0.5C and Neafluor
X6.3/0.20. The former was used for much of the work but where
greater depth of field is needed the lower numerical aperture
objectives X6.3 (0.20 NA) and X10 (0.20 NA) were used.

3.3.2 Theory of Fluorescence Light Microscopy

With increasing requirements for the detailed examination
of many substances, fluorescence microscopy is beceming one of
the widely employed methods in fundamental studies and in the
research of routine procedures. The theory underlying this method
is based on the electronic and structural states of the substances.
By successfully illuminating the substance, detailed analysis can
be obtained from its fluorescence nature.
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Considering the electronic state of a substance, when a
compound is irradiated with short wavelengths the absorption
of this energy results in the transposition of electrons from
the ground state to higher energy states. Depending on the nature
of the molecule, each energy state may contain several vibrational
energy levels increasing in energy (Vo = V). When the electrons
eventually return to the vibrational level of the ground state
from the lowest vibrational level of the excited state, the
energy released may be dissipated in‘oﬁe of several ways. It may
be emitted as light of longer wavelength. The emission of this
1ight of longer wavelength than that observed is called fluorescence
when it is in the visible region. Photodecomposition may also take
place before. the electron reaches the lowest vibrational level of
the first excited state. Thus the transition from the unstable
excited states to the stable ground state may occur by a number of
routes other than. fluorescence. emission as represented on the
Jablonski diagram in Figure 3.5. The electronic state of mole-
"~ cules falls into two categories: .singlet and triplet states.
Singlet state is an excited state in which the electron spin is
conserved resulting.in a total spin of zero. But if the spin
of the excited electron. is no:Tlonger. opposed to that of the odd
electron left in . the previous orbital the total spin is unity,
and that excited state is called triplet state. Fluorescence
occurs only between the singlet states, usually from the Towest
- vibrational level of the first excited electronic state. The time
interval between the acts of excitation and emission is short, of
the order of.m'g - 107 secs. Thus fluorescence occurs only while
the object is illuminated.

The structure of molecules is also important in carrying
out fluorescence studies. The molecules that have chromophores
and hence can absorb ultraviolet 1light may have the potential to
exhibit fluorescence. In order to effectively utilise fluorescence
' micfoscopes for-quantitative and/or qualitative works it is necessary
to know the basic effects of structure on the emission process.



SINGLETS ‘ TRIP S

_i R Se— — R c—
GS —T—TZ
1— 3 - L ey

= 1% 4 7%-_.... 2

So

FIGURE 3.5:

Diagramatic representation of molecular energy levels and transitions.

S_, ground state; S,, first excited state; S$,; second excited state; T,; first triplet
state; T,, second triplet state; 1, absorption; 2, fluorescence; 3, phosphorescence,
4, singlét -+ triplet states absorption (forbidden); 5, internal conversion;

6, vibrational relaxation; 7, intersystem crossing; 8, triplet + transition.

89



69

It may then become possible to convert a non-fluorescent - material
into a fluorescent - species in most cases. Objects that do not
possess the inherent property of fluorescence can be made to
fluoresce by inducing certain fluorescent stains into the struc-
tures, The term 'secondary' fluorescence is used to describe

this type produced by fluorochromes. But where fluorescence is

an inherent property of the object the term ‘primary' fluorescence
is employed.

The increase in degree of conjugation often increases the
intensity of f1uorescence]16’ll7. This is because fluorescence
is observed mainly when electrons are promoted from w-bonding
orbitals to the r*-antibonding orbitals, and both orbital types
are present only in unsaturated compounds. In addition to the
requirements of a conjugated system of double bonds, certain
geometrical considerations are also important. Thus planarity of
the conjugated system.is.also essentia) for maximum fluorescence.
This is well portrayed by the evidence that unsubstituted aromatic
compounds exhibit £?T$ntense fluorescence in.the UV or visible
-region thanithe Tinear polyene compounds. When the planarity of
a system is destroyed through steric hindrance, the free mobility
of the w-electron will be partially inhibited resulting in a Toss
of fluorescence. The nature of substituted group plays an important
role in the.nature and extent of a melecule's f]uorescence]]a’llg.
Groups that generally increase fluorescence are OH; 0CH3; NHZ;
NCH3 and N(CH3)2 while those that tend to diminish fluorescence
include groups Tike CHO; +NH3; NHCOCHs; CO0H, halides and a
~ host of others]20’12}. The Tatter are electron withdrawing groups,
while the former are electron donating groups. In comparison ... '~
saturated hydrocarbons such as PVC which contains o-bonding
orbitals and chlorine molecules, exhibition of fluorescence light
is very remote. However n-bonding orbitals can be introduced by
degrading the polymer to introduce short chain conjugated systems.
Since this invoives the elumination of hydrogen chioride, the
chlorine molecules which diminish fluorescence are removed, and
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through this way PVC can be made to fluoresce.

Therefore with proper utilization of fluorescence microscopy,
assessment of PVC powder characteristics, topography of processed
material, distribution of certain. additives, level of degradation
etc, which are related to the processing and thermal history of
the polymer could be evaluated.

3.3.3. Proposed New Technique

It has been explained, in a previous section, that material
will only fluoresce if it has a w-orbital system or contains a
fluorochrome, For saturated organic polymers such as PVC it
will be difficult and unecomomical to induce into the structure
any f1uofescing.die. However, since the polymer is thermally
unstable, fluorescence can be introduced by slight degradation to
introduce short chain conjugated double-bond systems. This is the
basis for the proposed new technique.

The advantages that were. thought should accrue from this
technique are as follows:

i) A sieved portion of the polymer resin can be slightly
degraded, and returned to. a blending batch. Since this
portion fluoresces, after blending in the normal manner,
morphological changés (agglomeration/breakdown of grains),
as a result of blending conditions can be studied effec-
tively.

ii) The degree of .stabilizer distribution (as the relative
thermal protection given to the polymer blend while heated)
due to blending conditions can be readily determined. The
effect of additives on degree of stabilizer distribution can
also be determined readily.

Thé innovations of this proposed new technique are that:
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i) With a Universal light microscopy equipment already
available, the UV fluorescence attachment and optics
used are inexpensive, The barrier filter and exciter
(Section 4.2) used are inexpensive and quite efficient.
For this particular work on powder blend, any objective
of low numerical aperture (0.2 NA) and high magnification
(X10) can be used.

ii) Sample preparation is quick, cheap and simple.
iii) Overall set-up is uncomplicated and hence minimum depen-
dence on operator skill.

While it is possible to purchase dry blend in ready-mixed form
from a number of suppliers, this method - fluorescence analysis
- will prove useful to both producers-and users on checking the
'quality' of their dry blends. |

3.3.3.1 Description of the technique

In fluorescence analysis a 'reference'.graph is made, from
which the relative fluorescence intensity of the samples under
study can be readily obtained. To produce a 'reference' graph,
the PYC poWder was blended without additive. in the normal manner,
Specimens were then prepared at. different temperatures (from
150°C to 210%C) by heating approximately 1g of the resin in.an
oven for 5, 10 and 15 minutes. The fluorescence intensities of
these heat treated resin grains were measured as described in
Section4.l-2., and plotted against temperaturez for different
heating times. It is evident from the 'reference' graph
(Figure 3.6) that the maximum fluorescence intensity occurs
at 190%C for 10 minutes heating time. Figure 3.6 is the plot
of average of six readings tabulated in Appendix 1.

‘The powder blends under investigation were then heat-treated
in the same manner at - 190%C for 10 minutes. Their fluores-
cence intensities were measured in % relative to the: maximum
'point in the 'reference' graph.
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Since the accuracy of fluorescence analysis chiefly depends
on the amount of heat-treatment given to the powder specimens,
the possible sources of error are as described below,

If the blends are less-heated weak fluorescence intensity
is observed when they are viewed under a UV fluorescence micro-
scope. High-speed blends most times contain grains of such
fluorescence intensity, and in the analysis of particle size
of the heated grains will introduce high discrepancies in the
results. Conversely, PVC loses fluorecence intensity when it is
overheated. This has been explained as the result of a shift in
the absorption bands after a sequence length of about ten con-
~ jugated double bonds of varying length. This sequence length
absorbs in the UV region and in the visible spectrum from 365
to about 450 nm. As the sequence length increases, due to
further heat treatment, the absorption bands move to longer
wavelengths. This leads to a change in the wavelength of the
emitting radiation beyond 450 nm. This phenomenon occurs mainly
at high degradation (from about 0.5% of the conjugated double
bonds), and has been used (in some cases) to determine. the
extent of deqradation in PVC. |

The maximum fluorescence'inténsity*observed in the ‘reference’
chart is in good agreement with the observations made by Gerrard
et a1]22 and De Costelzs. Atthough the colour of the powder grains
changed from white to reddish brown by heating at 190°C for 10
minutes, the amounts of conjugated double bonds introduced into
the polymer are less than 0. 1%122 ]23. Figure 3.7 shows that
when PVC is heated at 1909C for 50 minutes only about 0.15% loss
of HC1 occurred.

The intense fluorescence observed at low levels of conjugated
polyene sequence {e.g. when heated at 190°C for 10 minutes) has
been observed to be due to the result of resonance enhancement]24.
Preparing the specimens under the conditions described in this
section, therefore, does not significantly affect their properties.
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In some quantitative fiuorescence methods a different
analysis which involves the measurement of fluorescence decay
half-1ife of the polymer is uéua11y carried out. The polymer
is exposed to fluorescent light for several minutes while an
attached chart recorder monitors the simultaneous decrease
in fluorescence intensity with time. A typical example of this
" curve is shown in Figure 3.8 for samples heat-treated at two

different temperatures. The fluorescence inténsity decreases
" rapidly at first, before reaching a near-constant value.

This method was considered unsuitable for this work since
" the relative fluorescence intensity of the b]ends can be readily
measured from the 'reference' graph.
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CHAPTER 4
EXPERIMENTAL METHODS

For convenience, the experimental techniques will be
described under two distinct sections, viz Section 4.1 and
Section 4.2, The first (Section 4.1) will describe exclusively
all the experiments on powder blending studies. The second
section (Section 4.2) will concentrate on the experiments
carried out on subsequent processed materials.

Section 4.1 POWDER BLENDING STUDIES:

4,1.1 DBistribution 6f additives

4.1.1.1 Differential interference contrast . (DIC) microscopy

To study the distribution of additive, dry-blends prepared
in the T K Fielder and Henschel Taboratory mixers (Section 2.3 )
were examined with a differential interference contrast (DIC)
microscope. Generally in microscopy discrepancy in results -
quantitative or otherwise --is virtually inevitable mainly due to
the analysis of insufficient sample size of the entire bulk.

By using sampling techniques to obtain a représentative specimen
of the entire material, error in results has been kept to a
minimum in this powdeﬁ blending study. '

The cone and quartering sampTing technique was used in
accordance with ASTM D1898-68. It consists of heaping the powder
blend into a cone and then dividing into four parts. One part

-was then combined with the opposite part and the process repeated
until a final 30-50g was left from which random samples were taken
to study the properties of the powder blends.

For DIC microscopy, a representative sample was immersed
in tricresyl phosphate immersion liquid and heated for 5 minutes
at 98%C. This is to eliminate or reduce the number of interstitial
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voids present in the grains which scatter the incident 1ight
during microscopy. Observations were made and photomicrographs
obtained in the transmitted 1ight mode.

4,1.1.2 Fluorescence analysis

With a UV fluorescence microscope, the distribution of
additive was measured in the form of relative fluorescence
intensity on heat-treated grains. In this experiment it was
found convenient to examine the powder blends 'dry' by care-
fully distributing the grains on a microscope slide.

A representative sample of each blend was heated for 10
minutes at 190°C in an oven. Prior to the start of the experiment,
the oven was switched on and left for an hour to attain thermal
equilibrium. The powder samples (approximately 3g), contained in
an opened specimen bottle, were quickly placed in the oven.

After 10 minutes the samples were removed from the oven and
allowed to cool to room temperature., To avoid or minimize the
errors that might be introduced through sample preparation the
following precautions were taken:

1. To maintain a minimum drop in the oven temperature the speci-
men bottles were first placed in a hard non-heat conducting
material which was quickly placed in the oven. The period
taken in opening and closing the oven was timed to be
15 seconds.

2. A1l samples for close comparison - for instance samples of
different blending speeds - were heat-treated in a single
batch.

To measure the extent of stabilizer protection, the fluores-
cence intensity of these heated blends were measured relative to
unstabilized blend with a Leitz MPU compact microscope photometer.
Since the operating techniques of this instrument are well

described in the manufacturer's manua]lze, only the experimental
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FIGURE 4.1: Diagram of the photometer attachment (beam)
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procedure will be described here. The following operating
parameters were used: '

Measured-value integration (nX) continuous measurement and
display

Sensitivity- X10

Type of measuring diaphragm ‘Square diaphragm (type 620,532)

Type of filter - Green (broad band)

Voltage : 795V

The photometer attachment which houses a photomultiplier,
square diaphragm and green interference filter (see Figure 4.1}
is mounted on the UV fluorescence microscope, and the grains
are then brought to focus. By manually adjusting the lever
of the square measuring diaphragm,‘a square of size nearly to
the size of the measuring gkéins is chosen and, to be maintained
throughout the experiment, This is because different square-sizes
were found to given different intensity values,

When a fluorescing grain is‘brought under the measuring -
square (which is illuminated with an ordinary light housed. on
the photomultiplier) a recording button on the compact photo-
meter is immediately pressed - to minimize the effect of
fluorescence decay. The measured-value of relative fluorescence
intensity is displayed on the built-in digital voltmeter, Six
measurements were made for each specimen and their average
determined. The obtained results were interpreted and related
to the distribution of stabilizer during blending.

4.1.2 Morphological Changes
4.1.2.1 Fluorescence studies

Previous work?8’53’128 have shown that changes occur in

morphology (particle size distribution) as a function of dry
blending conditions but it is unclear whether there is a simul-
taneous breakdown and agglomeration between grains, To investi-
gate the behaviour of the T K Fielder laboratory mixer on
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morphology of the powder blends experiments were performed in
which a small portion of PYC powder, heated at 190°C for 10
minutes and incorporated into the untreated powder grains, was
examined with the UV fluorescence microscope after dry blending.

Prior to blending, approximately 10% of a desired range of

size fraction was sieved out and heated at 190°C for 10 minutes
in an oven, and returned to the batch. After premixing
thoroughly the heated and unheated resin additives were then
incorporated and a dry blend prepared in the normal manner.
Two sets of size fractions in the ranges of <75 um and from
150 ym to 212 um were treated in this manner. Four blends of
different blending speeds were prepared for each set of size
fraction.

For UV fluorescence microscopy observation a representative
sample of approximately 50g (see sampling technique Section 4.1.1.1})
~was taken' from each blend and sieved to obtain several size frac-
tions ranging from <75 um to >250 um. Five of these fractions,
including the size fraction of the original heated grains were
examined and photomicrographs obtained.for morphological analysis.

4,1.2.2 Powder densities

In a given sample of powder it is obvious that the density
will depend upon the treatment the powder has received. Bulk and
apparent densities of PVC powder blends have been reported by
several worker5129-132, to be affected significantly by blending
parameters. In extrusion changes in densities of PYC markedly
affect the outputs and batch sizes49’]3] so that for efficient
control of a process consistency in batches density is required.

In the present study bulk and apparent densities were
measured by the usual methods.
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Bulk Denstty: Bulk density was carried out in accordance

with BSS 2782, Part 5, Method 501A, 1970. A preweighed standard
cup of 80 cm3 was filled from a funnel containing about 100g

of PVC powder blend and coaxially placed 10 cm above it. Using
the edge of a cardboard sheet the powder in the cup was gently
levelled off and the cup reweighed. The bulk density was calcu-
lated from the values of the powder weight and effective volume
of the cup.

Apparent Density: Apparent density was determined by BSS 1460,
1967 method for determination of the apparent density of dry-
powders. While this method was originally developed for precipi-
tated calcium carbonate it has been successfully accepted for
powders generally. Apparent.&ensity depends on the closeness

of the packing of the particles of which the powders is composed.
Hence it is affected by the size and shape of the partic]es; and
depends on the true density of the material.

In this study, 100g of powder was transferred to a tall
glass cylinder. The cylinder was then placed in a tap-pack
volumeter and dropped for 30 minutes (to obtain a constant
voldme) at the rate of one drop per 2 seconds. The apparent
density was obtained from the weight of the unit volume after
a specified compression.

4.1.2.3 Flow rate of powder blends

To measure the flow rate, 259 of powder blend was allowed
to flow freely through the funnel and time in seconds was
recorded. The flow rate was measured using a narrow-throat
funnel but the same procedure as described for the bulk density.

4.1.2.4 Particle size analysis

Biending parameters and formulation variables are reflected
in the powder properties such as densities, powder flow and
particle size and size distribution. The latter has not only been
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used to determine the effect of various amounts of additives

in blends but also useful for determining the batch-to-batch
uniformity.of resin]29’132. During processing, Targe resin
particles would require more processing to break them down and
the time to achieve this would depend on bulk density of the
powder. In direct powder processing, more often than not,
particle size is a controlling factor. It is, therefore,
desirable in any event for the resin to have particle size
distribution containing medium-sized particles with some fines

to fill the interstices between the larger particles.

It was thought descrete that analysis of particle size
distribution of the blends and heat-treated grdins is. of para-
mount importance in understanding the distribution of additive
and the effect of blending conditions on powder grains respeé-
tively. The simplest method and most widely used on a routine
basis is by sieve analysis using a stack of standard sieves in
the range of 45 um to 300 um BS mesh sizes, However, other
methods have also been employed. The efficiency and choice of
technique depends to a large extent on the shape and size of
particles to be analysed. Normal lower 1imit5:fof“variou5'methods
of particle size analysis may be broadly classified as follows:

Method of Analysis ‘Lower Limit (um)
i. Sieves 50
2. Elutriation 10
3. Relative motion between particles and
fluid: :
a) Sedimentation; gravitational 2
(with contlo] temp.)
b) Centrifugal 0.1
4. Microscopical measurements: '
a) Visible light (optical method) 0.2
b) Ultraviolet tight in air : 0.1
¢) Electron microscope (scanning) 0.01

d) Transmission electron microscope (TEM) 0.005
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A more detailed classification and choice of methods of
particle size analysis can be found in references 133-137.

In the present work the particle sizes were analysed
by optical method. The results obtained are dependent to some
extent on the physical principles used and assumptions or
conventions involved - for instance it was assumed that the
shapes of the particles are spherical and that they have the
same density. The unique feature of optical methods is that
particles are measured individually instead of being grouped
statistically by some process of classification. The optical
method involves using a Zeiss TG 23 particle size ana]yser]as.
This equipment has been modified to include an Apple micro-
computer system which records data from each channel and
produces an immediate graphical display allowing a minimization
of the number of particles counted.,

To use this instrument, photographs at a total magnification
of X100 were prepared from a representative sample of the blend
concerned. The photomicrograph was positioned on'a Plexiglassplate
and the particle to be evaluated was positioned over the centre
of a circular beam of light. By adjusting the.iris diaphragm the
diameter of the light beam is altered to equal that of the
particle. If a particle deviates from the circular shape, the
circular 1ight spot must be so adjusted that the total area of
protruding portions of the crystal becomes equal to that of the
re-entrant areas., A foot switch is then depressed which actuates
the correlated channel and simultaneously gives a DC voltage
output.which is proportional to the spot size. This allows
particle sizes to be logged automatically, and with the aid of
the computer programme developed within the department, subsequent
calculation and immediate graphical display were produced. At
Teast 1800 particles were analysed for each specimen.
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4,1.3 Fusion Characteristics

By using the Brabender Plasticorder the fusion charac-
teristics of the blends from Fielder and Henschel laboratory
mixers were assessed. Many worker554’]3g’140 have employed
this technique to show the relative fusion or gelation charac-
teristics of both plasticised and unplasticised PVC. A detai-
led description of operating techniques can be found in the
published 11teratures]39’]4q, the experimental conditions

however are given below.

To assess the fusion time of the 14 different formulations
(see Tables 2.3 and 2.4), after dry blending, the following
operating parameters were employed:

Jackettemperature 190%
Rotor speed 50 rpm
Sample volume ' 57 cm3

The o0il heated mixing chamber was allowed for an hour to
attain an equilibrium temperature before starting the first
measurement. In subsequent measurements. on the.day, 15 minutes
interval, was found suitable. Accurately measured samples were
rapidly charged into the chute and a load cell of 4 kg placed
over the chargingpiston to aid in pressing down the sample as
the twin screws rotated at selected speed of 50 rpm.

Figure 4.2 shows a typical plastogram for the evaluation of
unplasticised PVC dry blend at a fixed temperature and speed.

A torque curve developed for several minutes reaching an
initial torque peak C and sharply falling to a near perfect
plateau D for the rest of the mixing period. The fusion time
was obtained as the time between charging the sample and

.relative fusion temperature C.
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4.1.4 Cast-film Technique'20*172

The cast-film technique was used in an attempt to determine
the possible thermal protection that could be given to a PYC
grain by a single stabilizer particle, assuming that the stabili-
‘zer particles were homogeneously distributed during blending.

To do this, sufficient amounts of PVC resin, to make up to 30%
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concentrated solution, was dissolved in tetrahydrofuran (THF).

A few of the largest sized particles of dibasic lead stearate

(v 75 um diameter ~ obtained by standard sieve method) were then
added to this solution. After distributing the stabilizer
particles by mixing vigorously with a glass stirrer, the solu-
tion was cast on a dust-free standard glass slide to obtain

very thin films - with the stabilizer particles randomly distri-
buted on the PYC film surfaces, The films were left for three
days to ensure complete evaporation of all traces of THF.

The cast-films were then heated at 190%C in an oven at
various Heating times. The results of the observation made
with UV fluorescence microscope and photomicrographs obtained
are 1llustrated in the discussion chapters.

Section 4.2: PROCESSED MATERIALS - EXTRUDATES AND COMPRESSION -
| HOULDING .

4.2.1 Microscopical Studies

A number of sample preparation techniques for microscopical
studies, such as fracture, sectioning, polishing,'etching and
replicating have been applied in attempts to study the internal
structure of processed polyvinylchloride. In actual fact, none
have proved to be completely satisfactory, although each has
proved useful for a particular area of interest. For instance,
sectioning has been used successfully to study the fusion of
primary particles whereas grain: fusion is best studied by
examining fractured surfaces, To study the morphological changes,
as a result of processing the dry blends by extrusion and compres-
sion moulding, the following sample preparation techniques have
been used viz polishing, sectioning and fracture.

Other techniques such as replication and chemical etching,
also exploited, were largely unsuccessful -in the elucidation of
the features within this project.
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4,2.1.1 Petrological technique

This technique was originally developed for geological
materials but has been successfully employed, with minor varia-
tions, on a variety of materials, ranging from resins to metals.
The availability of automatic polishing machines means that many
materials can now be polished in substantially less time, and to
a superior finish.

In this experiment, samples of about 0.3 mm thick with highly
polished surfaces were obtained. Each polished specimen was obtained
by grinding a representative sample on Nos 300 through to 500
abrasive paper. After finishing on the No 500 grit paper, the
specimen was ground on a Selvyt SR polishing cloth with Tu alumina
powder for about one hour. This step removes the scratches left by
papers, and this was checked with the steréomicroscope in the
reflectance mode. Polishing was completed using ip metadi diamond
paste and polished for a further one hour. '

' Hhen a h1gh1y polished surface was obtained the samp]e was
trimmed to a thickness of about 2.mm, and the polished surface
glued onto a standard glass slide using Canada Balsam. The reverse
surface was in turn ground on Nos 300 through to 500 abrasive paper
to obtain a thin section. This surface was polished in the usual
manner to obtain a specimen suitable for optical examination in
the transmittance mode. '

4.2,1.2 Brittle-fracture technique

To prepare the specimens for scanning electron microscopy
(SEM) examination, samples were embrittled in Tiquid nitrogeh
(temperature f195.80C) and fractured while brittle. The extruded
strips were cut into test bars (approximately 62 x 14 x 4 m),
notched and each wrapped in aluminium foil. These were then
cooled to about -195,8%C for 4 hours while immersed in the liquid
nitrogen contained 1in a Dewar flask, After removal from the liquid
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nitrogen, the aluminium wrapper was partially slipped off and

the bars (gripped in the jaws of a bench-clamp) were fractured,
in the vicinity of the notch, with a hammer. The aluminium foil
prevented contamination and retained the fragments, most of which
would have been lost when the sample shattered. The fractured
samples were placed in a desiccator, to dry and attain room
temperature. '

For SEM examination of the fractured surfaceé, desired sec-
tions were cut from the samples leaving an excess of about 4 mm
in order to.keep from disturbing the fracture surface. These
sections to be examined were then attached to aluminium stubs
with Agar $ilver-paint glue. This was followed by coating the
sample in a sputter coater SP240..A gold-palladium alloy was
used and a coating of approximately 200°A. (20 nm) in thickness
was applied. The actual observation and micrographs were obtained
with a Cambridge Stereoscan S4-10.scanning electron microscope
which had a.magnification factor of from 20X to X100K.

4.2.1.3 Microtomy

Microtomy is a speciaiised technique for preparing thin sec-.
tions of specimen for 1ight.andé1ectron microscopy. It is a basic
technique in biological studies. Thin sections (less than 40 um)
are cut readily from the sample, which, if soft or to simplify
handling, is often embedded in a block of polymer. . When applied
to the study of the structure of polymers, which are on the 0.02 um
to 130 ym average scale for PVC, difficulties are encountered., This
is in part because of the surface deformation produced by the micro-
tome knife, and in addition, the low degree of structural differen-
tiation in a polymer results.in low contrast. These difficulties
can be avercome substantially by using a knife of high quality
blade - that is, blade free from marks. ‘

Microtome is uéed mainly for preparing thin sections of
thickness from 1 to 40 um. The sample is moved against the fixed
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knife (which could be a glass, diamond or steel knife) and
automatically raised through the required micrometer value before
each cutting action. When thin sections of less than 1 um thick-
ness are required, an Ultratome is employed. This instrument has
been designed to advance the sample very slowly, usually by ther-
mal expansion of the metallic holder. Both equipments have been
used in this experiment to prepare sections for light and electron
microscopy respectively.

Fbr1ightmicroscopica1 examination of the processed material,
thin sections of 10 um thickness were cut using a lLeitz 1400 micro-
tome with a ‘D' profile blade. These sections were mounted between
a glass slide and cover slip using a non-fluorescing immersion oil -
as the mountant. The specimens (80 nm thickness) for transmission
electron microscopy examination were obtained using Ultratome
(LKB Bromma 880) with a freshly made glass-knife. These sections
were collected on copper discs (3.05 mm size) and examined with
the Jeol JEN-100CX model electron microscope. Results of the
observation made and micrographs obtained are illustratediin. . the
discussion chapters.

4.2.2 Impact Strength Measurement

Impact strength measurements were obtained with the Advanced

Ceast Fractoscope impaét tester, using Izod notched method. The
- equipment is designed to give not only the trace of force levels
as a function of time but also. the normal maximum energy values
that cause sample failure. It was calibrated (before the
experiment) to give a direct reading of the’impact energy in
joules as the pendulum struck a sample.

The specimens for tﬁé impact sfrength measurements were pre-
pared by machining to remove the surface Tayers, and then ground
on No 400 abrasive paper to 'smooth' the edges. Six test pieces
were prepared for each formulation and notched. The dimensions of
" the specimens are as given below: '
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Length = 62 = 0.25 mm

Width = 12 £ 0,2 mm (unnotched)
Thickness = 3,5 & 0.25 mm

Depth of notch = 2 mm

Notch angle = 30°

The tests were.made in accordance with BSS 2782, test method
306A, part 3 (1970). {Specimen thickness was about 2.9 mm short of
the BSS minimum thickness due to the die size used, but this does
" not affect the overall result). The impact strength is calculated
from the values of the impact energy and effective specimen area.

4.2.3 Molecular Orientation Measurements

To study the orientation introduced with the sample during
the extrusion process two conventional methods were employed:
shrinkage measurement and birefringence measurement by optical
techniques. The results obtained from preliminary birefringence
test were too negligible to be.of any significance to the project
objectives. This is presumably an indication of the molecular
orientation introduced in this particular 'profile' extrusion
being small. |

4.2.3.1 Shrinkage measurement

For shrinkage measurement the extruded strip was cut to

- obtain a sample of approximately 50 mm in length (see Section 4.2.2
for dimensions of the sample), and the experiment was performed

in accordance. with BSS 2782, test method 106E. Both ends of the
sample were carefully ground on No 400 abrasive paper to obtain
‘smooth' and flat surfaces. The dimensions of the sample were
accurately measured with a Vernier caliper and the sample condi-
tioned in an oven at 130°C. After 30 minutes it was removed and
conditioned in a room temperature of 219C for 12 hours. The final
dimensions of the sample were measured and the changes in dimensidn
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calculated. Percentage shrinkage was calculated from the
equation:

ik LO.? L]
shrinkage = —T— * 100
0

e

where Lo original length
and L1 = final length.

|

4.2.4 Surface Skin Thickness Measurement

Depending on the conditions of processing and type of
process, a specimen can exhibit surface skin texture quite diff-
erent from that of the ‘core' region. This 'skin'' formation can
be due to either orientation or perfect structural arrangement
or both. In injection moulded PVC,:skin formation is a common
phenomenon - being that. the hot melt solidifies in a much lower
temperature mould. The skin has been. reported to be due to orien-
tation, and found to be highly birefringent which on subsequent
heating exhibits considerable shrinkage146’}47; In extrusion,
however, the surface skin will largely depend on temperature
differential between the:extruded melt and its. coo]ing environ-
ment. This means, in effect, that molecular orientation will be
relatively Tower, as well as the birefringence.

In this study, the extruded strips were found to exhibit two
different, but not clearly distinctive, structural features (a
finely structured 'skin' and a coarse ‘core' region) when they
were examined with common 1ight microscopy. This surface skin
was found to.vary with processing parameters and additive types,
and appeared to arise as a result of difference in morphological
features than molecular orientation. To elucidate the development .
of this skin with respect to processing parameters, the polarising
microscopy technique was employed - a method which has been used
by several workers for surface skin measurement in processed/highly
oriented po]ymer]4g’]50.
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The polarising microscope usually consists of an ordinary compound
light microscope to which is fitted a polariser (below the condenser unit},
an analyser (above the objective), a rotatable stage and strain-free optical
elements - (see Figure 1.6). The polariser and analyser (mostly made with
inexpensive 'polaroid' sheet) transmit light vibrating in one plane only.

When the polariser and analyser.are arranged so that their vibration direc-
tions are at right-angles to each other, no light can be transmitted by the
microscope. This arrangement is known as crossed-polar, and was used in this
study. |

For a specimen having at least two principal refractive indices there
will exist some directions in the specimen along which the polarised Tight
may travel without its plane of polarisation being modified - this direction
is known as the optic axes. Polymers, in general, are anisotropic - that is,
can be described.in terms of 2 or 3 principal refractive indices - nys n.y
(and nz) in the optic axes x, y (and z). (Interested readers can refer to
refs. 151,153 for a comprehensive account on this - as it is outside the
scope of this thesis). The difference between such. indices is known as the
birefringence of the material.

When a birefringent specimen is viewed between crossed-polars the
polarised light splits into two beams relative to the optic axés, and thus
the specimen appears luminous (bright or if 3}Aplate is used - different colours)
By rotating the specimen stage through 45° angle some areas will show maximum
brightness than others. The reasons for these phenomena are well discussed in
refs. 151-153, but in its simplest form this is because the beams from the
specimen are vibrating in different axes from those of the crossed-polar. In
other words, in anisotropic specimens the velocity of light and its state of
polarisation is dependent upon the direction of the light entering the material
relative to the optic axes x, y {and z).-By these methods, regions of different
structural features can be readily observed.

In this experiment, very thin sections (5 um thickness) of the extrudates
were obtained along the direction of extrusion, and mounted in a tricresyl
phosphate immersion 0il. These were then viewed under crossed polars (that
is between polariser and analyser), and on rotating the sample stage to 45°
position a maximum brightness of the sample skin was obtained - while Tight
in the 'core' region was extinct. From the photomicrographs obtained the
'surface skin' thickness was calculated using the equation below:

s Wy = He
Skin thickness = 7 XWag
where W, = total width of the sample
Nc = width of sample 'core’
and Mag = magnification of the photomicrographs
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4.2.5 Solvent Absorption Test

Acetone absorption test was used to evaluate the physical
properties of the extrudate. Representative samples cut from the
extrudates were skinned and the edges and sides smoothed to
avoid any side effects as a result of crazes and scratches. The
samples of constant dimensions (20 x 12 x 3.5 mm) for extrudates,
or constant weight (2g) for extruder 'core' samples were accurately
weighed. These were placed in sample bottles of 50 cm3 volume (to
allow enough room for swelling phenomenon). About 25 cm” of acetone
AR-type was added into the sample bottles and covered. After two
hours interval, the sample was removed from the acetone, rapidly
dried with filter paper and reweighed. The percentage acetone
absorption was calculated from the equation: '

% acetone absorption = ngr—~— x 100
1

3

where w] weight of sample
and N2 weight of sample + acetone

-4,2.6 Differential Scanning Calorimetric Technique

Thermal Analysis has become a widely employed technique for : ‘
characterising the thermal history of polymers. Several wor'kersu“"]M’]48
have used DSC for measuring phase transitions {such as glass transition
temperature (Tg), degree of cure, temperature and heat of fusion) in
polymers. . The Du Pont DSC cell makes use of a constantan disc as the
primary means of heat transfer to both sample and reference positions.
Temperatures at the raised sample and reference platforms are moni-
tored by chromel-constantan thermocouples formed by the junction of
the constantan disc with a chromel wire at each platform position.

The difference signal between these two thermocouple junctions is
fed to the amplifier in the 990 cell base module and then monitored on
the Y-axis of the recorder. Sample temperature is recorded using a
chromei-alumel thermocouple below the sample and recorded on the X-axis,

~ Since a small sample size (~10-15 mg) is normally used and the size
of the container is small (maximum dimensions about 1 x 6 mm diameter), it
has been tacitly assumed that the sample temperature is uniform,
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and equal to that of its aluminium container.

In this work, Du Pont model 910 differential scanning
calorimeter with 990 temperature programmer and recorder were
used to measure the heat of fusion of processed PVC. The opera-
ting conditions as calibrated for standard measurement were used.
These parameters are as follows:

Sample weight 15.5 mg
Starting temperature 259
‘Limit temperature 240°C
Sensitivity 2 v cm !
Programme rate 209C min”!

From the thermograms obtained the areas of endothermic curves
were measured. These raw data were then used to calculate the
heat of fusion from the equation given below:

A P -]
AHf =0 (60 B.€. Aqs) Jg

where A = area of endothermic.curve (cmz)
m = mass of sample (9g)
B = programme rate (in this case = 0.5 min/cm)
Aqs = sensitivity
and e = a constant whose value .depends on the specificatien

of the DSC cell used (in this case was found/
calculated to be 0.257).

The derivatives of B, A and ¢ are well described in the
manufactureﬁsmanua1]
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CHAPTER 5

POWDER ‘BLENDING STUDIES

5.0 Results and Discussion

The resuits obtained from experiments carried out on powder
blends will be discussed under the following headings: distribu-
tion of additives in dry b1énds; effect of blending parameters
’on morphological changes; effect of concentration of stabilizer
on nature of distribution and morphological changes, and;
effect of formulation variables on additive distribution and
morphology of blend. |

5.1 Distribution of Additives in Dry Blends

5.1.1 Nature of Solid Additives Distribution on PVC Grains

The powder blends obtained under normal b1endiﬁg conditions
were examined with the transmitted 1ight differential interference
contrast (DIC) microscope. It was. observed that the solid addi-
‘tives were deposited on. the surface of the.grains. Typical examples.
are shown in Figure 5.1 {a, b, ¢ and d) which are respectively
DIC micrographs of Folymer with no additives, blend with 0.4 phr
calcium stearate, 2.5 phr dibasic lead stearate (DBLS) and 2.5 phr
tribasic lead sulphate (TBLS). Blends .with no additives (Figure 5.1a)
showed the PVC grains to have poor contrast in the liquid of
near matching refractive index. To understand whether the poor
contrast was peculiar with suspension type polymer it was compared
to PVC-mass grains prepared under similar conditions. It was
found that the surface appearance of both grain-types was similar,
and therefore 'skin-effect' of suspension-PVC grains is not visible

- or responsible for the observed topography of the grain. By the
incorporation of 0.4 phr calcium stearate, a Tubricant, contrast
was significantly improved (Figure 5.1b), The lubricant is clearly
seen on the surface of the grains, although only in isolated areas



J0

E—  IGURE 5.1: Distribution of individual additive as a function of dry blending.

(c) —= .5 phr DBLS (d) 2.5 phr TBLS
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- (e.g. the circled region in Figure 5.1b). This is partly due to
the quantity of calcium stearate in the formulation being small
(i.e. 0.4 parts per hundred of resin), and partly due to the
fact that the Tubricant melts near the blend discharge tempera-
ture.

In Figure 5.1¢, the grains contour is clearly more visible
by the incorporation of 2.5 phr dibasic lead stearate stabilizer.
The stabilizer is distributed on the surface of the grains, almost
completely coating the entire surface of each grain. This could
be attributed to the fact that the quantity.of DBLS incorporated -
into the formulation was much larger than that of calcium stearate
and, moreover, it does not melt anywhere near the blend discharge
temperature. Although the grain surface appears to be completely
coated, the stabiliser is not uniformly distributed due to the
grains topography (see Séction 5.1.2). A few areas are stili
devoid of stabilizer, but.they are extremely negligible (Figure
5.1c) when compared to the blend containing calcium stearate
(Figure 5.1b). In general terms,.there is no evidence of the
solid additives being absorbed into the resin grains.

These observations have also been reported by Ga1e49,

HemsTey et a148 and.AHsopp50 using either different sample prepa-
ration techniques or microscopy methods on other solid additives.
Hems ley et.al48 have studied the precise location, dispersion,
distribution and function of tribasic lead sulphate and calcium
stearate in powder blends of mass and suspension types polymer.
By examining the thin sections of grains embedded in Araldite

with light and electron microscopes, they observed that solid
additives are usually well distributed and located on PVC grain
surfaces, The same pattern of solid additives distribution have

~ been reported by A11§opp50 on examining microtomed sections of
suspension grains embedded in epoxy with differential interference
contrast microscopy method. With the common 1ight method also

- he observed that the solid additive (tribasic lead sulphate)
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appeared as black 'specks' on the grain surface.

In all cases, they reported that additives distribution is
strongly influenced by grain topography. This fact is evident
in Figure 5.1d where more TBLS particles are seen to accumulate
in the re-entrant areas of the surface of PVC grains. Tribasic
lead sulphate was used to illustrate this fact because its blend.
shows a higher refractive index contrast compared with dibasic
lead stearate blend,

From this section, it.is apparent that solid additive - in
this case stabiliser - deposits on the surface of PVC grains during
high-speed blending.

5.1.2 Effect of Particle Size. and Shape on Additive
Distribution

In order. to study more systematically the distribution of
additives as a function of particle size and topographical features,
representative samples of blends of different blending speeds
were each sieved into seweral size fractions. A typical example
is shown in Figure 5.2 (a, b and c). - the DIC micrographs of
three different size fractions, (a) <45 um;y (b) retained in
106 um sieve; and (c)>~250.ﬁm, of blend produced at 3600 rpm.

. Observations show that for each blending speed, there is no
difference in additives distribution among grains of different
sizes. Additives appear to coat the grains FUnifofm1y' whether
large, small or medium size grains. But the effect of particle
~ topography is clearly evident. The uniformity of the distribution
is largely a function of the grain topography with much of the .
additives located in the re-entrant regions of the grain
(Figure 5.2c}.

The effect of grain shape/topography on additives distribu-
- tion also strongly depends on the polymer type. With mass-polymer
the accumulation of 'excess' additive in the ‘valleys' on the
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FIGURE 5.2: Effect of grain size and shape on additives distribution
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FIGURE 5.3: DIC micrographs of PVC powder blends
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surface peculiar to suspension-type polymers was not observed.
This is due to the fact that the mass-polymer grains have a
'strawberry-like' topography. The 'strawberry-like' surface
enables additives to be distributed easily and uniformly on the
~ grain surface, and moreover, readily permits the thickest addi-
tive coating on the grain surface compared: with the suspension
and emulsion type polymer grains. Figures 5.3a and 5.3b show
respectively the DIC micrographs of mass and emulsion grains
blended under similar conditions as the suspension grains,

The emulsion grains, unlike suspension and mass grains, are
spherical. Hence it will be very rare to have an ‘excess* accu-
mulation of additive particles on any region of its surface.

But one major disadvantage is that, unlike its counterparts,

the spatial homogeneity.of the blend will be difficult te achieve
(see Figure 5.3b). This is because smoothness of the grain sur-
face may not call for proper adhesion of additive particles.

In the succeeding sections, the effect of blending condi-
tions . on the extent to which stabilizer protects the PVC grain
surface from thermal treatment and morphological changes will be
discussed. The results to.be. discussed have been obtained pri--
marily from the qualitative and quantitative methods of fluorescent-
thermal analysis.

5.1.3  Effect of Blending Conditions on Distribution of
Additives

5.1.3.17 Blending speed

Blends prepared at different blending speeds were examined
with differential interference contrast (DIC) technique. Also
examined was the blend prepared by mixing thoroughly the ingre-
dients by hand for about 10 minutes, Figure 5.4 (a, b and c¢)
shows the typical examples of DIC micrographs of blends at three
extreme mixing conditions: Figure 5.4a - handmixed (premix)
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FIGURE 5.4: The DIC micrographs of resin blended at different blending
speeds

(a) Premix

j (b) 1800 rpm
Y . 1 (c) 3600 rpm
10oum
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blend, Figure 5.4b - Fielder blend at 1800 rpm and Figure 5.4c -
Fielder blend at 3600 rpm, " In the premix blend (Figure 5.4a),
although the additives were deposited on the PVC grain surface,
dispersion is extremely poor. Agglomerated additives particles
are visible on the grain surface, and some loose additives parti-
cles can also be seen not absorbed on the resin grains. The
reason is quite apparent, since there was no heating (either

by external or internal sources) and literally no shear and
frictional forces during premixing, the solid additives failed

to 'breakdown' and/or 'adhere' to the resin grains,

When the blends were mixed at different blending speeds
between 1800 rpm and 4200 rpm in an 8 litre T K Fielder blender,
significant improvement in additives dispersion and distribution
occurred compared with premix blend, Typica1 examples of DIC
micrographs of blends from two vastly different blending speeds
(1800 rpm and 3600 rpm) are respectively shown in Figures 5.4b
and 5.4c, However, among the blends prepared at high blending
speeds no signifiéant difference in additives distribution is
observed. The additives are well distributed and located on the
PYC grains surface. Many workers49’50’55 in this field of study
have used embedding techniques (with mostly epoxy) to show that
additives coat PVC grains surfaces, but they have shown little
interest in.the distribution of additives as a function of
blending speeds, perhaps because of the limitations in the .embedding
technique. |

This area (effect of different blending speeds) has been
closely investigated using fluorescence analysis (see Chapter 4) -
a method developed. to study the extent of grain protection from
heating by stabilizer {quantatitivemethod) and to precisely under-
stand the morphological changes during blending {qualitative
method).
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By the quantitative method, increased level of fluorescence
intensity means higher degree of degredation and in this situa-
tion, therefore, could be interpreted as 'poor' distribution of
solid stabilizer., In Figure 5.5 it is observed that the rela-
tive fluorescence intensity slightly decreases with increase in
blending speeds up to 3600 rpm before increasing slightly.

This decrease in fTuorescence intensity (FI) with increasing
blending speed is negligible and insignificant considering that
variation in FI between heat-treated grains of a specimen could
"be up to 5% due to particle size differences. |

Therefore, it appears that blending at high-speeds, of the
type that generates high shear and internal/frictional heat,
produce blends with minimal variation in additives distribution,
This observation again suggests that when any of the additives
melt during blending, the effect of variation.in blénding para-
meters on distribution is negligible - in agreement with the
results of DIC microscopy (Figure 5.4) and those feported by
Allsopp154 and Ga1é49. The results obtained from quantitative
fluorescence analysis are collated in. Table 5.1.

5.1.3.2 Effect of blending time

Blending temperature has always been constant for standard
blending conditions at }20°C, and invariably controls the blending
time. Therefore, if the standard formulation is being blended at
standard conditions - 3600 rpm, 120°C discharge temperature and
759C jacket temperature - in an 8 Titre T K Fielder blender it
will take a minimum.of 18 minutes blending time to:reach the
discharge temperature. This has been.the normal blending time,
but in order to compare the effect of blending time on additive
distribution, it was thought prudent to blend for times longer
and shorter than normal.
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TABLE 5.1
Relative fluorescence intensity of dry-blends at different blending
speeds
B1endiﬁg Relative fluorescence intensity (%)
Speed
(rpm) 1 2 3 4 5 6  Average
1800 56.8 53.5 52.4 52.9  52.8 56.6 54.17
2600 56.2 53.3 51.9 56.4 53.9 52.4 54.02
- 3600 50.6 52.6 53.3 48.9 50.0 54.3 51.62
4200 49.8 55.3 55.7 50.7 50.2 52.2 52.32
TABLE 5.2

Relative fluorescence intensity of dry-blends at different blending
times for Fielder and Henschel blenders

Blending Relative fluorescence inténsity (%)
time
(mins) 1 2 3 4 5 6 Average
§ 55 |[644 67.8 60.2 66.8 64.2 63.9 64.55
310 55.6 59.6 61.9 57.5 61.8 56.6  58.83
15 52,5 57.9 58.9 52,5 51.4 51.5 54,12
€ 19.5 |53.3 50.6 52.6 48.9 50.0 54.3 51.62
|7 25 49.7 53.9 52,1 51.4 48.5 50.8 51.07
35 70.1 69.7 70.2 72.8 70.2 73.5 T71.12
1210 67.6 69.6 71.0. 67.5 71.8 66.6 69.02
15 62.5 57.9 58.9 62.5 61.4 . 61.5  60.78
£ 20 53.9 52,1 54.1 49.9 56.1 52.3  53.07
£ 25 54,4 49.2 49.2 53.2 56.0 50.8 52.17
= 30 50.9 54.5 49.5 52,4 53.9 49.8  51.85
| | ,
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The blends were examined with differential interference
contrast microscope. They seemed to show no difference in
additives distribution Figure 5.6 (a and b) shows the micro-
graphs of samples blended at two extreme blending times (5.5 mins
and 19.5 mins respectively). This means that ‘uniform' distribu-
tion of additives in a high-speed blender is achieved at the
early stage of the blending cycles. Hemsley et a148 have studied
the effect of Dlending cycles on additives distribution using
electron microscopy. They have suggested, after other physical
property <. measurements such aS'powderrdensity.for instance,
that poor additives distribution is observed only at very short
blending cycles. Since the blend prepared in 5.5 minutes blending
cycle was discharged. at 88°Cf(which is well outside the melting
range of the external lubricant.- 98-10]°C) it is obvious that
distribution of the additives between PVC grains is:poor,

In order to make a.thorough examination of the effect of
blending time, quantitative fluorescence analysis technique was
employed. Figure 5.7 shows. a drop.in: fluorescence intensity
with increase in blending. time. The. higher fluorescence intensity
observed with short blending time is a strong evidence of poor -
stabilizer distribution at this blending cycle. Although the
additives coat the PVC.grain surface, at short blending time the
discharge temperature was not highienough to melt the Tubricants
which could have optimised the adhesion of the stabilizer on the
grains surfaces. As the blending is prolonged however, a near -
plateau is reached (Figure 5.7) signifying that there is little
difference in stabilizer distribution, This can be attributed
to the fact that the discharge temperatures are higher than the
melting point of the external Tubricant (Table 5.5). This result
agrees with-previous results obtained with blending speeds (Sec-
tion 5,1.3.1), and with the observations made by A11sopp154, and
other workers48’4g’]56 that an optimum Tevel of distribution of
solid additives is achieved only if the mixing temperature exceeds
the melting point of one of the additives.
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FIGURE 5.6: The DIC micrographs of blends prepared at different blending
times

(a) 5.5 minutes

(b) 19.5 minutes
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Since this fluorescence analysis convincingly appeared to
be a sensitive technique for measurement stabilizer distribution,
a further study was made on blends prepared with a 10 litre
Henschel mixer. The use of the Henschel intensive mixer provides
not only a means of proving the non-subjectivity of this fluores-
cence analysis. method but also the.elucidation of the effect of
mixer blade configurations on additives distribution. The Henschel
mixer has a single-layer blade arrangement, while in the T K
Fielder mixer a double-layer blade arrangement was used (see
Appendix 3). Previous work by Katchy'>® in IPT, Loughborough
University, using different blade arrangements.on the 8 litre
T K Fielder mixer showed that a single-layer arrangement is:less
intensive. He reported.that the low bulk density values found
with the latter blade arrangement implies ‘poor' distribution of
stabilizer. In this experiment the result was found to follow -
the same trend as those.obtained with the T K Fielder blends.
That is, fluorescence. intensity decreases with increase in
blending time:- indicating better stabilizer distkibution. How-
ever, unlike the Fielder blénds, the values of fluorescence inten-
sity for Henschel blends are much higher (Figure 5.7).

From this study it has been clearly proven that blade configu-
ration affects additive distribdtiaen,and more important, the sen-
sitivity of this technique is - to a greater extent - certified.

The results of the FI measurements for the two blenders
are given in Table 5.2.

5.1.3.3 Influence of charge weight on additive distribution

The quantity of material charged into a blender in a single
blending operation has been known to affect blend properties.
Although previous work]32’155’157 has-. shown that design of the
mixing chamber and mixing range (maximum and minimum) of the
equipment are some of the factors which affect powder blend "
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?IGURE 5.8: Effect of charge weight on additives distribution
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properties due to charge weight, little is known of their
effects on additives distribution. In this experiment, blends
prepared in an 8 litre T K Fielder blender at five different
charge weights (1 kg, 1.5 kg, 2 kg, 2.5 kg and 3 kg) were
investigated. This blender was used because the configuration
of the propeller permits, with more eaée, the blending of the
considered minimum and maximum charge weights compared with the
10 Titre Henschel blender. Each blend was examined and analysed
with differential interference contrast (DIC) and UV fluorescence
microscopy methods.

With the DIC microscopy the additives appeared to have dis-
tributed uniformly on the grains surfaces at all charge weights.
Figures 5.8a and ¢ show the micrographs of samples of 1 kg and
3 kg charge weights respectively. From these micrographs it
appears that the differences in additives distribution amongst
blends of different charge weights are obviously small - observing
better distribution with increase in charge weight.

The use of quantitative fluorescence thermal analysis showed
identical trends, except that optimum distribution is identified
with 2 kg charge weight. Figure 5.9 shows the graph of relative
fluorescence intensity of the blends and different charge weights.
It is evident (from the observed lowest fluorescence intensity) that
optimum distribution of additives is obtained when the optimum
quantity of material is hlended. The reason is because at this charge
weight maximum 'work' is done on the blend in a manner which allows
the Tubricants to meit just after all the additives have been well
distributed on the PYC grains surfaces. This reason agrees with the
fact that hest distribution of additives is associated with ‘pro-
longed' blending time.

From the shape of the graph (a quarter moon shapé) it can be
deduced that blending higher, instead of lower, than the normal
charge weight {s advisable if good distribution of additives is to
be achieved. The results from fluorescence analysis measurements

are given in Table 5.3.
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TABLE 5.3

Relative fluorescence intensity of dry-blends at different charge
weights

Charge | =~ Relative .fluorescence intensity (%)
Weight
| (kg). .} 1. ....2 ... 3. 4 5 6 Average

1 58,2 57.3 88.3 60.1 58.1 57.6 58.32
1.5 50.7 52.9 56.9 55.7 53.7 52.6 53.75
2 54.3 52.6 53.3 48.9 50.6 50.0 51.62
2.9 54,2 54,7 52.1 50.6 53.1 53.4 53.02
3 56.3 54.8 53.4 53.8 57.3 56.2 55.47

5.2 'Effect of Blending Parameters on Morphological Changes

The effects of blending parameters on dry blend properties
such as densities, flow-rate, particle size and size distribution
have been studied.. The results ohtained are as listed in Tables
5.4 to 5.6 and plotted in Figures 5.10 to 5.14. The blending para-
meters investigated were, as before, blending speed, blending time
and charge weight:so that at the end an attempt will be made to
correlate additives distribution with morphological changes.

In Figure 5.10 powder density is seen to increase with higher
blending speed.” Bulk density increases steadily at first up to
3000 rpm. Above 3000 rpm it increases sharply to reach a near
steady increase again. The tap-density also increases in the same
manner as the bulk density but has higher values. This increase
in'pawder density is due to the higher shear environments associa-
ted with higher blending speeds49’]3]’]32. For example, the pfonohn-
ced difference in densities between blends prepared at 1800 rpm and
3600 rpm could be attributed to the formation of more smaller parti-
cles in the Tatter 2S. Morohashi' >0 reported an increase in bulk
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density to be due to formation of smaller particles at high
blending speed. He showed blends preparéd in a Henschel mixer

at low speed to have lower powder density compared with those
prepared at high speed. Although at 1800 rpm to reach the normal
discharge temperature has required a longer blending period, the
effect of this 'prolonged' blending in this context is negligible.
The reason is that, at different blending speeds, the effect of
blending time on density changesis insignificant because the blends
are produced at the same discharge temperature (12000). Conversely,
at different blending speeds, if the blends are discharged at the
same blending time but different blending temperatures the effect
of discharge temperature on density changes precedes that of
blending speeds. The effect of temperatures on powder densities
has been reported by several workers to precede other parameters
Therefore to avoid temperature effect the blends were discharged at
the same temperature.

131,132

The effect of blending speeds on changes in grains morphology
~during blending was further investigated with semi-quantitatfve and
qualitative methods of UV fluorescence analysis. These were used

to determine the particle size and size distribution of heated
grains of specific size range. To do this, 10% of grains with
particle sizes from 150 to 212 um and particle sizes below 75 um
were sieved out and heat-treated (full details of this experiment
are given in Chapter 4, Section 4.1.2). The blends containing heated
grains were obtained for blending speeds from 1800 to 4200 rpm.

Figure 5.14 compares the size distribution of the heated
grains at two different blending speeds (1800 and 3600 rpm). A
shift in particle size of heated grains from the original size
fraction is observed. This indicates that 'breakdown' of grains
occurs during blending, and is most pronounced for samples blended
at 3600 rpm. This can be attributed to the higher particle inter-
actions associated with the high shear rate - environment at high
blending speed158. Figure 5.15 shows/compares the size distribution



Number of Particles (%)

30
“,
Original Size Fraction
20
J ] 7\
. LAY
.- . ,I \
’ . A
. A . ! A
/ » : / \
\ e ,I \
/ \ Y \
PO | \ : d \
[} \ 2 4 \
I’ o ' - - l, \
F
1o} s ',' \\ . 'I S~ J \‘
N \ % .
: :’ \\ ,’ . \
! LY '- n'. K \
z / NS ’ .'. \
. 7 0 /I . . 2
v ’ ' ¢ Y
. / \\ , ’ ‘A
" -..\ ’l . Q\
7 ‘.\.\ /’ .-l..lu...'t.. AN
s .'-\ ,’ . " t \\
F 1’ \"",. e \--,__ .
..-"' ’,’ . “.--":'
O & i i i A 2 M i 1 3 1 s i PP

0 40 80 120 160 200
Particle Size (pm) l

FIGURE 5.14:kffect of blending speed on the size changes of heated grains of size from 150-212pm. (T K Fielder
blender) (---) 1800 rpu, (+-) 3600 rpm.

240

0l



Number of Particles (%)

45

280

Original Size
Fraction '
I
v AR
H A
it A N
i! 1
il .
1 Ly
i HR
H I
i 1y
i 1 1y
P ] E !
15 } i 3 .
5 i .\
: <l
il !
7 %
§ A
!: A ,
: N\
/ A
’ LAY
{ .
»”’ V ..‘}\-
.-'f-.'/ ’ . -... -:\ - ~ ~
ol Tre, ~
0 i 1 Il L A PRl N | 1 i 1 L 1 A ] A
0 40 80 120 160 . 200 240

Particle Size (um)

Effect of blending speed on the size changes of heated gralns of <75um size, (T K Fielder

FIGURE 5.15:
blender) {(----) 1800 rpm, (-+.+)} 3600 rpm.

1721



122

of heated grains of <75 um again at two blending speeds. No
significant shift in distribution is observed to eithar lower

or higher size range. Therefore very little agglomeration occurs
during blending. This is supported by the observations made with
qualitative fluorescence analysis method on several size fractions
from the blends. It was observed that very little adhesion occurs
between grains (Figure 5,16} compaied with particle 'breakdown'.
Perhaps another important point clarified by the use of this tech-
nique is particle adhesion. After examining samples of many blends
(randomly sampled) it can be concluded that it is rare- if ever

it does exist - to see 2 equal size grains/fragments adhering to
each other. However, small fragments mostly are seen to adhere

to large grains - especially with blends prepared at high blending
speeds. This explains the fact that higher powder density is
observed with increase in blending speed.

Powder densities also increase with increasing charge weight
(Figure 5.17). In this figure a sharp rise in bulk density is
observed on increasing the charge weight from 1.5 to 2 kg - presu-
mably indicating a region of optimum charge weight. On further
increase in charge weight to 2.5 kg a maximum bulk density value
is reached, but the dependency is much more reduced. This strongly
suggests that the ‘vortex' flow of powder is greatly restricted.
In other words, another increase in charge weight will result in
a sharp drop in bulk density (Figure 5.17) - due to less inter-
action between the particles. The sharp increase in densities from
minimum to .optimum charge weights is due to the intense mixing
‘action associated with optimum charge weight - which causes not
only reduction in particle size but also the additives to be
quickly dispersed in the mix.

In general terms, powder density and flow rate measurements
'have been employed quite extensively by workers131’159’}60 to
elucidate the effects of blending parameters on powder blend.
Hemsley et a148 reported that significant changes of bulk density
are observed in a normal blending process even at relatively low
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E 5.16: Fluorescence micrographs of samples from four different size
fractions (original size fraction 150-212 um) 3600 rpm

53 um () 90-106 um

180-212 um _ (d) >250 um
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shear effects. Guimon131 has also indicated that powder densities
increase very rapidly within the first 3 minutes of blending cycle
and would soon be at a maximum but for temperature. High density
blends are reported to be due to particle size reductiodg{ Since
higher density and reduction in flow~-rate are associated with
'prolonged* blending cycle, high charge weight, and high blending
speed, reduction in particle size occurs at these conditions,

This is confirmed by the broad agreement between the results obtained
from fluorescence microscopy techniques and conventional methods.

TABLE 5.4 .
Effect of blending speed on dry-blend properties

Blending Discharge Bulk Tap Flow-rate
speed time density Density x 1072
(rpm) (mins) (Kgm™3) (Kgm= ) | (Kg sec”l)
1800 35.0 608.22 649.90 1.16
2100 30.5 610,50 654,23 1.144
2600 28.0 612.28 654,91 1.123
3000 24.0 . 613.72 655.96 1.13
3600 19.5 620.00 662.84 1.122

4200 14.5 624.15 665.20 1.134




TABLE 5.5

Effect of blending time on dry-blend physical properties
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Blending |Discharge Bulk Tap Flow-rate
time Temp. density |Density x10-2
(mins) (9C) (Kgmm3) | (Kgm3) |(Kg sec~1)
- - 590.01 | 650.82 1.1
5.5 85.3 606.80 655.10 1.128
Fielder 10 97.8 614.22 657.94 1.135
Blender 15 107.9 619.70 | 660.40 1.122
19.5 120.0 620.00 662,86 1.122
25 125.0 625.98 | 669.25 1.115
...................... I [ RIIpN IV EU R
5 81.0 598.42 652.10 1.14
10 90.0 599.08 653.71 1.126
Henschel 15 100.5 600.13 654.55 1.134
Blender 20 106.5 602.70 656. 32 1.129
25 109.0 609.01 657.10 1.1n
30 12.5 614.10 661.14 1.09
TABLE 5.6

Effect of charge weight. on dry-blend physical properties

Bulk

Charge Discharge Tap Flow-rate

Weight time - density density x 10-2
(Kg) (mins) (Kgm™3) (Kgm=2) (Kg sec™!)
1.0 28.0. 607.07 649.90 1.130
1.5 - 22.5 610.17 654.50 1.119
2.0 19.5 620.00 662.86 1.122
2.5 16.0 622.30 661.94 1.120
3.0 11.5. 617.94 661.98 1.120
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5.3 Effect of Concentration of Stabilizer on Nature of
Distribution and Morphology

The effect of stabilizer loading on its distribution between
powder grains was studied with fluorescence and differential
interference contrast microscopes. Stabi]izér-loadings from
1 phr to 4 phr were examined with DIC and their micrographs are
as shown in Figure 5.18. More stabilizer is observed on the sur-
face of the PVC grains in Figure 5.18b than the surface of grains
in Figure 5.18a. An image contrast is developed as the stabili-
zer concentration is increased. Since the polymer grains and
immersion 1iquid have similar refractive index the development
of image contrast is due to index difference from the stabili-
zerlﬁ]. An optimum image contrast is observed at near 3 phr
stabilizer concentration, At this ratio a saturation level
appears to have been reached and further addition of stabilizer
made no significant different to its image contrast. It means
that more stabilizer particles are deposited/absorbed on the PVC
grains of blends containing higher concentration, and that a
saturation level is reached at about 3 phr. These observations
made with DIC were further/closely investigated with quantitative
fluorescence analysis method on heated grains. Because of thermal
instability of PVC the extent to which the PVC grainé is protected
from thermal degradation/discolouration would largely depend on
the quantity of stabilizer on its surface. Conversely-re1ative
fluorescence intensity depends on the level of degradation
{see Chapter 4).

Figure 5.19 shows a decrease in relative fluorescence inten-
sity as a function of stabilizer concentration. After the initial
sharp drop, the fluorescence intensity appears to have reached a
plateau at 2.5 phr stabilizer loading. This is in broad agreement
viith the observation made with DIC - that a Tevel of saturation
is attained after 2.5 phr loading. This is expected because the
amount of lead stabilizer normally used in industry has been
3 phr97’]62. This result not only confirmed the DIC observation
but also emphasised the sensitivity and non-subjectivity of the
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FIGURE 5.18: Effect of DBLS loading on distribution
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FIGURES.19: Relative fluorescence intensity of dry-blends containing
different loadings of DBLS stabilizer after heating to 190°C
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UV fluorescence analysis. The result:. from the fluorescence
measurement is given in Table 5.7,

The effects of stabilizer concentration on physical
properties such as densities, flow rate and particle size
distribution (determined to substantiate the microscopical
observations) are given in Figures 5.20 and 5.21 respectively,
and are listed in Tables 5.8 and 5.9, Results from flow rate
measurement show the values to decrease with increase in stabili-
zer concentration (Figure 5.20). The decrease in powder flow rate
is due to rise in surface friction between the grains as thicker
layers of stabilizer are formed on:their surfaces. This effect
has been reported by other workers 29’13]. Corry et %1]29 have
shown that flow-rate of suspension PVC decreases with increased
amounts of secondary organic additive. High stabilizer ratio,
therefore, suggests an increase in the density of the blend - and
in fact the bulk density was found to increase sharply with
increasing stabilizer concentration up to 3 phr. It must be
stated that the dependency reduces as the stabilizer loading
increases. A small drop in bulk density at 4 phr is observed.
This drop in density could be explained in terms of a lower
discharge temperature (Table 5.8) - caused by excessive lubrica-
ting effect of the stabilizer observed only at higher concentra-
tion.

The particle size distribution of blends with different
stabilizer loading are compared in Figure 5.21. Distance between
the bimodal distribution peaks appears to have narrowed down with
increased amounts of stabilizer. This effect could suggest a
possible surface modification of the PVC grains - caused by
increased stabilizer loading. This change in particle size
distributicn also reflects on the powder density dué to altera-
tion in packing characteristics of the-b1end128. By sieving the
blends to BS 410: 1969, ‘test sieve', a trend was obtained between
particle breakdown and stabilizer concentration (Table 5,9). More
particles were found to pass through the 180 um mesh size as the
DBLS concentration was increased, This seemed to agree with the
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particle size distribution in Figure 5,21 - where an imaginary
drawn vertical line at 180 um particle size would cut through,
first at 2.5 phr and lastly O phr distribution curves. In other -
words, more particle 'breakdown' is obtained with increasing
stabilizer concentration. This tendency decreasesafter 2.5 phr
- - due to, perhaps, the effect of low surface friction between
particles, and between particles and surface of mixing chamber,
Assessment of particles retained in 250 um mesh size evidently
showed the 'breakdown' of particles to occur largely at higher
particle size fraction (Table 5.9). However, at higher stabi-
lizer concentration (above 2 phr) only smallchange in particle
size was observed at high particle size fraction, -

As expected, the Brabender fusion time was found to increase
with increase in the concentration of DBLS. However, at 4 phr of
DBLS a decrease in fusion time was observed (Figure 5,20). The
reason for this is not exactly known, but it is certain that a
saturation level is reached at about 3 phr - in broad agreement
with the observations of DIC and fluorescence micrdscopy methods.
The results of these measurements are illustrated in Tables 5.7

to 5.9, '

TABLE 5.7

Relative fluorescence intensity of dry blends containing different
concentration of dibasic lead stearate (DBLS) - Henschel blender

Concentration , Relative fluorescence intensity (%)

of DBLS (phr) 1 2 3 4 5 6 Average
0 84.4 87.8 80.2 86.8 84.2 83.9 84.55
1 69.7 64.9 68.1 70.4 65.5 70.8 68.23
2 55.3 60.2 56.8 57.4 55.4 57.2 57.05
2.5 54.4 #9.2 49.2 53.4 56.0 50.8 52.17
3 52.6 53.3 49.6 50.1 47.7 48.6 50.32
4 51.2 49.7 47.4 50.1 46.5 49.6 49.08
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Relationships of powder blend properties to the concentration of
dibasic lead stearate (DBLS) - Henschel blender

D;Sdamql?- tme = |Qmis |

Concentra- | Discharge Bulk Tap Flow Brabender

tion of Temp. Densiﬁy Density rate “fusion

DLBS (phr) (9c) (kgm=3) (kgm=3) x.10-2 time
(kgsec™1) (mins)

0 102.5 595.26 642.30 1.180 1.00

1 104.5 600,60 649.46 1.155 1.85

2 106.5 602.23 653.66 1.132 2.90

2.5 106.5 602.70 656.32 1.129 3.15

3 107.0 . | 603.64 658.20 1.120 3.70

95.5 601.73 652.30 1.100 3.45

TABLE 5.9

Relationship of particle
stearate

size to concentration of dibasic lead

Wt of

Concentration Wt. of particles particles
of DBLS (phr) through 180u mesh retained in >250u
: size (%) mesh size (%)

0 73.52 ~ 0.51

1 75.18 0.33

2 76.30 0.40

2.5 77.15 0.50

3 77.17 0.51

4 77.80 0.63
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5.4 Effect of Formulation Variables on Additive Distribution
and Morphological Changes

Variations on the basic formulation were made to obtain
simple yet readily processable formulations (see Section 3.2).
Apart from varying the lubricant concentrations, small amounts
of 'secondary’ additives also have been incorporated into the
basic formulation. The effects of these minor variations, in
the basic formulation, on additives distribution and powder
morphology will be discussed under the following headings:
effect of varying the ratios of lubricants and effect of addi-
tion of 'secondary' additives. '

5.4,1 Effect of Varying the Ratios of Lubricants

The effect of varying the ratios of external and internal
lubricants in the basic formulation was studied with transmitted
light differential interference contrast (DIC) technique, By
this method it was found that neither Tower nor higher ratio of
both 1ubricants have significantly changed the spatial homo-
geneity of the blends. This is because the variations made in
the ratios of these lubricants were too small to impant any
visible change in image contrast between the blends. Figure
5.22 shows the DIC micrograph of typical example of additives
distribution observed with both higher and lower than normal
concentrations of the lubricants. It is evident when compared
with Figure 5.1 that no significant change in distribution has
~ occurred.

Table 5.10 shows the results from physical properties measure-
ments. At low ratio of internal Tubricant (calcium stearate) reduc~
tion in external lubricant concentration produced blend with
lowest bulk density. At high calcium stearate concentration reduc-
tion in external lubricant concentration slightly lowered the bulk
density. However, when both the external and internal Tubricant
concentrations were simultaneously increased, the bulk density
was found to increase. This suggesté perhaps that the shape of
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Effect of lubricants concentrations on additive distribution
(b) .8 phr calcium stearate;

FIGURE 5.22:
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TABLE 5,10

Variation of different formulations with physical properties of
powder-blends
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Formu- Additive type and Bulk Tap Flow Brabender
lation ratios (phr) D(ensitay) ?ensigg)( \r-a\te2 fusion
Number kgm= kgm™ x10- time
Cal.St. G.S. wax (kgsec-1) (mins)
1* 0.4 0.3 620.00 662.86 1.122 2.98
2 0.4 0.15 620.51 665.04 1.123 2.45
3 0.8 0.3 626.51 669.41 1.125 3.40
4 0.8 0.15 624.74 668.11 1.126 3.26
G¥* 0.2 0PW 621.62 664.13 1.182 3.30
Gx* 0.4 GMS 626.18 668.55 1.144 3.10
7% 1.5 K120N 632.09 673.20 1.129 2.70
gr* 1.5 NLS 639.33 685.46 1.137 5.30
9 2.5 TBLS 631.93 679.10 1.099 2.65

*
n

*%k

OPW
GMS

standard formulation
standard formulation containing the 'secondary’

K120N = Paraloid K120N
NLS = Normal lead stearate

Cal.St. = Calcium stearate
G.S. wax= G.S. Wax 2411p

Oxidised polyethylene wax
Glycerol monostearate

additive indicated
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the particles has been greatly modified ~ due to large amounts
of lubricants. Flow rates of the blends did not follow the same
trend as the bulk density. However, it is observed:that increase
in calcium stearate produced blends with higher flow rate for
blends containing Tower or higher ratios of external lubricant
(Table 5.10) compared with the standard blend. To further
substantiate the effect of lubricants concentration on powder
properties fusion time of these blends were determined with
Brabender Plasticorder - a method which has been used by several
workers 395164 4 determine the fusion time of PVC, Table 5.10
shows the longest fusion time to be associated with the blend
with highest concentration of lubricants. This is expected since
the lubricants will significantly reduce interparticle friction
‘hence delaying the gelation perioﬁq4’]65’166’]58. The effect
oflthis on processing will be discussed in the next two chapters.
It is worth noting the pronounced effects variation in ratios

of lubricants have on the fusion characteristics of the blends.
For instance, 50% reduction of GS Wax (external Tubricant) ratio
reduced the fusion time by merely a quarter, The results are colla-
ted in Table 5.10.

5.4.2 Effect of Addition of 'Secondary' Additives

The results obtained by determining the physical properties
of blends containing variocus 'secondary' additives are given in
Table 5.10. Additions of external lubricants (oxidized poly-
ethylene wax and glycerol monostearate) do not significantly
affect the stabilizer distribution. This is partly because small
amounts of the lubricants were incorporated which, in the basic
formulation, will have little effect compared with other compo-
nents. Moreover, the melting points of oxidized polyethylene
wax and glycerol monostearate as determined by differential
scanning calorimeter (DSC) method are 80°C and 110%C respectively
- which is below the blend discharged temperature of 120°C. |
Since both external lubricants melted during blending, the diff-
erence in stabilizer distribution between their blends is
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negligible (Figure 5.23), The same observation is made with
blends containing 1.5 phr normal lead stearate - which melts at
120°C. These additives, on melting, are absorbed into the PVC
grains and thus are tacitly assumed to improve distribution of
stabi]izer48750. However, the small  differente observed
in stabilizer distribution between Figure 5.23c and 5.23a is
largely due to the high concentration of normal lead stearate,
Figure 5.23b shows the transmitted 1ight DIC micrograph of
blends containing 1.5 phr impact modifier - which has a very
high melting point. The particles of impact modifier and DBLS
appear to be spatialiy distributed on the PVC grains surface,
The micrograph shows these additive particles as ‘specks® on
the PVC grains surfaces,

The effect of these 'secondary' additives on morphological
changes is quite pronounced. Bulk density of the blend increases
with fhe addition of ‘secondary' additives. The increase in
density observed with blends containing external lubricants and
normal lead stearaté, is apparently due to the large differences
between the melting points of the 'secondary' additives and
blend discharge temperature. For instance after the additives
have melted blending continued for about five more minutes before
attaining the required discharge temperature of 120°C. During
this period, smoothing and sphericality of the PVC grains occur
thus producing blends with high bulk density (Table 5.10). This
effect is reflected also on the flow property of the blends
(Table 5.10). The less spherical grains with lower ratio of
lubricant have highest flow rate, because surface friction bet-
ween particles is reduced. Similar results were obtained with
" blends containing 1.5 phr impact modifier. The bulk density and
flow rate increased compared with that of the basic formulation.
This is expected because the impact modifier, like DBLS, does not
melt during blending but distributes on the PVC grains surfaces,

In Table 5.10 the Brabender fusion result shows that the
normal lead stearate incorporated into blend 8 resulted in a
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FIGURE 5.23: Effect of addition of 'secondary' additives on stabilizer-
distribution.

(a) .4 phr GMS; (b) 1.5 phr Paraloid K120N, (¢) 1.5 phr normal
lead stearate
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prolonged fusion time, The normal lead stearate has an

internal lubricating effect, as well as stabilising action,
which prolonged the fusion time of the blend, This prolonged
fusion time, although could lead to an improvement in stabilizer
distribution, will result in products of relatively poor mecha-
nical properties (as will be shown in the next chapter), In
general, incorporation of lubricant (external or internal)
prolonged the fusion time, but the opposite trend was observed
with impact modifier (Table 5.10).

5.5 Conclusion

The UV fluorescence microscopy has been used to show that
a systematic relationship exists between stabiliser distribution,
morphoiogical changes and biending conditions. From the results
and observations made with both fluorescence and differential
interference contrast microscopy methods, the following con~
clusions can be drawn: '

1.  Solid additives are found to coat PVC grains surfaces in
a manner which is typical of their surface topography.
The pattern of distribution differs between suspension; mass
and emulsion grains, For suspension polymer grains more
additive accumulate. in the re-entrant surface, poor addi-
tive distribution is observed with emulsion polymer grains
due to their 'glossy' surfaces; and the mass polymer grains
showed the best distribution of additives because of their
strawberry-1ike surfaces. For a spécific polymer type the
size of grains does not affect distribution of additive.

2. Good additives distribution is obtained at early stages of
blending, but the optimum level is achieved only if one
component in the formulation melts at least 5 minutes before
the complete blending cycle. This 5 minute period allows some
loose additive particles to be absorbed onto the ‘wet*
po1ymer grains.
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It is evident, from the discussion section, that different
blenders produce dry blends of varying morphological
properties and degree of stabilizer distribution. The
effectiveness of a blender, among other things, is dependent
on the blade arrangements. Double layer blade arrangement
gave dry blends with better stabilizer distribution and
physical property than a single layer blade mixer. How=
ever, their dry blends properties show similar trends in

the way they vary with blending parameters.

Blending cycle affects the distribution of stabilizer,
Fluorescence analysis of blends prepared at different
blending times and heated to 190°C shows that prolonged
blending time (bgfore one component in the formulation melts)

- results in optimum distribution of additives. However, after

the melting of the lubricant prolonged blending (e.g. for
more than 5 m1nutes) did not have any s1gn1f1cant difference
on blend property.

Particle breakdown and agglomeration occur simultaneously
during dry bTending,‘but the former-is much more pronounced
no matter what the blending condition. In fact it is very
rare to see two equal size gréins.édhering to each other as
a result of dry blending, but fragments breaking from and
attaching to large grains are a dominant feature at higher
blending speeds. | |

Increase in the concentrations of both stabiliser and lubricant
were found to increase dry blend properties such as density,
flow rate and fusion time, These broperties, also, were very
sensitive to variations in formulation. For instance, the
addition of an impact modifier and a normal lead stearate

into the standard formulation resulted in higher powder
density. Also impact modifier reduced the fusion time whilst

an increase in fusion time was observed with blends containing
normal lead stearate stabilizer.
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CHAPTER 6
EXTRUDATE STUDIES

6.1 Literature Review

The extrusion of rigid PVC pipe from powder blend compounds
of intensive mixers has become widely accepted by pipe fabri-
cators and the industry in general. The extrusion of powder
blend compounds offers several potential advantages over the
use of diced/pelletized compounds: greater economy, greater
production rates, less total heat history and improved physical
properties, The use of a twin-screw machine and the continual
improvement in its quality have largely contributed to the
increase in powder blend extrusion. Several publications49’52’]54
have shown that pipes and other rigid profiles produced with a
twin-screw extruder have better mechanical properties and
improved gelation level. Rolls and Wei1152 reported that pipes
extruded directly from a powder compound are equal in strength
and chemical resistance to pipes made from mill-mixed and diced
compounds .

Recent writers have mainly concentrated on elucidating the
relationship between structure, property and morphoiogy56’148’169’154.
It has been found that structural modification takes place on pro-
cessing the powder blend, and, in most cases, leads to the presence
of residual grains in the end product. A]]sopp154 also used micro-
scopical evidence to show that a superficially homogeneous meit
usually contains residual grains. He suggested that the quality
of rigid PYC products is largely undermined byresidual grains
and undispersed-additives. Ga]el65 showed that gelation Tevel is
affected by lubricant type and concentration. On the effect of
undispersed additives a cavity transfer mixing head (CTM)
developed in RAPRP(”OJ71 was shown to improve the dispersion/
distribution of additives.
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In this part of the programme, fluorescence and diff-
erential interference contrast (DIC) microscopy methods(as the
two main microscopy methods) have been used in an attempt to
obtain information on the structural modification of UPYC.

To substantiate the observations of these two methods, other
conventional microscopy methods (normal Tight, SEM and TEM)
--— ——— —and physical property methods were also used,

The physical property methods used were impact test,
solvent absorption and shrinkage test. A close study was also
made on morphological changes along the extruder screws as a
function of extrusion parameter. The use of UV fluorescence
microscopy, it is hoped, would c1eariy reveal the structural
changes and dispersion of stabilizer in the processed samples.

6.2 Results and Discussion

The resu]ts_obpained_with the microscopy techniques used
in studying the morphological changes and the distribution of
stabilizer in UPYC extrudates and extruder screw samples are
reported in this section. For convenience the results will be
discussed under the following headings. Effect of varying the
concentration of lubricants; influence of the presence of
'secondary' additives; effect of different extrusion speeds and
effect of different extrusion temperatures.

- The results obtained also by physical experimental tech-
niques employed will be used simultaneously to support or
substantiate the microscopical observations.

6,2.1 Effect of Varying the Concentration of Lubricants

The two lubricants incorporated into the standard formula-
tion are calcium stearate and GS Wax, and these are respectively
internal and external Tubricants. In order to study their effects
on morphology and stabilizer distribution their ratios were varied
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Micrographs of two vastly different formulations
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as indicated in formulations 1 to 4 (see Chapter 2, Section 2.2).
In Figure 6.1 (a and b) is shown the differential interference
contrast (DIC) micrographs of typical examples of samples
prepared from formulations 1 and 4 respectively. Better
homogeneity of matrix is evident in the blend containing higher
level of internal lubricant (Figure 6.1b). The.DIC micrographs

-of .formulations 2 and 3 are not shown here ! because the homogene1ty

levels of their matrixes are similar to that of formu1at1on 1. It
is perhaps necessary to state that only a few sub-grains were
observed by using UV fluorescence microscopy (Figure 6.2),

even in the extremely less homogeneous matrix of formulation 1.
This can be expiained as a result of random distribution of
stabilizer particles which in effect 'masks' the fluorescent
property of the residual grains. In other words, large amounts
of unfused residual grains (sub-grains) could be contained in

the extrudates, although they were not all visible under the UV
fluorescence microscope. To examine the presence of sub-grains

a petrological technique of sample preparation was used to obtain
thin sections of‘highly polished surfaces {see Chapter 4, Sec-
tion 4.2.1.1). This technique minimises the stresses introduced
into the specimen during preparation and, moreover, the'specimen
is free of knife marks which often lead to image misinterpre-
tations. The thin sections were then examined with normal Jight
microscopy method in the transmitted mode. Figure 6.3 (a, b, c
and d) shows that there are significant amounts of sub-grains in
the extrudates - indicating poor fusion of particles. The degree
of homogeneity or grain fusion appears to depend on the composi-
tion of the formulations. The highest amount of sub-grains is
observed in the standard formulation. By either decreasing the
quantity of external lubricant or increasing that of the internal
lubricant the number of sub-grains was greatly reduced. Simul-
taneous reduction and increment of the external and internal Tubri-
cants respectively produced samples with very littie residual grains
Figure 6.3(c and d}). This strongly suggests that the degree of
homogeneity of UPVC matrix is affected by the concentration of
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Fluorescence micrographs of different formulations
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6.3: Normal light photomicrographs of samples prepared by petrological
technique showing influence of lubricants' concentrations on mor-
phology and distribution of stabilizer
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ormulation 1y Cal St 0.4; (b} Formulation 2: Cal St 0.4;
Wax 0.3 phr Wax 0.15 phr
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Formulation 3; Cal St 0.8; (d) Formulation 4; Cal St 0.8;

Wax 0.3 phr Wax 0.15 phr
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Tubricant, in broad agreement with the observations of G.a!e]65

and Berens et a165. This experiment also confirmed that the
loss of fluorescence intensity or fluorescing structure is
largely due to random dispersion of the stabilizer pérticles.

Since high degree of mixing is closely associated with
better distribution of additives, the comparison of micrographs
a, b, c and d in Figure 6.3 show that the distribution of the
lead stabilizer is best in formulation 4 and worst in formulation
1. Apart from poor stabilizer distribution the degree of fusion
of primary particles is also found to be Tower in formulation 1
than in formulation 4. In Table 7.6 the result from differential
scanning calorimeter test shows that high heat of fusion is
identified with formulations containing higher concentration of
internal lubricant. The result agreesfwith the absence of sub-
grains in formulation 4 {which contains high concentration of
internal Jubricant), since higher fusion implies higher chain
entanglement density. To closely investigate the distribution
- of stabilizer particles the transmission electron microscope
was used -~ .a method that can show the detailed distribution of
the lead stabilizer and the presence of, perhaps, micro-voids.
However, with this method very little difference in stabilizer
distribution between the formulations was .observed, but it
revealed the presence of micro-voids. Typical examples are shown
in Figure 6.4 {a and b) which are respectively TEM micrographs of
formulations 1 and 4. The micro-voids (average size of approxi-
mately 0.5 pm) are clearly seen to be associated with the stabili-~
zer. They seem to occur where there are stabilizer agglomeration
in the UPVC matrix and predominantly in the centre of the extru-
dates. By comparison, more micro-voids were found in formulation
1 than in formulation 4. This is probably because of the greater
difference in ratio between external and internal lubricants in
formulation 4 - which permits an increase in melt elasticity of
the material and subsequent increase in degree of fusion and
distribution of stabilizer. Since the stabilizer particles are



150

FIGURE 6.4: TEM photomicorgraphs showing stabilizer particles and
micro-voids. Mag. x 20K

‘(a) Formulation 1

(b) Formulation 4
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well distributed the micro-voids associated with stabilizer
agglomeration and/or which are formed by hydrogen chloride
evolution are greatly reduced. To a large extent, this observa-
tion agrees with the earlier suggestion that the absence of
residual grains is associated with better stabilizer distribu-
tion.

Differences in the morphology of the extrudates were further
evaluated by some physical testing methods: impact strength
measurements, solvent absorption test and orientation measure-
ments. The effect of lubricants concentration on the physical
property of the extrudates is evident by comparing the data in
Tables 6.1, 6.2 and 6.3. Impact strength is observed to increase
with either lower levels of wax or higher levels of calcium
stearate. Highest impact strength is identified with formula~
tion 4. This confirms that the absence of sub-grains in finished
products leads to improved mechanicaf'properties. This is.in
agreement with the observations made with microscopy methods
and observations of Gale'%® and A11$0pp50 - that the fall in
impact strength is caused,.among other factors, by the presence
of unfused material, Solvent absorption test shows formulations
- with higher calcium stearate to have lower % absorption values,
This is contradictory to several workers observations]73'l75;
that higher gelled sampies absorb more solvent than poor gelled
ones. This anomaly is presumably due to the effect of higher
lubricant concentration rather than degree of fusion - because at
high gelation level solvent test has been proven to be inadequate
for grading degree of ge]ation175’176’]25.

The orientation measurements carried out to determine the
degree of strain introduced into the materials during extrusion
processing also produced results in agreement with microscopical
observations. The data obtained are shown in Tables 6.3 and 6.2
respectively for surface skin thickness and percentage shrinkage
of the extrudates. Surface 'skins' are evident on all specimens
but are more pronounced in those containing low concentration of
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Variation of different lubricants concentrations with impact strength
as a function of stabilizer distribution in extruded samples

Formu- Additive type Impact strength (kJ m-2)

lation and ratio (phr) -

Number Cal.St. G.S.Wax - 1 2 3 4 5 Average
1* 0.4 0.3 16.52 16.26 16.27 17.63 16.82 16.70
2 0.4 0.15 22.32 19.81 19.69 18.86 21.05 20.35
3 0.8 0.3 28.16 26.80 29.40 25.86 28.01 27.65
4 0.8 0.15 30.20 28.76 32.33 27.89 28.19 29.47

TABLE 6.2

Variation of different lubricants concentrations with % shrinkage as
a function of stabilizer distribution in extruded samples

_ Additive type % Shrinkage (%)
Eg:?gn and ratio (phr) _
Number Cal.St. G.S. Wax 1 - 2 3 _Average
1* 0.4 0.3 2.58 2.55 2.62 2.58
2 0.4 0.15 9.21  9.35 9.30 9.29
3 0.8 0.3 _7.92 8.26 8.30 8.16
4 0.8 0.15 7.68 7.20 7.37 7.42
*

standard formulation
Cal. St. = calcium stearate
G.S. Wax = G.S. Wax 2411p
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Variation of different formulations with physical properties as

a function of stabilizer distribution in extruded samples

Formula- Additive type Skin Solvent- Egﬁ;“jgr‘
tion and ratio thickness{ Absorption Rage
Number ___(phr) (mm) (%) (kg hr-1)
Cal. St. { G.S. Wax
1* 0.4 0.3 0.270 18.16 7.44
2 0.4 0.15 0.365 19.04 7.32
3 0.8 0.3 0.346 17.77 7.74
4 0.8 0.15 0.479 17.91 7.68
X% 0.2 OPW 0.221 17.59 7.53
p** 0.4 GMS 0.115 19.93 7.65
VAl 1.5 K120N 0.167 25.59 7.74
gx* 1.5 NLS 0.206 20.15 - 8.31
* = Standard formulation
** . = Standard formulation containing the 'secondary' additive
indicated
OPH = Oxidised polyethylene wax
GMS = Glycerol monostearate
K120N = Paraloid K120N
NLS = Normal lead stearate
Cal St = Calcium stearate

GS Wax

il

GS Wax 2411P°
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FIGURE 6.5:
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Normal-1ight photomicrograph of sample prepared by petrological
technique. Sample of formulation 1 showing examples of some of
the features observed in the extrudates with 1ight microscopy.

'A' = surface skin
'B' = weld lines of polymer melts from the two screws
{1 = sub-grains (residual grains) in the extrudate
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external lubricant. These ‘'skins' are textureless and less
opaque, when viewed under the normal 1ight microscope, than

the centre of the extrudate (see Figure 6.5)., The topography
of the matrix suggests that the presence of skin is not only as
a result of the temperature difference between the extrudates
and their cooling environment, but also due to the polymer
flow and shear characteristics near the die surface. A similar
trend was obtained from shrinkage measurement, but the effect
of formulation variations on shrinkage is much more higher,

as shown in Table 6.2. This result agrees very well with micro-
scopical observations being that high shrinkage is identified
with samples containing less residual grains (i.e. samples

with high degree of fusion of primary particles).

6.2.2 Influence of the Addition of 'Secondary' Additives

Changes in morphological features and distribution of
stabilizer (dibasic lead stearate) by ihcorporation of 'secon-
dary' additives into the standard formulation are shown in
Figures 6.6 to 6.9. The data from physical property evaluations
are summarised in Tables 6.4 and 6.5. Fluorescence light and
differential interference contrast (DIC) microscopical examinationof
formulations, 5, 6, 7 and 8 (respectively containing no ‘'secon-
dary' additives, 0.2 phr oxidized PE wax, 0.4 phr glycerol mono-
stearate, 1.5 phr paraloid KIZON and 1.5 phr normal lead stearate)
show significant changes in morphology of formulations 7 and8 .
Only 1ittTe improvement in morphology in formulations 5 and 6
was observed.  In other words the addition of low concentration
of slightly incompatible internal lubricants, into the standard
formulation, sTightly reduced the quantity of unfused sub-grains.
The effect of these lubricants is clearly evident with polished
specimens (Figure 6.8 (a, b, ¢, d and e}). However, the differen-
tial scanning calorimeter results show very little variations
in their degree of fusion from the standard formulation (Table
7.6). Since both lubricants (oxidized polyethylene wax and
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FIGURE 6.6: DIC micrographs of samples of different formulations
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FIGURE 6.7:
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Fluorescence micrographs of samples of different formulations
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glycerol monostearate) have some external lubricating property
they greatly reduce the friction between particles and surface
of extruder barrel (vital for loss of particle identity),

thereby promoting extrusion rate with 1ittle effect on morphoTogy
of the extrudates. This is clearly evident in Table 6.3 which
shows the values of extruder output rate for formulations 5 and

6 to be higher than that of formulation 1,

Different situations occur with formulations 7 and 8 which
contain respectively 1.5 phr paraloid K120N and 1.5 phr normal
lead stearate. The effect of both ‘'secondary' additives on degree
of stabilizer distribution and fusion of the sub-grains is
-evident from Figure 6.6 ~ DIC and Figure 6.7 - fluorescence
micrographs and Figure 6.8 {(a to e} - micrographs of polished
surfaces. Paraloid KI20N is an acrylic processing aid (see
Chapter 2) which relaxes the molecular chains, therefore it
produces extrudates whose matrix have a rubber-like texture.
From Brabender fusion results (Chapter 5, Table 5.10} it was
shown that the addition of Paraloid K120N reduced the fusion
time of the standard formuiation - suggesting that there will
be fewer residual grains in its end product. In contrast,
normal lead stearate is a lubricant-stabilizer hence it retards
frictional heat thereby prolonging gelation period (this has
also been demonstrated in the Brabender Plasticorder test in
Chapter 5). Thus, the overall effect is better distribution of
stabilizer particle at the expense of high degree of fusion.

In Figure 6.7 (a, b, and.c) the fluorescence light micrograph
clearly shows that the stabilizer particles are uniformly dis- |
tributed in the melt, but not seen absorbed into any of the
residual grains, or even broken down into smaller sizes compared
with formulations 1 and7.. '

These differences in morphology of the extrudates were
further examined by scanning electron microscopy (SEM) and
transmission electron microscopy (TEM), Scanning electron micro-
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FIGURE 6.8: Normal light photomicrographs of samples prepared by petrological
technique showing influence of 'secondary' additives on morphology
and distribution of stabilizer

(a) Formulation 1 'secondary'additive (phr) 0; standard
formulation

(b) Formulation 5; 0.2 phr Oxidized PHE wax

500am



1 (c) Formulation 63
' 0.4 phr Glycerol
monostearate

(d) Formulation 7;
1.5 phr Paraloid
K120N

(e) Formulation 8;
1.5 phr Normal lead
stearate
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scopy of 1iquid nitrogen fractured surfaces of representative
specimens of formulations 1, 7 and 8 are shown in Figure

6.9 (a, b and c). No noticeable difference in their topography
is observed with this method, but primary particles and micro~
voids are evident in all the samples. Examination of the surfaces
of impact specimens reveals, as expected, that all the extrudates
failed in a ductile manner. As transmission electron microscope
(TEM) has better resolution, it was used to examine the distribu-~
tion of the stabilizer and presence of micro-voids not clearly
observable with SEM technique. The ultramicrotomed specimens
examined show significant differences in distribution of stabili-
zer as well as in the presence of micro-voids between the formula-
tions. It was observed that the incorporation of oxidized PE
wax in formulation 5, and glycerol monostearate in formulation

6 appears to result in a poor stabilizer distribution in the
extrudates. This is presumably due to the decrease in degree

of mixing associated with higher levels of external lubricants.
Since incorporation of these lubricants (external and internal)
also decreases the melt elasticity it is expected to be detri-
mental to the physical property. However, an increase is
observed in theimpact strength, % shrinkage and solvent absorp-
tion while surface skin thickness decreases when compared with
formulation 1. “This anomalous physical property may be explained
by the fact that both lubricants are regarded as possessing both
internal and external lubricating properties, which means they
exhibit different behaviour at different processing temperatures
and formulations. Moreover, the extrudates, as shown with micro-
scopy methods, contain s]ightly Tower quantities of residual
grains,

The. TEM examination of formulation 7 shows a sporadic distribution
of additive particles in the UPVC matrix. As will be clearly
demonstrated in Chapter 7, the conglomerated particles are the
stabilizer particles while the -strips~Tike particles are the
acrylic processing aid. In comparison with formulation 1 the
micro-voids in formulation 7 were relatively fewer in number -
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FIGURE 6.9: SEM photomicrographs of fracture surfaces of different

formulations

(a)

(b)

Formulation 1;
Contains no
'secondary'
additive.

Mag. x10K

Formulation 7;
Contains 1.5 phr
of Paraloid K120N
Mag. xT0K

(c) Formulation 8;

Contains 1.5 phr
of normal lead
stearate

Mag. x10K
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in agreement with the observation made with samples prepared

by petrological technique:, The fewer number of voids could

be attributed to an improved level of gelation, obtained by
incorporation of a processing aidlss. This is also clearly
illustrated in Table 6.4 where formulation 7 (containing
acrylic processing aid Ki20N} shows a considerable increase

in impact strength and % shrinkage over the rest of the formu-
lations. Collins et a1177 have alsoc shown that incorporation

of acrylic processing aids with PVC compounds improves the

rate of fusion and gelation level of the grains/primary
particles, Decrease in surface skin thickness is also observed,
presumably due to lower melt e]astTCity at the die, The rubber-
like texture of its matrix and thin surface skin are the major
factors that contributed to the pronounced absorption of solvent.
This is in broad agreement with results of Menges et a1173;

and confirms the higher solvent absorption principle of highly
gelled samples. '

Examination of ultramicrotomed sections of formulation 8
by TEM method reveals the scarcity of stabilizer particles in
the extrudate, and the matrix to have low surface tension ¥
This is expected because of the replacement of half of the
ratio of dibasic lead stearate with normal lead stearate. The
morphology of this extrudate.showed very 1ittle difference from
that of the standard formulation. This can be explained by the
fact that normal lead stearate has dual properties as an internal
Tubricant and a stabilizer. At normal extrusion temperature it
behaves more like an internal lubricant thereby decreasing the
degree of fusion of sub-grains: This is clearly demonstrated in
Table 7.6 - where degree of fusion obtained by differential
scanning calorimeter method confirmed that formulation 8 has the
lowest heat of fusion compared with other formulations, The lower
degree of fusion and surface tension also reflect on the physical
property of the formulation. There is a pronounced decrease in
impact strength and surface skin thickness while % solvent absorp-

tion and shrinkage are higher than in the standard formulation.

e iownvumcﬁ ‘S\f‘f‘f‘\“ .}uw'v Buw:nj MJ'Wf""-Y Jed b LD:I “F ;g},.‘,:l,")ey };.arfuch_(
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Effect of ‘secondary' additives on impact strength as a function
of stabilizer distribution in extruded samples

Formu- | Additive Impact Strength (kJ m™2)

lation | type and

Number | ratio 1 2 3 4 5 Average

(phr)

1 - 16.52 16.26 .16.27 17.63 16.82 16.70
5 0.2 OPW }20.69 25.33 21.40 19.87 23.28 22.11
6 0.4 GMS {24.55 27.81 26.09 24.83 26.35 25.93
7 1.5 KI20N | 36.01 32.84 31.92 34.46 29.88 33.02
8 1.5 NLS §11.28 10.3%9 11.34 10.81 11,02 10.97

TABLE 6.5:

Effect of 'secondary' additives on shrinkage as a function of
stabilizer distribution in extruded samples

Formula- | Additive Shrinkage (%) ‘
tion type and
Number ratio L 2 3 Average
{phr)
1 - 2.58 2.55 2.62 2,58
5 . 0.2 OpPW 3.69 2.87 2.80 2.79
6 0.4 GMS 8.30 8.27 8.91 8.28
7 1.5 KI20N| 10.33 10.50 10.13 10,32
8 1.5 NLS 7.98 8.22 7.86 8.02
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Evidence of its lubricating property is also shown in Table 6.3
where it is shown to exhibit the highest extrusion throughput,
This means that the resident time in the extruder barrel was
too little to permit complete breakdown and/or fusion of the -
sub-grains.

6.2.3 Effect of Different Screw Speeds on Extrudate
Morphology

‘Changes in morphology and distribution of stabilizer as
a function of screw speed was studied by extruding the standard
formulation at screw speeds ranging from 20 to 50 rpm. The.die
temperature was set at 194°C and the other zone temperatures
adjusted correspondingly as listed in Table 2.7 (Chapter 2),
Typical micrographs from differential interference contrast
(DIC) and fluorescence Tight microscopical methods are shown™
in Figures 6.10 and 6,11 respectively. The figures show that :
there is 1ittle if any difference in the texture of samples
extruded at two extreme speeds'(compare 20 rpm with 50 rpm
samples}. This is because the pumping action of the screws.
provides the melt with 1ittle resident time in the barrel,:In
the fluorescence micrographs (Figure 6.11) it can be seen that
at 30 rpm highest degree of particles fusion is achieved, -
Presumably, this is due to the existence of an equilibrium state
between the mechanical input and output rate of the extruder at
the screw speed. This will thus result in products of better
mechanical property.

In Figure 6.12 the normal light micrographs of samples extru-
ded at 20, 30 and 50 rpm also show that a significant increase in:
degree of mixing with increasing screw speed is obtained ~ up to.:
30 rpm, Beyond 30 rpm larger size sub-grains are clearly visible,
but the quantity of the sub-grains is small compared with: samp!es
extruded at 20 rpm,

To further study the extent of mechanicél effect.the SEM
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FIGURE 6.10: DIC micrographs of samples extruded at different speeds
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FIGURE 6.11: Fluorescence micrographs of samples extruded at different
speeds
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FIGURE 6.12: Normal light photomicrographs of samples prepared by petrolo-
gical technique showing the effect of screw speed on morphology
and distribution of stabilizer in formulation 1
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(a) Extruded at
20 rpm

(b) Extruded at
30 rpm

(c) Extruded at
50 rpm
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was used to examine the presence of primary particles. Figure
6.13 shows that more primary particles are observed with higher
screw speeds. This observation exposes two points of interest,
First, high shear (mechanical) history results in mass exposure
of primary particles at re1ative1y'short residence time. This
means that in order to produce such a large number of primaries
fairly large amounts of sub-grains must have been 'destroyed’.

. Secondly, mechanical history (screw speed) appears
to have very little effect on the fusion or modification of the
primary particles. This is why more primary particles were
found with higher screw speed sample. This implies that the
quality of product will be undermined by increase-in screw speed,
- . because of poor fusion of primary particles. (This point will be
discussed later). '

The short residence time of the melt in the extruder barrel
will suggest less thermal history on the extrudates, and this
is in substantial agreement with values of relative fluorescence
intensity shown in Tahle 6.9. The relative fluorescence inten-
: ,sity'TS'sﬁownAto_increase at first - up to 30 rpm - before dropping
sharply (Figure 6.14). This means that at low extrusion speed
(Tong residence'time) higher amounts of degradation are introduced
into the product.(but not high enough to affect the physical prop-
erties). To closely investigate the effeet of shear history, the
extrudates were evaluated with the differential scanning calori-
meter - a method which has been successfully used to evaluate
the thermal history and fusion level in processed UPVC14B’]6]’]74’175.
‘ngure 6.15 shows thaf'higher degree‘of fusion - which is associated
with structural modification - increases with increasing screw speed.
This result not only confirms the microscopical observations but
also agrees with the conclusion of Gilbert et a1'8! that fusion of
primary particles is highly dependent on both the shear and thermal
history of the PVC. )



FIGURE 6.13:
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Fracture surfaces of samples extruded at different screw
speeds '

(a) Extruded at 20 rpnm
Max. x10K

(b) Extruded at 30 rpr
Mag. x10K

(c) Extruded at 50 rp
Mag. x10K
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screw speeds
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Effect of extrusion speed on impact strength as a function of
stabilizer distribution in standard formulation

Extru- Impact strength (kJ m-2)
sioh
Speed 1 2 3 4 5 6 Average
(rpm)
20 5.89 5.92 5.78 6.16 5.79 6.00 6.01
25 6.36 6.15 6.17 6.06 6.38 5.96 6.18
30 8.55 8.32 8.61 8.45 8.38 8.46 8.46
40 6.44 6.22 6.19 5.98 6.35 6.18 6.23
50 6.29 5.92 6.05 6.19 5.91 5.92 6.05
TABLE 6.7:

' Effect of extrusion speed on shrinkage as a function of stabilizer
distribution in standard formulation

Extrusion Shrinkage (%)
Speed
(rpm) 1 2 3 Average
20 2.58 2.55 2.62 2.58
25 2.92 2.96 2.96 2.95
30 3.28 3.30° 3.27 3.28
40 3.45 3.40 3.40 3.42
50 3.51 3.50 3.54 3.52
TABLE 6.8:

Effect of extrusion speed on physical properties as a function of
stabilizer distribution in standard formulation

Extrusion Skin Solvent Eszzuﬂ:r Heat of
Speed " Thickness | Absorption Rage Fusion
(rpm) {mm) (%) (kghr-1) (J _g-l)

20 0.270 18.16 7.44 .3.94
25 0.281 25.26 7.56 5.13
30 0.292 30.08 11.10 6.36
40 0.448 23.66 14.86 6.99
.50 0.750 22.01 17.40 6.74
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TABLE 6.9:

Relative fluorescence intensity of extrudate at different screw
speeds

Extru- Relative fluorescence intensity (%)
sion
Speed 1 2 3 4 5 6  Average
(rpm) :
20 49.0 55.0 57.9 49.9 50.6 53.7 52.81
25 59.2 65.4 59.0 67.8 71.3 64.5 64.41
30 65.7 78.2 77.7 78,9 77.8 66.2 73.30
40 39.3 36.3 38.4 39.1 36.9 39.1 38.19
50 32.9 39.0 33.5 30.2 36.7 37.2 34.86
TABLE 6.10:

Relative fluorescence intensity of extrudate at different processing '
temperatures ' |

Extru- Relative fluorescence intensity (%)

sion

Temp 1 2 3 4 5 6 Average
(%) - |
170 . 34.4 35.7 36.3 35.9 32.6 36.4 34.93
188 48.3 49.6 51.3 52.6 53.2 49.0 50.59
194 49.0 55.0 57.9 49.9 50.6 53.7 52,81
202 87.9 104.6 100.5 80.7 99.6 101.3 95.71
218 109.2 107.6 110.4 110.5 109.0 102.6 108.22
224 66.2 73.8 79.2 70.10 80.0 72.8 73.80
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The graphs of the data obtained from physical property
measurements are shown in Figures 6.15 to 6.18. The graphs
also show some of the physical properties to exhibit highest
values at 30 rpm, in agreement with microscopical observations.
The highest impact strength and solvent absorption values are
observed at 30 rpm, although the opposite trend was expected
from solvent absorption test - because the residual grains and
primary particles do form a ‘barrier' to solvent penetration
into the matrix]73’175. At higher screw speeds (40 and 50 rpm),
the stabilizer is observed to be poorly distributed, but there is
no discernible difference between extrudates from both speed
settings. Apart from the observed decrease: in impact strength
and solvent absorption, a noticeable increase in shrinkage and
surface skin thickness is evident (Figures 6.17 and 6.18).

‘The effect of surging was common at these screw speeds
(40 and 50 rpm) and, by a closer assessment, the extrudate width
seemed to have varied in a sinusoidal manner with a cycle time
similar to one screw revolution. Since the surging occurred
only at higher screw settings, it may be an indication that
insufficient powder was feeding from the hopper. This will, in
general, seriously affect the properties of the samples and
poor distribution of stabilizer is apparent. Many workersu?’w]’ls2
have ana1yse&'and explained surging in extruders. I-Tenner‘82 has
demonstrated that there are at least three different types of
surging independently occurring in an extruder. He found one of
these to be the variations associated with the rotation of the
screw particularly due to the solids conveying process. It is not
surprising therefore that at higher extrusion speeds (40 and 50 rpm)
a poor distribution of components - that is, Targer size residual
grains etc - was observed.

6.2.4 Effect of Different Extrusion Temperatures on Morpho-
logical Changes

The standard formulation was extruded at a constant screw speed
of 20 rpm but varied extrusion temperature to produce the range of
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7 temperature profiles given in Table 2.7. The effect of the
temperature range on the distribution of stabilizer, degradation
of the polymer, fusion and morphology of the extrudates were
examined. Because of the apparent effect of degradation and
pronounced changes in morphology with higher temperatures, it was
possible to exploit the following microscopy methods: UV
fluorescence light and differential interference contnast (DIC),
including other conventional microscopy methods.

The examination of samples obtained along the extruder screws
at different temperatures was also carried out with these methods.
For convenience, the effect of different extrusion temperatures on
the morphology and stabilizer distribution in extrudates will be
discussed under two headings: on_ final extrudates and extruder
screw samples.

6.2.4.1 Effect of extrusion temperature on morphology of
extrudates .

With fluorescence 11ght and differential interferencercon: -
trast (DIC) microscopy techniques pronounced differences in mor-
phology of the extrudates are observed. Figures 6.19 to 6.25
show the micrographs of the samples processed at different temp-
eratures. It can be seen that the quantity of residual grains
in the samples decreases as the processing temperature is raised.
The fluorescence micrograph (Figure 6.21) clearly shows these
residual grains (sub-grains} to fluoresce brighter than their
surroundings, and the stabilizer particles to be distributed only
in. the m1ted region. A contrasting feature is observed in samples
processed at 224%C - where all the sub-grains appear to have been
melted. The degree of fusion or homogenefty of the polymer melt is
seen to improve with increase in extrusion temperature. With
differential interference contrast microscopy this is seen as a
progressive loss in image contrast (Figure 6.19). This is due to
Toss of sub-grains and high Tevel of primary particle fusion.
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FIGL I RE 6.19: DIC photomicrographs of samples extruded at different temperatures
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Normal Tight photomicrographs of samples extruded at different

temperatures

-
-

FIGL®= RE 6.20

Field of view is the same with the DIC photomicrographs in page

(b) Extruded.at 1940C

Extruded at 170°C

(ad

{d) Extruded at 224°C

30.um

(c— )- Extruded at 218°C
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FIGURE 6.21: Fluorescence photomicrographs of sample extruded at two extreme
temperatures
(3= stabilizer particles

(b) Extruded at 224°¢

50.um
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FIGURE 6.22 Fluorescence intensity of extrudates at different
extrusion temperatures
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Thus, the highest degree of fusion of sub-grains and primaries
appears to be achieved in the sample processed at 218°¢.

While keeping the same field of view the sections were
re-examined with cross-polar and normal light microscopy tech-
niques, in an attempt to explicitly interpret this change in
morphological features. In Figure 6.20 it can be seen that the
additional texture observed in low temperature samples with the
DIC technique is not visible under a normal Tight microscope.

It can be seen also that there is very little if any sub-grains
found in samples processed above 218°C. It is clearly demon-
strated that above this temperature a significant change in size
and distribution of stabilizer particles occur. This means that
the stabilizer particles also undergo structural modification,
but mainly when there is a 'phase change’® in the UPVC matrix. At
normal processing temperature (1949C), where a substantial number
of sub- gra1ns is contained in the sample, random distribution of
stabilizer particles is clearly evident (Figure 6.20(b}).

This confirmed the suggestion that random stabiliser distribution,
as well as its structure, accounts for the tittle or no fluores-
cent property of sub-grains:in most end-products. However, a

- measure of relative flugrescence intensity as a function of
eXtrusTonftemberature shows an increase in fluorescence up to
218% (Figure 6.22). This is suggested to be due to the effect
of degradation rather than stabilizer distribution. This is
strongly supported by the fact that at an extrusion temperature
of 224%C (where highest degradation is anticipated) a reduction
in relative fluorescence intensity was observed. This agrees with
a possible shift in emission band, which has been vividly
explained in Chapter 3 and by Gerrard et al122 to be associated
with very high levels of degradat1on. -

The same mechanism of gelation or topographicai features were

observed when specimens prepared by petrological technique were
examined with normal light microscopy (see Figure 6.23). The samples
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FIGURE 6.23: Normal light photomicographs of samples prepared by petro]ogical‘
technique showing the effect of extrusion temperature on morphoiogy
and distribution of stabilizer
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extruded at die temperatures lower than 210°C show the existence
of large quantities of sub-grains, especially at 170°C - in
substantial agreement with other microscopical methods. Perhaps
it is important to point out that the petrological technique

by normal light microscopy reveals sample topography similar to
those observed with UV fluorescence method - which indicates a
good correlation between them. At higher temperature (224°C)

a molten 'streak-1ike' structure is observed, and there appear
to be no sub-grains present in this sample. This anomalous
effect of temperature on structural modifications was further
examined by SEM and TEM in an attempt to obtain proper explana-
tions. The results are depicted in Figures 6.24 and 6.25 which
show respectively the micrographs obtained by SEM and TEM methods.
The scanning electron microscopy (SEM) micrographs of liquid-
nitrogen fractured surfaces show the presence of primary particles
in 170°C to 218°C extrudates, but not in the sample extruded at
224%C. In addition, the sample extruded at 170°C appears to have
fractured in a brittle manner and along weakly fused grain boun-
daries. This agrees with the fact that the number of primary
particles revealed in the fracture surface is very low compared
with higher temperature samples. Also visible, are the voids
'surrounding' the primary particles - which are still present in
the 224°C sample even though the primary particles have melted.
The presence of large size voids in the 224°C extrudate can be
explained by the fact that evolution of hydrogen chloride at
higher temperature is evident. At this temperature all residual
grains (subi-grains and primary particles) have been melted -
leading to the formation of very high density molecular chain
entanglement network. (This suggestion has been closely studied
with the BSC method and wil1l be discussed in the latter part of
this section}. The above observation is in substantial agreement
with the observations made with light microscopy methods. The
significant difference in the distribution and nature of the
stabilizer, observed with normal 1ight microscopy method, as a
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FIGURE 6.24: Fracture surface§ of samples extruded at different temperatures
Mag. x10K :

(c) Extruded at 218°C (d) Extruded at 224°¢C



(a) Extruded at 170°C (b) Extruded at 194°C

(c) Extruded at 218°¢ (d) Extruded at 224°C

FIGURE 6.25: TEM photomicrographs of samples extruded at different temperatures
Mag. x16K

e | Agglomerated
" stabilizer-particles

(e} Extruded at 19406. Showing micro-void in agglomerated
stabilizer particles.
Mag. x33K
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function of temperature was closely examined with a transmission
electron microscopy (TEM) method. This method has also been used
in the preceding sections to evaluate the presence of micro-voids.
It can be seen that the stabilizer particles in samples extruded
at 224°C have melted compared with those in the lower temperature
extrudates (Figure 6.25), appearing as 'ink-stains' in the polymer
matrix. Itis alsoevident, by this method, that at higher temper-
ature voids are no longer entirely associated with agglomerated
stabilizer particles (Figure 6.25(d)), but also with evolution of
hydrogen chloride.

The physical propertjesof the extrudates plotted as a function
of extrusion temperature are given in Figures 6.26 to 6.29 .
It is noticed that the impact strength increases with increasing
temperature up to 218°C hefore dropping sharply. This confirmed
the formation of very high molecular chain entanglement network
heyond 218°C. In other words highest <. 7. !. - entanglement networks
do not imply best impact property. A similar result was obtained
with equilibrium solvent absorption test. Percentage sorption
is seen to increase with increasing temperatures up to 218°C, and
again.dropping sharply beyond this temperature (Figure 6.27).
The thermograms obtained with differential scanning calorimeter,
as hefore, show the presence of two endothermic peaks (see Appen-
dix 4). The endothermic peaks 'A' and 'B' have been shown in
several publications to represent respectively the formation of
secondary crystallites and the melting of primary crystallites of
various ‘sizes and degrees of perféction148’]6]. As extrusion
temperature increases, the endothermic peak 'A' was found to
increase, thus the area of the peak was measured and used to
‘cajculate the heat of fusion of primary partic]es]sl. In Figure
6.27 1t can be seen that the heat of fusion increases with increa-
sing extrusion temperature. This dependency is reduced at higher
extrusion temperature. This result, in effect, strongly suggests

that at very high processing temperature (e.g. 224°C) there is a
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Variation of extrusion temperature with impact strength as a
function of stabiliser distribution in standard formulation

Extru- Impact Strength (kd m‘z)

sion ‘

Temp.
ks 1 2 3 4 5 6 Average
188 5.59 5.78 6.09 5.56 5.58 5.67 5.76
194 5.89 5.92 5.78 6.16  5.79 6.00 6.01
202 6.76 6.44 6.69 6.46 6.56 6.69 6.60
218 7.43 7.75 6.95 7.73 6.90 7.08 7.31
224 5.79 5.95 5.99 6.02 5.98 5.86 5.93

TABLE 6.12:

Effect of extrusion temperature on shrinkage as a function of stabilizer
distribution in standard formulation

Extrusion Shrinkage (%)

Temgerature
(9C) 1 2 3 . Average
170 2.99 3.00 2.98 2.99
188 2.74 2.69 2.76 2.73
194 2.55 2.62 2.58 2.58
202 1.95 2.05 2.05 2.02

- 218 1.93 1.97 1.95 1.95

224 1.53 1.48 1.50 1.50

TABLE 6.13:

Variation of extrusion temperature with physical properties as a
function of stabilizer distribution in standard formulation

Extrusion Skin Solvent Extruder Heat of

Temperature Thickness | Absorption Output Fusion
(oc) (om) (%) Rate (d g71)

(kg hr-1) ‘

170 - - - 0.31
188 0.264 17.85 7.42 2.54
194 0.270 18.16 7.44 3.94
202 0.22% 24.34 7.62 6.70
218 0.187 26.93 7.7 9.67
224 0.052 22.35 7.84 11.04
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possibility of all the primary particles beingdestroyed.- In fact,
the SEM micrographs show that at 224°C there were few, if any,
primary particles left in the extrudate. It should be expected,
therefore, that in a sample where hearTy all the primary particles
have been " destroyed chain crosslinkieg- <« will prevail,
which will be detrimental to its physical properties. This is

why poor physical and mechanical properties were observed with
samples extruded at 2249C. ‘

The shrinkage and surface skin thickness of the extruded
strips plotted as a function of extrusion temperature are given
in Figures 6.28 and 6.29 respectively. It is observed that the
orientation (as measured by shrinkage and surface skin thickness)
decreases with increasing extrusion temperature. This is due to
effects of melt relaxation - in agreement with Berens and F01t65
who have shown that minimum orientation is associated with higher
processing temperatures. In other words, depending on the cooling
rate, low quantity of residual grains in samples is associated
with minimum orientation.

In general, best physical property and perfectly fused homo-
geneous extrudate as shown by microscopy methods and physical
property measurements, are oliserved at 218°C extrusion tempera-
ture, where there is a balance between primary particles and
-molecular chain entanglement network.

6.2.4.2 Effect of extrusion. temperature on morphology of
‘SEreW samples

In order to make an effective study of changes in morphology
- and distribution of stabilizer along the extruder screw, samples
were obitained at three different temperatures: 170°C, 194°C and
210°C. Because of degradation, it was not possible to obtain
 samples above the processing témperature of 210°C. Specimens

from the screw channels for each temperature were then examined
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with the following methods: fluorescent light, differential
interference contkast, normal-ilight, TEM and SEM microscopy
methods. Figures 6.30 to 6.32 compares the typical examples of
micrographs of screw samples obtained at three screw zones for

the three extrusion temperatures. It is observed that the degree
of particle fusion in the screw samples not only increases towards
the die but also differs with different temperatures. Each of the
twin screws has 40-screw channels and numbering them from metering
zone to feed zone, it is noticed that powder compaction and colour
changes started respectively at 37 and 35 screw turns, 35 and 32
screw turns and 35 and 30 screw turns for screw samples obtained at
2100C, 194°C and 170°C respectively. This means that the screw
channel at which powder compaction begins is largely determined

by the extrusion temperature. It can also be seen that the number
of screw channels between powder compaction and first colour change
decreases with increase in extrusion temperature.

At the early stage of the compaction, melting and grain
fusion along their boundaries occurred. The distribution of
stabilizer is within the fused boundaries of the UPVC grains as
portrayed by the UV fluorescence and DIC micrographs in Figures
6.30 and 6.33.-. As the powder moves a1on§ the screw zones via
feed, compression, vent and metering zones the molten grains are
sheared and broken down, thus exposing the'pkimary particles which.
form the unit of flow. During this period short chain entanglement
network along the molten boundaries occurs, through interdiffusion
of chain segments from adjacent grains. Since the solid stabilizer
particles coat only the surfaces of UPVC grains, the obliteration
of the grain boundaries results in a random distribution of the
stabi]izer'particles in these boundaries. By fluorescence light
microscopy these areas with.stabilizer do not fluoresce, while
areas (the exposed sub-grains) devoid of stabilizer fluorecesce
intensely (see Figure 6.31). Towards the tail end of the metering
zone (depending on temperature and shear rate the fluorescing sub-
grains are nearly completely disappeared signifyihg not only a
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FIGURE 6.30: Fluorescence migrographs of ‘core' samples of a twin-screw
extruder at 170°C

(a) Tst screw turn

12th screw turn

(c) 29th screw turn

2 0um




'FIGURE 6.31:
extruder at 194

po e T .

e T S RIUUP S PR PR S S,

198

Fluorescence migrographs of ‘'core' samples of a twin-screw
C

(a) 1st screw turn

(b} 12th screw turn
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FIGURE 6.32: Fluorescence micrographs of 'core' sample of a twin-screw
extruder at 2100C
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uniform distribution by stabilizer particles but also the higher
distruc tion or melting in the number of sub-grains. AHsopp50

has also reported this loss in fluorescence intensity towards

the end of the metering zone of a twin-screw extruder, but
suggested that it is a result of better stabilizer distribution.

In fact, the loss in fluorescence can be explained as a result

of two factors. First, the random distribution of stabilizer parti-
cles due to material fluxing. This is in agreement with microscopical
observations and the suggestion of Allsopp. This was further investi-
gated by determining the relative fluorescence intensity of the
screw samples. In Figure 6.34 it can be seen that the fluorescence
intensity decreases as the melt is fluxed and moved towards the
extruder die for all the three temperature samples. These results,
as well as showing the effect of degradation, are strdngly related
to colour. changes along the screw zones. By this method therefore
changes in colour can be more accurately related to the degree of
degradation compared with the conventional visual method. The
second factor can be exp]ainéd in terms of the disappearance of
sub~grains (uniformity of melt) leading to a 'perfectly fused'
homogeneous melt at the end of the melting zone. By using diff-
erential scanning calorimeter (DSC) method, it was found that the
degree of fusion of primary particles (or more appropriately -

the formation of chain entanglement network) increases as the UPVC
melt is moved towards the die (Figure 6.35). This confirms not only
the loss in -fluorescence but also the suggestion that low density
entanglement network is formed at the early stages of grain com-
paction which progressively becomes denser as the melt is moved
towards the die. Berens et a165,_using two different polymer types,
also suggested that.at low temperature moulding the coherent mass
is weakly held together by interdiffusion of short chain segments
between particle boundaries - in broad agreement with the DSC
results.

. The SEM and TEM micrographs also show the existence of
powder grains and distribution of stabilizer along the screw feed
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FIGURE 6.33: DIC photomicrographs of 'core' samples of a twin-screw extruder
produced at different extrusion temperatures
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B: 12th screw turn
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C: 29th screw turn
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FIGURE 6.34 Relative fluorescence intensity of extruder screw-samples at different temperatures.
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and compression zones to be very similar to that of compression
moulding (Figure 6.36). However, at the end of the metering

zone {1st screw channel), better stabilizer distribution, degree
of mixing and fusion of primary particles are observed, and also
the presence of voids are becoming more pronounced. Comparing
these observations for screw samples produced at different temp-
eratures (170, 194 and 210°C), it is noticed that at any screw
turn degree of fusion of primary particles, distribution of
stabilizer and, where applicable, presence of micro-voids increase
with increasing processing temperature. This can be explained by
" the fact that, for example, at the 29th screw channel particle
fusion increases in the order 210°C > 1949C > 1709C as shown
earlier on by UV fluorescence and DIC micrographs in Figures 6.30
and 6.33.

Owing to the spiral shape of the screw samples the only
physical property experiment successfu]]y carried out is solvent
absorption test. The result is plotted against the number: of screw
channels for each temperature in Figure 6.37, and are also summa-
rised in Table 6.16. The reasons for the observed anomalous sol-
vent absorption along the screw for different temperatures are
due to compaction effect and thermo-mechanical variations at _
different zones - as summarised in the same Table 6.16. Comparing
the graphs in Figure 6.37 it can be noticed that solvent absorption
is higher at 194°C than at 1700C processing temperatures. The trend
observed with higher temperature (210°C) screw sample is mainly
‘due to the effect of higher melt temperature than the presence of
microvoids. . In other words the results depended more on the struc-
tural modifications than micro-voids effect. The higher sorption
value observed at high processing temperature (210°C) compared with
samples prepared at 170°C is due to the formation of higher chain
entanglement network in the former.

During examination of the screw samples a cross-section of
fluorescence micrographsfrom screw surface to the barrel. surface
‘regions were obtained. Figure 6.38 shows typical examples of such
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FIGURE 6.36: Fracture surface of 'core' samples produced at two extreme
temperatures

A: Produced at 170°C

(ij 1st screw turn
Mag. x5K

"(i1) 37th screw turn
Mag. x200K
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" {ii) 37th screw turn
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FIGURE 6.38:

210

Fluorescence photomicrographs showing cross-sectional view of

'core' sample from screw surface to barrel surface.
Temperature of extrusion: 1700C
Sample position in screws: 19th screw turn

B

(a)

Screw surface

Barrel surface
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cross-sectional views made on specimens obtained from the 19th
screw channel of normal processing temperature sample. More
sub-grains are observed in the region nearer to the screw than
in that nearer to the barrel {compare Figure 6.38 (a and c))-
indicating that bulk structural modification takes place when
the polymer melt is sheared against the barrel surface - than
when sheared against the screw surface. It is also noticed
that the sub-grains are elongated as they are moved from the
screw surface towards the barrel surface. This process continues
along the screw channels to deliver a superficially homogeneous
melt to the extruder die.

TABLE 6.14:

Relative fluorescence intensity of extruder screw samples of
different temperatures .

Relative fluorescence intensity (%)
Screw Channel

170% 194°¢ 2100¢C

st 36.73 41.62 50.37
6th 41.78 59.13 '53.38
12th 45.02 63.13 58.60
24th 48.75 67.48 59.85
29th , 55.02 70.85 62.75
33rd 94.60 74.83 66.07
36th 62.37 109.63 96.20
38th - 72.05 - 69.93
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Heat of fusion of extruder screw samples of different

temperatures

Screw Heat of Fusion (Jg-!

Channel 176°C 194°C 2100C

1st 1.44 2.59 3.58

6th 1.30 1.99 2.61
12th 1.14 1.85 2.49
24th 0.98 1.78 2.23
29th 0.65 1.54 1.96
33rd 0.54 0.96 1.72
36th - - -

- 38th - - -

TABLE 6.16:

Variation of screw turns with solvent absorption at different
extrusion temperatures as a function of stabilizer distributior in

standard fonnulation

Screw- Solvent absorption (%) Reasons for some
turns 170%C 1940¢C 2100C observed effect
1st 12.73 14.71 15.93
6th 23.30 24.30 26.85
12th 23.78 27.65 28.47
24th 29.45 33.90 38.51
29th - 25.44 25.95 24.40 Compaction and
' degradation espe-
cially at 2109C -
in the early
stages of extru-
‘ sion
34th - - 34,61 Samples of 170°¢C
: & 1947C disinte-
grated in the
solvent
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6.2.5 CLonclusion

The following conclusionscan be drawn from the results and

discussions given in the chapter:

At normal processing condition the degree of particle fusion
and distribution of stabilizer depends on the composition of
the formulation. Therefore increase in the amount of cal-
cium stearate promotes the breakdown of sub-grains resulting
in a higher degree of fusion and better distribution of
stabilizer, while the same effects are at their @lggggp
when the proportion of GS wax (an external lubricant) is
reduced,

Incorporation of slightly incompatible internal lubricants
(0.2 phr oxidised PE wax and 0.4 phr glycerol monostearate)
in the standard formulation show very little improvement in
the degree of particles fusion. However, when an impact
modifier and a 1ubricant-stabi1izer'(respective]y 1.5 phr
paraloid K120N and 1.5 phr normal Tead stearate) were
separately incorporated there were significant changes in
both particle fusion and.stabilizer distribution. Products
containing the impact modifier exhibited best mechanical
performance, while those containing normal lead stearate
showed lowest impact strength due to reduction in melt
elasticity.

Changes in extrudates morphology and distribution of
stabilizer are found to be affected by extrusion variables;
extrusion screw speed and temperature. Best product perfor-
mance is obiserved at_§g_rpm; and beyond this screw speed
the effect of 'surging' is evident. At this screw speed
the sample contains féwer'sub-grains and small-size

primary particles, but large-size primary particles are
dominant at higher screw speeds. The best distribution of
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stabilizer and the highest homogeneity of Matrix are also
observed at 2189C extrusion temperature, where the extru-
date seems to contain no sub-grains. At 170°9C the extrudate
fluoresces intensely from stabilizer devoid large-size
sub-grains, while at 2249C the sub-grains melt and exhibit
intense fluorescing striations along the flow regions.
The absorption of solvent increases with increase in
extrusion temperature up to 2180C. This is due to increase
in moTecular chain entanglement, but above 218°C -
cross.linking results leading to low solvent sorption.

There are two conditions which introduce voids in the UPVC
matrix; when agglomeration of additive particles occurs
and'by eyolution of Rydrogen chloride-bubbles. The former
occurs mostly at low extrusion temperature, whilst the
micro-voids formation by HC1 evolution occurs at high
extrusion temperature and they become larger in diameter

with increase in temperature.

The study of screw samples of a twin-screw extruder has
shown that regardless of the processing conditions degree
of fusion of particles and.distribution of stabilizer
improve with the movement of the polymer melt towards the
extruder die. Final changes in the morphological features
of the polymer melt are not achieved along the zones of
the extruder screws. Taking any screw channel, the 'best'
hdmogeneity of matrix {s observed in regions nearer to the.
barrel surface than those closest to the extruder screw-
surface.

'Surface skin' is observed on all extrudates, but no
evidence of this phenomenon is found in screw samples.
Therefore, the presence'of 'surface skin' is largely due

to orderly alignment of residual grains in the melt, resul-
ting from polymer flow and shear characteristics near the
die surface.
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CHAPTER 7
COMPRESSION MOULDING

7.0 Results and Discussion

The dry blends were compression moulded into sheets of
similar thickness to the extrudates. Mouldings were prepared
using a range of temperatures (150-230°C) from standard formu-
lation. Since the rates of shear in compression moulding are -
relatively low ~ in the order of 1-10 sec"1 - compared to
extrusion (102 - 3000 sec"), it presents an ideal situation
to study the effe¢t of temperature on morphological properties.
Compression mouldings were also prepared from powder blends
containing various additives and different dohcenthations of
stabilizer. The object was to establish whether there exists
any relationship between distribution of additives and mor-
phological changes at a low shear, and at early stages of
extruder core samples.

This Chapter'wi11 be discussed under the following headings:
Effect of temperature on morphology, and distribution of additive,
Effect of concentration of stabilizer on particle fusion and
Influente,of formulation variations on Changes in morphology.

7.1 Effect of Temperature on Morphology and Distribution of
Additive

7.1.1 Distributicen of Additive

The effect of moulding temperatures on distribution of
stabilizer was studied using differential interference contrast,
UV fluorescence and transmission electron microscopy. By the
use of DIC, the stabilizer can be observed on the boundaries of
the sintered powder (Figure 7.1) held in the form of a network.
This is mostly observed with high processing temperature - from
170°%C. Below this temperature, it was not unexpected to find
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DIC micrographs of samples moulded at different temperatures
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that compaction and densification of the grains was extremely
poor. The original grains remained structurally unchanged.
Although thin sections were obtained (with extreme difficulty)
for the samples, there was no significant difference in structure
between these sections and powder blends. This indicates that
temperature, as well as shear, is vital if any change is to be
observed in good agreement with the results obtained by X-ray
‘study] and differential scanning caiorimeter]48’]75. The effect
of temperature is cleariy visible in Figure 7.1 (DIC micrographs
of samples moulded at 190°C and 210°C) which shows a significant
change in morphology to be associated with increase in tempera-
ture, The grain boundaries are .less visible, which should
suggest that most of.the stabilizer particles have diffused

into the melt pool. It is also noted that, unlike liquid
stabilizer blends used by several workers]48’179’180, even at
higher moulding temperatures, & homogeneous matrix was not
obtained. This is presumably due to the stabilizer particles
still in abundance around the periphery of the grains. In order
to verify this_assumption‘the UV fluorescance and transmission
electron microscope were employed.

The fluorescence micrograph of samples moulded at 190?0 is
shown in Figure 7.2. It is evident that the PVC grains periphery
fluaresce brighter than the centres. Two different fluorescent
areas can be identified viz. light-blue colour (at periphery of
grains) and dark-blue (at centre of grains). The light-blue
colour observed at the periphery of the grains is apparently due
to the presence of stabilizer which.prevenps catastrophic
degradation in these regions. It is not surprising that since
distribution of the stabilizer is mostly on thé .communal boun-
daries of the PVC grains, the mouldings produced at higher
temperatures (from 210°C)‘wi11 have a substantially reduced
fluorescent property as a result of higher degradation. This is
confirmed by the absence of the light-blue fluorescent colour
in samples of higher moulding temperatures. By the use of this
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FIGURE 7.2: Fluorescence micrographs of sample moulded at different temperatures

(a) Sam81e moulded at
190YC

(b) Sample moulded at
210°¢

Samgle moulded at
230%C
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techniqué, it was also observed that at 200°C (before loss of
fluorescence due to degradation) the obliteration of the grains
boundaries increases and some of the stabilizer particles pre-
viousTy located in those boundaries can.be seen distributed in
the resultant 'melt' pool or matrix.

The photomicrographs obtained by transmission electron

- microscopy (Figure 7.3) ‘also provided a clear evidence that
stabilizer particles, at 190°C and below, are within the boun-
daries of the PVC grains. It is clearly apparent that the
dibasic lead stearate stabilizer which coated the grains during
high speed blending remains as a coating even at this tempera-
ture and therefore forms a network pattern throughout the bed of
sintered powder. This prevents catastrophic degradation, but is
inadequate to prevent the. generation of a brown colour because
of degradation which.occurs at the particles centres.

A similar observation was made in the feed section of extru-
der core samples (see Figure 6.31), but unlike the compression
moulding, fluxing of the grains resulted in earlier appearance
of sub-grains,.thus a considerable improvement in stabilizer
distribution . and consequently. in the colour of the materials.

In a compression moulding process,.even at higher moulding temp-
ératures where the grains boundaries are partially obliterated
{as' shown earlier on), to permit a better distribution of the
stabiljzer the absence .of fluxing still results in intense
discolouration of materials.

154,155,137 have shown that solid additives

form a ‘network' throughout the bed of sintered powder due to
its "failure' to penetrate into the supermolecular structure of
PVC. This is unique with compression moulding of dry blends
containing solid stabilizer. Similar observations also have
been reported by Hemsiey et a148, and they have shown that solid
additives . remain at the periphery of the grains in compression
moulding. However, none of the workers observed the colour change

~in fluorescence microscopy as a result of degradation.

Several workers
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TEM micrographs showing stabilizer distribution

.
. (a)

(c)

Sample moulded at
1900C.

Stabilizer particles
are still within
grain boundaries.
Mag. x6.6K

Samgle moulded at
210C. Stabilizer
particles migrated
into grains due to
boundary obliteratio
Mag. x16K

a

Sample moulded at
230°C.
Mag. x16K
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7.1.2 Effect of Temperature on Morphological Changes

Changes in the morphological features of PVC particles
moulded by using a minimum of shear have been studied with
differential interference contrast (DIC) mi croscopy. By exa-
mining thin sections of mouldings prepared at different tempera-
tures (ranging from 150-230°C) it was observed that increase
in moulding temperature leads to structural modification. How-
ever, the rates of structural modification {morphological changes)
were found to decrease with increase in moulding temperature.
This can be attributed to the absence of fluxing and high shear
which otherwise could have readily destroyed the original grain
structure. Typical examples are shown in Figure 7.1 - which are
DIC micrographs of samples moulded at 170°C, 190°C, 2109C and
2300C. At low moulding temperature (less than 170°C) intra-
particle fusion was observed, leading to the loss of particle
porosity. Fusion between ajdacent grains was extremely weak -
even sectioning the samples was difficult. Apart from high
densification there was no evidence of grain modification.

Inter-particle fusion of appreciable strength begins to form
from 1709C. The PVC grains start to lose their original shape
as the moulding temperature is raised, and subsequently the .
melted grains fused into a form of a network pattern (see
Figure 7.1). This is attributed .to the presence of solid
stabilizer - which has already been discussed in Section 7.1.1.
At higher moulding temperatures (from 210°C) although the network
pattern is still retained, some of the primary particles are
revealed. However, there was no evidence of substantial loss
of grain identity at this or higher moulding temperatures. This
was closely studied by moulding samples .at series of temperatures
above 230°C.to include some badly degraded materials. On examining
the thin sections of these materials, it was found that the grain
memories were still visible in even the badly degraded samples.
In other words, primary particles fusion is largely intra
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(occurring within a grain) rather than inter (occurring between
grains). This strongly suggests that although considerable amounts
of primary particles fusion may result by processing at higher
temperatures, the resultant grain entanglement network will
largely be localised within the grain. ~. . This means that the
product will be highly brittle - as shall be determined by an
impact test in Section.7.1.3. The mode of fusion of the primary
particles, thus, depends not only on the processing conditions and
presence of additives but also on the type of process. In other
words, the fusion of primaries can be readily achieved, among
other things, by the correct combination of process and formula-
tion.

The fusion or change in the morphological features of PVC
grains during procassing has been studiéd by many workers154’1ﬁ].
Gilbert et alls1 have reviewed a number of techniques for assessfng
PVC fusion and, using optical methods, they have shown that fusion
of primaries is highly associated with shear and thermal history
of the PVC. They also postulated a fusion mechanism of melting
and recrystallising process which, like A]]sopp154, leads to an
entanglement network formation at the later stages of a process.
The observations made here are, to an extent, outside their findings
. and fusion models. They did not observe that fusion of hrimany
particles occurs predominantly within the grains in low shear
process. Presqmably, it is because their fusion models were based
on an extrusion process and other higher shear rates processes.

7.1.3 Effect of Temperature on Fusion Properties of
Compression Mouldings

The assessment of fusion properties was further made with
conventional methods, such as impact test, differential scanning
calorimeter and solvent absorption. The findings will be related
to microscopical observations made in the preceding sections.

The. results obtained from these experiments are shown in Tables
7.1 and 7.2 and are plotted in Figures 7.4 and 7.7. Impact strength




223

Impact strength {Kdm ©)
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FIGURE 7.4: Variation of impact strength with moulding temperature
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FIGURE 7.5: SEM micrographs of fracture surfaces of compression mouldings
: Mag. x5K

(d) 230%
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was observed to increase. almost linearly with increase in
moulding.temperature up to 2100C, indicating presumably the
occurrence of high grain compaction prior to their boundaries
fusion49’50. Above this moulding temperature the dependency is
much reduced, which should suggest that .after certain temperature
a2 lowering in impact strength, relative to the earlier increase,

is apparentls} - due to molecular chain cross-linking -

The fracture surfaces of the impact specimens were examined
using scanning electron microscopy. Figure 7.5 {a, b, ¢ and d)
show the fracture surfaces of samples moulded at 1509C, 190°C,
210%C and 2300¢C respectively. From the micrographs it is evident
that samples moulded at temperatures below 190°C failed in a
brittle manner, occurring at the periphery of the 'fused' grains
(that is, wholly inter-particle fracture). At 190°C some inter-
particulate failure is observed, and at 210°C the failure is
clearly ductile with fracture occurring mostly through the grains
(that is, intra-particle fracture). Hemsley et al observed a
similar mode of fracture when tensile strength measurement was
made on samples compression moulded at.different.temperaturesqs.
The graphic traces of fracture mechanisms of the samples are
shown in Figure 7.6, where the single peak and double peaks-are
respectively indications of samples failing in a brittle and
dutcile manner - in agreement with formation of short chain seg-
ments at low temperatures.

The results obtained with a differential scanning calorimeter
are shown in Figure 7.7. This method measures the formation of
secondary crystallites and presence of primary crystallinity as
a function of thermal history]48’]78. From the raw data obtained,
the heat.of fusion (AHf) has been calculated (see Section 4.2)
and presented in Table 7.2. It is shown that heat of fusion is
not recorded for samples of low moulding temperatures. In other
words, for samples of lower moulding temperature there is Tittle

or no difference in morpho]ogital features between them and
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1. Extruded and Compression Moulded Samples

A B
Extrudate Compression moulding

v
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2. Extrudates of two extreme temperatures
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FIGURE 7.6{a)Comparison of graphic traces for the fracture
~"mechanisms of impact test samples

- A 8 C D
Processing Temp (°C) 194 190 188 224

Breaking Force (N) 340 218 340 320
Mode of Failure Ductile Brittle Ductile Ductile
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powder blends - at least not in samples of such high section
thickness as used here. This result is in good agreement with
microscopical observations made in the preceding section.

For higher temperature mouldings heat.of fusion increases
steeply with temperature up to 210°C, and above this temperature
the dependency is again much reduced (Figure 7.7). Terselius

et al]78 and Gilbert et.a1148 have .used this method to investi-
gate the gelation of rigid PVC. They have shown that the appea-
rance and subsequent increase of the broad endothermic peak,

as a function of moulding temperature,wmﬁﬁbue to the formation
of secondary crystallites. Since this secondary crystallite is
associated with structural modification, it is apparent that
only grain compaction had occurred below 170°C. This also
indicates that grains compaction could occur, most times,
without simultaneous fusion of primary particles and entangle-
ment network.. This nearly always produces a friable sample.

The thermograms. from these measurements are shown in Appendix 4.
The overall result is considerably low compared with DSC results
of the extruded samples (Figure 6.27). This large difference in
value could be due to fluxing and shearing, as well as heating,
associated with extruded samples. Solvent absorption results
(Table 7.2) show a similar trend to impact strength and differen-
tial scanning calorimeter results. . Percentage solvent absorption
was found to decrease with increasing moulding temperature, It
is important to emphasise again that the test period was short -
15 minutes - to avoid misleading results due to flaking of the
samples. An entirely different result can sometimes be obtained

if the samples are left in acetone for several hbursl7$'175. This

is only suitable for highly gelled or fused samples such as extru-
dates, where flaking rarely occurs. In this study when the test
period was doubled to 30minutes, samples moulded at lower temp-

eratures (150°C and 170°C) were almost completely disintegrated,

and flaking was common with high temperature mouldings.




Heat of Fusion (Jg'])

3.5

3.0

~N
[V, ]

[ ]
[]
o

1.5

1.3

229

1

1
160

FIGURE 7.7 :

| [
170 190 210 230
Moulding temperature (°C)

Effect of temperature on heat of fusion in compression
mouldings ' :




230

TABLE 7.1:

Variation of impact strength with temperature in compression
moulding :

Tempera- Impact Strength (kJd m-3)

"%ggﬁ 1 2 3 4 5 6 Average
150 3.10 2.98 2.90 3.07 2.95 2.98 3.00
170 3.28 3.26 3.08 3.33 3.27 3.22 3.24
190 3.54 3.46 3.55 3.68 3.48 3.49 3.53
210 4.23 4.59 4.33 4.57 4,78 4.17 4.45
230 4,73 4.50 4.57 4.80 4.69 4.53 4.64

TABLE 7.2:

Effect of temperature on*fusion.propertieé of compression mouldings

Temperature Heat of Fusion Solvent Absorption
(°c) MHe (Jg-1) (%)
150 - -
170 1.25 -
190 1.95 4.96
210 3.61 4.63
230 - 3.30 4.23




231

These results obtained with ‘conventional' methods are not
wholly in agreement with microscopical observations made in the

preceding sub-sections - especially for samples moulded at
lower temperatures. For instance, the DSC, unlike microscopy ,
techniques, did not record any fusion at lower moulding tempera-
tures. Similarly, no result was obtained by solvent absorption
tests for Tower temperature samples. It could, therefore, be
assumed that at Tower moulding temperature the percentage ratio
of compaction to inter-particle fusion is in the range of 95:5,
This means that only very small percentage of grain fusion,
perhaps not measurable with these ‘conventional' methods, is
occurring at lower moulding temperatures.

7.2 Influence of Dibasic Lead Stearate Concentration on
Morphoiogical Changes

Variations in the amount of stabilizer in the standard formu-
lation were made in order to clearly understand the relationship
between stabilizer distribution and morphological changes under a
minimum of shear. In the preceding section (Section 7.1) it has
been demoﬁstrated_that stabilizer distributes around the periphery
of the PVC grains in compression mouldings. This was shown to be
responsible for a form of 'network' pattern observed in the
sintered powder, which at higher moulding temperatures was still
visible.

In this section, mouldings containing different concentrations
of dibasic Tead stearate stabilizer have been examined using both
Tight and electron microscopy techniques. Figure 7.8 (a, b, and
c) shows the micrographs obtained with differential interference
contrast, Figqure 7.9 (a, b and c¢) shows UV fluorescence micrographs
and Figure 7.10 shows the transmission electron micrographs. The
topography of the moulding can be seen to change as the concen-
tration of lead stabiliser is increased. In moulding with low
concentration of DBLS (< 1.5 phr) the boundaries of the grains
are almost completely obliterated. As expected this feature is
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FIGURE 7.8: DIC micrographs of samples containing different concentrations of
DBLS stabilizer

(aj Contained no
stabilizer

Contained 2.5 phr
dibasic lead
stearate stabilizer

'(¢) Contained 4 phr
dibasic lead ,
stearate stabilizer
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FIGURE 7.9: The UV fluorescence micrographs of samples containing different

concentration of DBLS stabilizer

o T ALt g b e

oW s i 5-7&1

(é) Contained no

(b)

B '
(c) Contained 4 phr of

stabilizer.
Grains boundaries
not visible

Contained 2.5 phro,t
stabilizer

Grains fluorescence
differ from that of
boundaries due to
stabilizer

stabilizer.
Grains boundaries
are very visible
due to excess
stabilizer
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most pronounced in the mouldings with no stabilizer (Figure 7.8a)
indicating that solid stabilizer is responsible for the presence
of the 'network' pattern seen in the mouldings. Figure 7.9 (a, b
and c) shows respectively the fluorescence micrographs of

samples containing O phr, 2.5 phr and 4 phr of stabilizer. As

_the stabilizer concentration is increased the grain boundaries
become more visible - fluorescing much brighter than the grains
centres. This Figure 7.9 also clearly indicates that solid stabi-
lizers do not penetrate into PVC grains during blending. Katchy' >
demonstrated the distribution of solid and liquid stabilizers in
compression mouldings, but failed to observe this difference in
topography between the samples containing these stabilizers.
However, he pointed out that the liquid tin stabilizer was

wholly absorbed into the PVC grains, while the solid stabilizer
remained on the periphery of the grains. In other words, since
the liquid stabilizer was absorbed into the grains during blending
it is obvious that a highAdegree of fusion would be observed in the
moulded samp]es]48’]73’]79. In comparison with blends containing
solid stabilizer, there was hardly any grain boundary found in
those mouTdings. | '

As the concentration -of stabilizer increases (up to 4 phr)
its quantity on the grains boundaries increases and the samples
become highly brittle. Evidence of stabilizer particles agglomera-
tion is clearly shown in Figure 7.10 (micrographs from TEM studies).
A void near the agglomerated stabilizer particles apparently ari-
sing from poor grain compaction is also clearly seen. In general,
there is no evidence of gross structural modification observed in
mouldings containing either lower or higher DBLS concentration.
The obvious relationship which exists between stabilizer concen-
tration and morphological changes, as a function of stabilizer
concentration, is that at higher concentration the material thermal
history is highly reduced - that means reduction in degree of
fusion of primary particies.
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FIGURE 7.10: TEM micrographs of compression moulding samples containing
different DBLS concentrations

e
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(a) Contained 1 phr of
DBLS.
Mag. x33K '

(b) Contained 2.5 phr
of DBLS. '
Mag. x6.6K

(c) Contained 4 phr of
DBLS.
Mag. x6.6K
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This suggests that the impact strength of the moulding
will be affected by higher ratio of stabilizer; and in fact
the impact strength was seen to decrease with increasing
stabilizer concentration (Figure 7.11). The low value of impact
strength bbserved with non-stabilized samples compared with
samples containing 1 phr stabilizer is presumably due to the
effect of degradation. At 4 phr (higher stabilizer loading)
the dependency increases. This is attributed to lower compacti-
bility between the PVC grains. Examination of fracture surfaces
of impact test bars revealed that the failure is clearly brittle
and entirely inter-partic{e. The brittle failure in non-stabilized
samples is largely due to high chain . cross linking -+ as a result
of degradation.

Solvent absorption and differential scanning calorimeter
results (Tables 7.3 and 7.4) also showed that Tower degree of
fusion is associated with higher ratio of stabilizer. Figure 7.12
shows .the results obtained from DSC to decrease, and solvent
absorption to increase with increasing stabilizer concentration.
This ‘indicates that the fusion level and grain compactibility are
reduced as the amount of stabilizer is increased, in general |
agreement with the results of differential interference contrast
microséopy.

In a further attempt to elucidate the relationship between
stabilizer distribution and morphological changes, it was thought
necessary to interchange dibasic lead stearate (DBLS) with tribasic
lead sulphate in the standard formulation. The latter has not only
higher lead content but also wider range of particle size distri-
bution (see Section 2.1 ). From Figure 7.13 it can be seen that
the grain boundaries are more visible in mouldings containing
tribasic lead sulphate (TBLS) than in those containing DBLS
(Figure 7.13). As a result poorer stabilizer distribution is
observed due to Tower degree of grain fusion. This suggests a fall
in the impact strength of the standard formulation. The results
obtained from impact strength and solvent absorption tests are
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FIGURE 7.13: The micrographs of samples containing different stabilizers

(a) Sample containing
dibasic lead stearat
stabilizer.

(DIC micrograph)

(b) Sample containing
tribasic lead sul-
phate stabilizer.
(DIC micrograph)

(c) Sample containing
tribasic Tead sul-
phate stabilizer.
(Fluorescence:micro-
-graph.,

Compare it with
Figure 7.2a)

So,u,»L )
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TABLE 7.3:

Effect of stabilizer concentration on impact strength of
compression moulding

Concentra- Impact Strength (kJ m=2)

tion of

DLBS (phr) 1 2 3 4 5 6 Average
0 3.33  3.49 3.32 3.2 3.42  3.45 3.38
1.0 3.45 3.50 3.44 3.48 3.45 3.46 3.46
2.0 3.40 3.34 3.35 3.36 3.32 3.38 3.36
2.5 3.13 3.19 3.26 3.19 3.24 3.29 3.22
3.0 3.14  3.10  3.06 3.10° 3.09 3.04 . 3.09
4.0 2.89 3.1 2.89 3.14 2.92 3.16 3.02

TABLE 7.4:

Effect of stabilizer concentration on fusion properties of
compression mouldings

Concentration of Heat of fusion Solvent Absorption
DBLS (phr) LU (Jdg-1) (%)
0 3.68 3.84 -
1.0 2.22 4.13 '
2.0 1.46 4.3
2.5 1.34 - 4.78
3.0 1.26 -
4.0 : 1.21 -
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shown in Table 7.3. However, although no structural modifications
was observed, Tess discolouration (which gave low flucrescence
intensity) was observed with this moulding. This is presumably

due to the higher lead content and better heat properties associa-
ted with tribasic Tead sulphate stabi1izer3].

7.3 Effect of Different Formulations on Morphology of Moulding

In order to make an.in-depth study of the influence of
various additives on stabilizer distribution in dry blends, the
blends were again moulded under a low shear. By this method it
is possible to perhaps understand readily the influence of
certain additives in the distribution of stabilizer in mouldings.

From the formulations (Section 2.2), it will be most con-
venient to discuss this section under two headings: effect of
varying the ratios of lubricants and effect of incorporation of
'secondary’ additives into the standard formulation.

7.3.1 Effect of Varying the ﬁatios of Lubricants

In this sub-section, the influence of lubricant concentration
and lubricant type in relation to fusion and distribution of stabi-
lizer are discussed. The external and internal lubricants used
were respectively G.S. wax and calcium stearate. The concentrations
of the G.S. wax and calcium stearate used in the standard formula-
tion were varied as shown in Table 2.4. Figure 7.14 (a, b and c¢)
shows the micrographs of formulation 4 obtained with (a) DIC,

(b) fluorescence, and (c) TEM respectively. It can be seen that
simultaneous reduction and increment in G.S. wax and calcium
stearate respectively resulted in better distribution of the
stabilizer - that means the ‘'obliteration' of grain boundaries.

It is evident from the DIC micrographs that the grain boundaries
are . less  seen, and that most of the stabilizer particles have
penetrated into the grains. A typical distribution pattern observed
with TEM in most regions {in about 70%) of the matrix is shown in
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FIGURE 7.14: The micrographs of formulation containing high concentration
of calcium stearate

(b)

(é) DIC micrograph.

Compare with standar
formulation Fig 7.1b
(Less stabilizer
particles in the
grain boundaries).

Stum

Fluorescence micro-
graph.

Compare with Fig 7.2z
(Loss of grains
boundaries is evident

Z0um

TEM micrograph.
Compare with Fig 7.3
(Better stabilizer
dispersion into the
PYC grains)

Mmj. Xbbk
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© TABLE 7.5: .
Variation of impact strength with formulations in compression
moulding
Formu- [ Additive Impact Strength (kJ m=2)
lation typet;and
ratio
No. (phl) 1 2 3 4 5 6 Average
Cal.St. Wax .
1* 0.4 0.3 |3.54 3.46 3.55 3.68 3.48 3.49 3.53
2 0.4 0.15( 3.48 3.57 3.43 3.41 3.57 3.46 3.48
3 0.8 0.3 |3.60 3.38 3.46 3.65 3.59 3.63 3.55
4 0.8 0.15| 3.63 3.58 3.56 3.64 3.66 3.59 3.61
5 0.2 0PW | 3.61 3.53 3.59 3.49 3.53 .3.56 3.55
6 0.4 GMS | 3.57 3.61 3.64 3.58 3.55 3.54 3.58
7 1.5 KI20N| 3.25 3.15 3.17 3.39 3.28 3.26 3.25
8 1.5 NLS | 3.27 3.40 3.28 3.38 3.43 3.26 3.34
9 2.5 TBLS | 3.51 3.47 3.42 3.44 3.45 3.47 3.46
TABLE 7.6:
Effect of different formu]at1ons on fusion properties in compression
moulding :
Formulation Heat of Fusion |~ Solvent Heat of Fusion
Number 8H¢ (Jg~1) Absorption for Extrudates
() | (9g7)
1* 1.75 4.96 3.94
2 1.71 1.3 4,02
(flake) '
3 1.92 4,39 8.05
4 1.61 3.66 7.60
5 1.69 4.45 4.48
6 2,05 1.74 3.12
' (flake)
7 1.52 - 2.21
8 1.72 | 4.43 2.93
9 - 1.95 - -
* = standard formulation NLS = normal Tead stearate
OPW = oxidized polyethylene wax TBLS = tribasic lead sulphate
GMS = glycerol monstearate : (formulation contains
K120N = paraloid K120N no DBLS) -

Cal.5t. = Calcium stearate




244

Figure 7.14¢c. In addition and as expected, better distribution
of stabilizer observed in this formulation Teads to increase in
impact strength and reduction in percentage solvent absorption
(Tables 7.5 and 7.6). The former is due to fewer numbers of
agglomerated stabilizer particles in the matrix which otherwise
could have lowered the impact strength.

When the G.S. wax concentration only was reduced, no signi-
ficant change was observed in both morphology and distribution of
stabilizer. On increasing the concentration of calcium stearate
only, again no change in both morphology and stabilizer distribution
was observed. However, there was an increase in impact strength
in the latter case, while in the former the impact strength was
reduced. Since stabilizer distribution is not affected, the
change in impact strength could be due to higher melt elasticity
associated with high concentration of internal 1ubricant65.
Solvent absorption tests gave results of no apparent tendency -
due to flaking observed with both samples (Table 7.6).

It means therefore that'grains compaction and fusion, and
distribution of solid st&bflizer'depends substantially on the ratio
‘of external lubricdant to internal lubricant. Higher external lubri-
~ cant concentration will affect structural modification. This
‘indicates that the external lubricants of Tow melting point (such
as G.S. wax - see Appendix 2) form an ultra-thin film layer on the
grains of dry blend, in agreement with the results of DIC micro-
scopy of samples containing only lubricants and those reported
by Naturman]67, Gale49 and A]]soppso. This ultra-thin film increa-.
ses .in thickness with increase in concentration of the lubricant

and, thus, affects inter-particle fusion adversely.

7.3.2 Effect of Incorporation of 'Secondary' Additives

The influence of 'secondary' additives on morphological changes
and distribution of stabilizer was studied by incorporating oxidized
polyethylene wax, glycerol monbstearate, palaroid K120N impact
modifier and normal lead stearate into the standard formulation
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FIGURE 7.15: TEM micrographs of formulations containing 'secondary'
‘ additives. Mag.x-Lic
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(Section 2.2 ). The results of impact strength and solvent
absorption are given in Tables 7.5 and 7.6 respectively. Figure
7.15 (a, b and c) shows that better distribution of stabilizer
particles is obtained with moulding containing these 'secondary’
additives. It can be seen from the TEM micrographs that the
stabilizer particles have penetrated into the matrix of the
mouldings. This is because of the internal lubricating effect
of oxidized PE wax, glycerel monostearate and normal lead
stearate153. Since their melting points are relatively lower-
than the moulding temperatures, they easily 'diffused' into the
grains carrying some stabilizer particles with them. Rolls and
Weill have observed a similar penetration of solid stabilizer
into the grains in lightly pressed dnyblendssz. This is also
confirmed by the fact that, unlike external lubricants, the
internal lubricants do not form thin films on melting.

The best distribution of stabilizer, in the context of this
study, is observed with mouldings.containing normal Tead stearate,
and this is attributed mainly to the high quantity used. Its
flucrescence and DIC micrographs also show that the grain struc-
ture has completely disappeared, and that a new structure (sub-
grains) has been revealed. These sub-grains are devoid’ of" stabi-
lizer and, thus, fluoresce brightly in the matrix (Figure 7{16¢).
Figure 7.16c also reveals another point of interest, that a melt
pool and not sintered powder bed is formed by using a higher
concentration of internal lubricant. . In other words, the addition
of higher concentrations of internal lubricant reduces the surface
strength of the grains and on compression moulding results in
significant structural modification. However, this leads to
lower impact strength (Table 7.5) and solvent absorption due to
Tower melt elasticity and lower heat . of fusion compared with formulation j-
Similar features were also obtained by using DIC microscopy
(Figure 7.17b).

It was not totally unexpected to find that compression moulding
which contains an impact modifier has the Towest impact strength
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FIGURE 7.16: Fluorescence micrographs of formulations containing different
'secondary’' additives

(a) Contains glycerol
monostearate.
Loss of some grain
boundaries is clearly
evident

!

{b) Contains impact
modifier.
No appreciable loss of
grain identity

Contains normal lead
stearate.

Complete loss of grain
identity, exposing the
sub-grains
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DIC micrographs of two vastly different formulations

(a) Contains impact modifier (K120N)
Grain boundaries are very much in evidence

:

b o e e e B

(b) Contains normal lead stearate .
No evidence of grain boundaries or identity
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compared with other formulations (Table 7.5). Fluorescence and
TEM micrographs (Figures 7.16 and 7.15) revealed that particles
of both stabilizer and impact modifier remained mainly on the
grain boundaries. They are high melting point particles (see
Appendix 2), and since they remain on the grain periphery, a high
level of grain fusion will be difficult to achieve. It is also
evident from DIC micrographs that the PVC grains were barely
fused (Figure 7.17a). This is confirmed by the fact that when

the moulding was left in acetone for 15 minutes it almost
completely disintegrated.

The SEM exémination of fracture surfaces shows not only
some element of ductility but also the presence of sub-grains
and primary particles in samples containing normal lead stearate
stabilizer. These features were completely absent in the samples
containing impact modifier, and at a minimum in GMS containing
mouldings. This SEM observation strongly confirmed those made
with UV fluorescence and DIC microscopy methods.

7.4 Conclusion

Earlier work has largely been concerned with structural
modification at Tow shear mouldings - almost entirely based on
liquid stabi]izerl’]48']80. Here the relationship between distri-
bution of stabilizer and changes in morphological features, as a
function of temperature, concentration of stabilizer and Tubri-
cants and certain additives, have been investigated using chiefly
UV fluorescence and differential interference contrast (DIC)
microscopy. From the observations made the following conclusions
can be drawn: o

1. At low processing temperatures the features of the original
grains are largely unchanged, and the stabilizer which coated
these grains during blending remained as coating at the
periphery of the grains in moulded samples. However, at 170°C
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the shape of the grains was found to change significantly
due to compaction effects.

Sub-grains and primary particles were still very much in
evidence in mouldings produced at higher temperatures. It

was found that temperature alone, without shearing and fluxing,
cannot cause enough grains destruction which should lead to a
uniform distribution of stabilizer particles in the moulding.
Instead, higher than the normal processing temperature led

to poor particle flow, and intense degradation which produced

a 'honeycomb' matrix from hydrogen chloride evolution.

It was also found that high melting point additives reduce
the degree of fusion and, hence, impact strength because
they remain mainly on the grains periphery. That is why the
incorporation of impact modifier K120N into the standard
formulation gave mouldings of low Tevel of fusion and impact
strength.

High concentration of external 1ubricant provides an increased
resistance to interparticle fusion (that is, loss of grain
identity) which, in turn, affects distribution of stabilizer.
Higher structural modification and better distribution of
stabilizer was obtained by Towering the concentration of
external lubricant and increasing that of internal lubricant.
However, this led to the reduction of impact strength due to
lower melt elasticity.

Micro-voids in the moulding appeared to be found mostly near
agglomerated stabilizer particles. Therefore the occurrence
of micro-voids is not wholly associated with the evolution
of HC1 - at least not in samples produced under the condi-
tions such as those used here.

The mechanism of gelation (fusion model) observed in other
processes does not wholly apply in the compression moulding
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process. This is because obliteration of the grains'
structure is 'never achieved', for solid stabilizer
blends, without catastrophic degradation, so that the
formation of substantial quantities of molecular chain
entanglement network as a result of primary particle fusion
is dependent on temperature and formulation. |
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CHAPTER 8
SUMMARY OF THE EVALUATION AND PROCESSING METHODS

8.0 Correlation and'Effectiveness of the Processes and Micro-
scopical Methods Exploited

Two specific areas of study could be identified in this
programme. The first part has involved the exploitation of a UV
fluorescence microscopy and development of some effective sample
preparation techniques. The second part of this work has been
based on a close study of morphological changes and additive
distribution in three areas of UPVC processing - blending,
extrusion and compression moulding - using the developed tech-
niques. -

The mechanism of changes in morphological features (generally
referred to as gelation mechanism) during UPVC processing, despite
numerous publications, is still open to question. By using these
developed microscopical techniques to study three vastly, but
interrelated, areas of unplasticised polyvinylchloride (UPVC)
fabkications some useful contributions have been made to this
concept. This chapter will'be discussed under two headings based
on evaluation and fabrication methods used in this project.

8.1 Correlation of the Microscopical Techniques Used

The UV flucrescence microscopy has been used in conjunction
with differential interference contrast (DIC) and electron micro-
scopital methods to supplement the existing knowledge on the
morphological changes -in UPVC processing. There were substantial
agreements between the results obtained with UV fluorescence and
the differential interference contrast microscopy methods regard-
less of their specific areas of application. The UV fluorescence
microscope has been used mainly in the biomedical field, and Tittle
if any extensive application has been made of it in polymer studies.
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The pioneering work of Al]soppso revealed that the method is

best suited to degradation analysis. However, it has been used
here to obtain a correlation with powder bulk density, flow rate
and particle size and size distribution which strongly support
the primary concept that the 'breakdown' of grains is a dominant
feature in a high-attrition blending. The measurement of rela-
tive fluorescence intensity of heat-treated grains (semi-quantita-
tive fluorescence analysis) also shows good correlation with
differential interference microscopical observations. For instance,
both methods showed clear and related evidence that higher stabil-
izer Toading impliesmore layers of stabilizer particles on the PVC
grains. With the UV fluorescence analysis, grains containing

higher concentration of stabilizer were seen to exhibit Tow
fluorescence intensty_ on heating to 190°C. In other words, the
PVC grains were protected from catastrophic degradation by the
stabilizer particlies. However, increase in image contrast in the
DIC - indicating high stabilizer concentration up to a saturation
Tevel - is in good correlation with a systematic decrease in
relative fluorescence intensity (see Figures 5.7 and 5.9 in Chap-
ter 5). Preliminary study of stabilizer distribution on UPVC grains
with a transmission electron microscope clearly showed that the
stabilizer is not absorbed into the grains - which confirmed the
sensitivity of the fluorescence and DIC microscopy methods (the

TEM results were not shown here because this work was strictly
designed to avoid the use of embedding techniques, which is a
primary feature in TEM examination of powder grains).

Since the stabilizer particles 'protect' the PYC grains from
thermal degradation, a fuller experiment was carried out to deter-
mine how much thermal protection a single stabilizer particle can
offer in terms of the area it is occupying. Solvent-cast film
contaihing large-size stabilizer particles 'A' (as schematically
represented in Figure 8.1) was prepared as described in Chapter 4,
and degraded in an oven (temperature range 1709C to 210°¢).
Fluorescence analysis showed that the suggestion that stabilizer
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FIGURE 8.1: Schematic illustration of the suggested
effectiveness of stabilizer particle against
thermal degradation.

A = actual size of stabilizer particle;

B = anticipated magnitude of effective protec-
tion that can be offered by A; and

C = solvent-cast film

particles of size 'A' will be capable of protecting an area
larger than its size (e.g. an area of size 'B' in Figure 8.1)
appears ‘to be superficial. From the experiment, it can be

stated that each stabilizer particle can only 'protect' the

area it is occupying from thermal degradation. It can be

argued that this is, presumably, not an explicit technique for
the proper evaluation of the hypothesis. However, its findings
broadly agree with the fact that at high discharge temperature

(~ 140°C) local degradation is common with grains of poor quality
blends - due to stabilizer devoid areas.

In the evaluation of morphology of processed blends, again
both the UV fluorescence and differential interference contrast
microscopy {DIC) techniques showed results in broad agreement
with conventional methods. By the use of UV fluorescence micro-
scopy alone, a qualitative relationship was obtained between
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discolouration and gelation mechanism, which was also found to
correlate with the result obtained with differential scanning
calorimeter. The Toss of sub-grains along the extruder screws
observed with DIC microécopy was also shown to be closely rela-
ted to the loss of fluorescence intensity. Because of the 1imi-
tation of small refractive. index difference in DIC, it was a little
difficult to make a systematic study of stabilizer distribution
and morphological changes along the screws. This was more clearly
evaluated with fluorescence microscopy. However, for a closer
study of the role of additive in the fusion of grains and distri-
bution in the superficially gelled matrix, the transmission
electron microscope was found to be the most promising method,
This is due to the advantages of using not only a higher magni-
fication but also ultrathin specimens., This method also revealed
the presence of micro-voids which was seen to be mainly associated
with agglomeration of stabilizer particles. The migration of
stabilizer particles into the UPVC sub-grains as a function of
processing parameter - in compression moulding for instance -

was observed to be strongly related to the areas of very low
fluorescence. The scanning electron microscope apart from showing
similar features (i.e. presence of primary particles etc) with the
rest of the microscopy methods, © was also found to be very use- '
ful in the assessment of large-size voids caused by evolution of
hydrogen chloride. It was employed effectively in studying the
mode of sample failure. The fracture surfaces observed correlated
with the graphical traces of the Fractoscope Impact Tester.

In general terms, the microscopical methods exploited comple-
ment each other fairly well. It has been shown that each method.
explicitly explains what could have been otherwise difficult to
interpret with a single technique.
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8.2 Correlation and Effectiveness of Processing Methods

" The two methods used in this pfogramme for the fabrication
of dry blends are not only related to industrial interest but
also they provide suitable conditions (low and high shear) for
the study of gelation mechanisms in UPVC. The use of compression
moulding provides a better insight into the mechanism of morpholo-
gical changes at relatively low shear, perhaps, similar to the
gelation mechanism observed along extruder screws.

The morphological aspects of PVC have been shown in the
introductory chapter to be classified into several phases. These
different phases are built-up during polymerisation and are des-
troyed to an entanglement network during fabrication. Consider
the direct processing of powder resin, the first stage involves
blending - where it has been shown that most of the grains (120 um
average size) are broken down into smaller size grains. This has
been shown by many workers to improve the output rate and fusion
level of the subsequent fabrication stage53’]3]. (This work was
not designed to evaluate these relationships, even though the dry
blend quality has been shown to meet the standard requirements).
High-speed blending thus modifies the structure of the PVC grains
- resulting in an increase in the bulk density of the blend.
Since the bulk density is correlated with the ability to effi-
ciently feed the extruder screws, its direct influence on the
. output rate of the extruder is apparent. This agrees with the
fact that inconsistency in the property of blends from different
batches nearly always leads to erratic extrusion.

The subsequent extrusion of the dry blend at high shear of
10-10% sec~1 has been shown to result in a significant structural
modification. Although many publications expressed different
opinions as to the mechanism of gelation of UPVC, they have
always agreed on one point: that the fusion mechanism is Targely
governed by the processing conditions. In this study UV
fluorescence microscopy method has been empfoyed to study struc-
tural modification at different processing parameters, and at the
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same time highlighting the sensitivity and usefulness of this
method in the study of polymer morphology and degradation. The
correlations obtained exhibit a relationship of structural
modification to physical properties for high and Tow shear
processing. Along the extruder screws a good relationship exists
between the fluorescence microscopical observations and physical
property results (solvent absorption and heat of fusion). The
degree of fusion - as calculated from the endothermic peak of
DSC thermograms - increases as the melt is fluxed and moved
towards the tips of the screws. In other words as the blend is
fluxed, sheared and moved through each screw zone, it is compac-
ted and melted. Then the adjacent grains fused into a high-enekgy_
state of physical cohesion. At the latter screw zones (vent and
metering zones) elongation of the sub-grains occur, leading to
subsequent formation of superficially homogeneous melt. This
~concept of particles modification along the extruder screws is

in good corre]ation'with those observed in compression moulding
at different temperatures, However, along the screws a sub-grain
is 'destroyed' after the length-wise diameter is about twice the
diameter of its original size. Another common feature is that
particle elongation occurs when about 60% melt-pool is formed.
These features somehow were not observed by Allsopp and the other
workers on mechanism of UPVC gelation. In compression moulding
process, at low .temperature the Tevel of compaction and fusion of
adjacent particles results nearly always in a Tow energy state of
physical cohesion. This means that the product is usually very
brittlte. At higher temperature, a melt pool of high physical
strength is formed which sometimes lead to a product with high
ductility. However, unlike extruder screw samples, particIe elon-
gation is rare in combression mouldings of the type used in this
project. '

In the final extrudate the degree of particle fusion (sometimes
referred to as gelation level) has been shown earlier on (Chapter 6)
to be dependent upon the thermo-mechanical history of the material.
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FIGURE 8.2: The micrographs of Brabender samples prepared at different
temperatures

(1) DIC micrograph showinc
highly homogeneous mel
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{(i1) Fluorescence micro-
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B: Prepared at 205°¢C

(1) DIC micrograph showing
highly homogeneous
melt

. SO.UJVL

(ii) Fluorescence micro-
graph. Size of stabili4
zer has been reduced due
to prolonged shearing.
Also no evidence of sub-
grains

504

SEM micrograph of
fracture surface.

Sti11 there exist large
quantity of primary
particles despite
higher processing
temperature.

Mag. x5K

Compare with Fig.8.2a
(iii) and Fig.6.24
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The morphological changes for extrudates of different extrusion

- temperatures and speeds observed with fluorescence microscopy,

and the results of physical property measurements show good
correlation. They indicate that the best mechanical property is
obtained at optimum degree of homogeneity of the melt, An
increase in solvent absorption with increase in the extrusion
temperature was an evidence of the formation of chain entangle-~
ment network. In a further attempt to explain the gelation
mechanism in the final extrudates, samples were prepared vwith a
Brabender Plasticorder at a temperature range from 150 to 210°C
(see Chapter 4, Section 4.2). Since the Brabender Plasticorder
has higher shear compared with a twin-screw extrusion machine,
extra mechanical history at longer residence time would result
in lower residual grains in the samples ~ indicating higher

- secondary crystallites. The UV fluorescence and differential

interference contrast microscopy show that, in fact, the products
contain little if any sub-grains (Figure 8.2) -~ for temperatures
from 160°C onwards. In contrast, the twin-screw extruder samples
prepared at the same temperature range contain substantiai amounts
of residual grains. From the qualitative comparison (i.e. by UV
fluorescence and DIC microscopy) of samples prepared with Brabender,
extruder and compression moulding it can be concluded that shear
rate contributes targely to the 'destruction' of sub-grains during
processing. These samples were further evaluated with differential

: scanning calorimetry and solvent absorption tests. The results are

compared in Figures 8.3 and 8.4 respectively, where it can be seen
that the extrudite has the highest degree of fusion. This means that
although highest degree of homogeneity of melt is observed with
Brabender samples, there 1is no substantial destruction of primary
crystallinity sites in the melt pool. (This is largely due to the
effect of lubricants - which should be higher in a small size

barrel of the Brabender mixer). This is supported by the fact

that there is no significant difference in the solvent absorption
values of the Brabender samples compared with those of the extru-
dates (Figure 8.4). The SEM micrographs (Figure 8.2} also confirm
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that there are large numbers of primary particles present in the
Brabender samples, Thus it has been shown that completely fused
homogeneous melt precludes absence of sub-grains, but not total
melting of the primary particles. A system where the primary parti-
cles are completely melted will lead to molecular chain disentangle-
ment -~ resulting in poor mechanical property. This is common with
overgelled materials as shown with samples extruded at 224°C

(see Chapter 6).

Based on the use of UV fluorescence and DIC microscopy tech-
niques in conjunction with other ‘conventional methods', the
model for the mechanism of gelation (structural modification)
in an extrusion process is as given in Figure 8.5. Captions illus-
trating the regions of high and low mechanical property etc have
also been included.




FIGURE 8.5: Mechanism of morphological changes in UPVC melt processing .

.
@,
W

No sub-grains but
quantity of primary
particles and den-
sity of chain

entanglement in the)
melt depend on pro-
cessing temperature

High-grain compaction

Heat melts grains to fuse highly

compacted boundaries and exposes

w&: temperature
7|

High densification of grains.
(Additives still within grains)

v

x « x ” " n x

A
x * = . .
® w

x " o X 4 .
< % ® * . Higher temperature melting the
x remaining sub-grains. (Extrusion
» * > oy only)
A R R* » .’l' »
Second final melt (no sub-grains). (Obtainable

mostly in higher shear processes.

Optimum mecha-

nical property and highest chain entanglement network

are largely determined by thermal history. Very

high

temperature leads to chain disentanglement).

sub-grains. Fluxing disperses additives

x
o

Highly fused grain-boundaries,

exposing sub-grains.

High loss

of grain-boundaries

Shearing elongates grains.
High temperature melts
elongated sub-grains

First final melt. (The melt obtained in
nearly all extrusion products. The quantity
of sub-grains depends on formulation and
extrusion temperature).

[
[=a]
-+



265

CHAPTER 9
GENERAL CONCLUSION AND FURTHER RESEARCH

As a result of the work a number of major conclusions can be
drawn and these have already been given at the end of each dis-
cussion chapter. However, a summary of these conclusions will be
given below based on highlighting the primary points. In addition,
the extent to which the project objectives have been met are
sumarised and suggestions are made for future work which could be
carried out to elucidate features which were highlighted by the
present work.

9.1 General Conclusions

In this study of some morphological aspects of UPVC proces-
sing, the objectives have been considered under three chapters -
which in the text represented also the three fabricating methods.
The first and second project objectives (see Chapter 1, Section 1.2.2)
were evaluated in Chapter 5, the third in Chapter 6 and finally the
fourth in Chapter 7.

In Chapter 5, powder blends containing particie fractions which
were heat-treated at 190°C for 10 minutes were prepared and examined.
No evidence was found for particle agglomeration, even at a relatively
low blending speed. However, there was substantial evidence for
breakdown of particles being the dominant feature in "high-speed”
blending. It must be pointed out that no evidence of gross deforma-
tion or structural modification was observed. In'other words, . the
grains are not being destroyed into sub-grains of small size particles
by blending, rather the fines are being formed by the breakdown of
agglomerates existing in the starting materials.

The distribution of additives in dry-blends was accounted
for. by the shape and not the size of the PYC grains. Thus, for
suspension polymer grains more additive particles accumulate in
the re-entrant area (valley) on the surface, for mass polymer
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grains best distribution was obtained as a result of the straw-
berry-like appearance of their surfaces, and for emulsion polymer
grains the ‘glossy’ rounded surface did not permit a proper
adhesion of large amounts of additive. It does suggest, there-
fore, that particle shape is also a major factor when selecting
the polymer type and/or condition for dryblending. In general
terms, it was found that the best distribution of stabilizer is
associated with early melting of the lubricant (i.e. about 5
minutes) prior to the end of blending cycles.

Having established that dry-blending Teads solely to the
formation of small size particles another important aspect of
the study was to determine the effect of different blenders on
dry-blend characteristics. Since each blender has specific rotor
design and arrangement, the blends they produce should be
expected to vary in characteristics. Indeed, the blade arrange-
ments and charge weight were found to affect particle size and
size distribution, powder densities, flow rate and additive
distribution but not Brabender fusion time. This is a highly
significant point for it has been reported byﬂGuimonlsl that
powder density affects extruder output ‘rate. Thus, it clearly
suggests an extruder output rate can be increased by the use of
appropriate blender/proper blade arrangements.

There were broad agreements between differential interference
contrast microscopical observation and results obtained with UV
fluorescence microscopy. The latter method also confirmed, by
qualitative analysis, that blends discharged at higher temperatures
(e.g. 140°C) were slightly degraded. It must be pointed out that
such a level of degradation could neither be detected by conven-
tional visual methods nor by normal light reflectance methods,

To ~meet = the third and fourth project objectives, extrudates
(Chapter 6) and compressibn mouldings (Chapter 7) were examined as
examples of areas of highest dry-blending fabrication and Towest
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shear rate process respectively. The fluorescence microscopy
clearly revealed the mechanism of changes in morphological features
associated with high and Tow shear processes., By studying

the fusion of particles along the extruder screw, it has

been established that the UPVC grains melt to reveal the sub-
grains. The Tatter, in turn, melt after being elongated to a
Tength which is about twice the size of their original diameter.
The final product may contain sub-grains whose sizes and shapes
largely depend on the products thermo-mechanical history. Hence,
samples of compression moulding were found to contain disc-shaped
sub-grains while elongated sub-grains were dominant in extrudates.
This is an "~ extension _ - of  Allsopp's CDEF mechanism
which showed thal elongation of grains occur in e.g. extrusion.
This work also shows that complete melting/disappearance of
sub-grains does not necessarily include the complete fusion of
primary particles, but mostly exposing them to subsequent thermal
treatment. It was found that extrudates with virtually no trace
of sub-grains gave the best mechanical performance, but not the
highest heat of fusion. On melting a large quantity of the
primary particles by processing at higher temperature (22400 in

- this case) the extrudate mechanical properties were adversely
affected. However, the heat of fusion was found to increase -
which is due to the formation of more secondary crystallites.

By using different lubricant types and concentrations extru-
dates having different microstructures were produced. Their mecha-
nical properties also varied with lubricant types and concentra-
tions. Thus at high concentration of external lubricant it is found
- that the extrudates contain larger amounts of sub-grains, but when
the external Tubricant concentration was lowered the amount of sub-
grains became smaller with corresponding change to better topography
and mechanical properties. This resistance to fusion by the sub-
grains, thus is enhanced by high concentration of the external
lubricant which reduces the friction between sub-grains and surface
of the extruder barrel.
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The loss of fluorescence intensity in the final extrudates
was found to depend not only on type of formulation but also on
stabilizer distribution. A well stabilized product would have
little if any fluorescence because.of small amounts of degrada-
tion (double-bonds).in the sample. Also, where additives are
distributed in a random manner, ‘the fluorescence intensity of
the extrudate was found to .be highly 'submerged'.

To summarise, therefore, the application of UV fluorescence
microscopy in the field of polymer technology has been highlighted.
In effect, a technique has been developed which was used to
evaluate the structural modification of unplasticised polyvinyl-
chloride and distribution of solid additives during fabrication
as a function of processing.parameters, concentration of stabili-
zer and lubricants, and other 'secondary® additives. Hence, the
work has been of necessity a broad-based investigation {in mor-
phological changes in powder blend, extrudates and compression
mouldings) which has led to.the establishment of a model for UPVC
melt processing. As much as.it has paved the way for better.
understanding of morphological changes and degradation in PVC
processing, it has shown also.that the use of UV fluorescence
microscopy will .prove indispensable .in the field.of polymer tech-
nology for those studying additive distribution, morphology and
degradation. :

9.2 Suggestions for Further Research

In considering future work much more emphasis should be
given to the following areas:

1. In some literature it has been suggested that high agglomera-
tion of particles occurs at relatively low blending speeds,
such as those obtained with ribbon mixer types. The blends
prepafed with these mixer types, thus should be studied with
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fluorescence microscopy (semi-qualitative method) to conclude
whether there exists the agglomeration of large-size grains
in such a high quantity.

The influence of dry-blend properties on subsequent
moulding is still very much an open question. Its study was
partly started at the onset of this programme, but with
Tittle success. A more systematic study of the dependence
of product qualities on blending conditions and blend
properties will probably explain the erratic productions
sometimes observed in extrusion.

The use of fluorescence microscopy to study the mechanism of
gelation of PVC containing liquid stabilizer system will be
worth investigating. Since liquid stabilizer is absorbed into
the PVC grains during blending (unlike solid stabiTlizer),

an investigation of samples prepared by low shear process
might show the extent of the absorption - being that stabi-
lizer devoid areas will fluoresce strongly. Thus, it will -
also be possible to follow more closely the appearance and
subsequent elongation of sub-grains during processing.

Finally, a close study of the samples prepared with Brabender
Plasticorder at different temperatures and rotor-speeds -
possibly by comparing the effect of solid and liquid stabili-
zers on structural modification should be made. The loss of
sub-grains observed with fluorescence microscopy can be rela-
ted to the degree of fusion measured with differential scanning
calorimetry - which was not fully carried out in this work.
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APPENDIX 1
.DETAILED RESULTS QF FLUORESCENCE INTENSITY MEASUREMENTS

TABLE 1:

The detailed results of relative fluorescence intensity of powder

resin heat treated at different temperatures and times

I: 5 minute heating time
tﬁggﬁzd Relative fluorescence intensity (%}
Temp 1 2 3 4 5 6 Average
(°¢)
150 13.6 144  14.6 13.9 13.9 14.7 14,18
160 22.9 23.1 23.3 22.6 20.6 21.6 22.35
170 30.2 30.5 30.0 31.9 33.9 31.1  26.77
180 421 48.9 44.7 41.9 44.8 42.8 44.20
190 75.1 72.9 72.1 78.9 73.4 79.5 75.32
200 98.5 92.0 100.4 90.9 99.7  100.1 97.27
210 85.2 89.5 90.6 85.5 84.7 94.8 88.38

II: 10 minutes heating time

t:gig;d Relative fluorescence intensity (%)

{S@? 1 2 3 4 5 6 Average
150 14.5  15.2 16.4 16.6 16.3 14.0 15.50
160 23.5 23.4 23.9 28.2 26.4 23.4 24.80
170 42.3 36.6 43.3 36.2 38.9 40.0 39.55
180 63.4 69.1 64.2 57.8 67.0 60.0 63.55
190 103.2 96.5 98.4 110.2 100.2 119.4 104.64
200 83.4 74.2  76.9 86.7 84.1 85.4 81.78
210 61.5 64.9 59.1 61.9 58.8 68.2 62.40

ITI: 15 minutes heating time

reat . - . .

treated Relative fluorescence intensity (%)

{Sgg 1 2 3 4 5 6 Average
150 17.6 16.3 17.0 21.7 20.1 20.8 18.92
160 35.3 35.9 33.0 28.5 33.8 28.9 32.57
170 39.7 47.4 50.0 45.3 39.8 43.2 44.23
180 69.7 ~ 67.8 64.0 60.1 65.3 68.2 65.85
190 98.2 102.0 91.1 . 90.4 96.8 98.4 96.15
200 80.0 76.4 78.1 71.8 82.6 75.5 77.40
210 36.6 44.3 44.9 42.5 40.9 39.9 41.52
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289

A detailed result of relative fluorescence intensity of extruder
screw samples of different temperatures ('core' region)

A: Screw sample of 170°C

Relative fluorescence intensity (%)

Screw
Channel 1 2 3 4 5 6 Average
1st 37.0 34.5 33.2 37.0 38.5 40,2 36.73
6th 36.3 44.5 36.8 40.2 46.9 46.0 41,78
12th 42.5 43.5 42.4 42.8 52.1 46.8 45.02
24th 54.0 58.2 '43.6 43.2 47.0 456.5 48.75
29th 63.2 58.0 55.7 49.9 h6.2 57.1 55.02
33rd 91.2 96.5 104.9 95.2 38.9 90.9 94.60
36th 56 9 71.4 £5.2 58.2 57 1 66. 4 62.37 .
38th - - - -

B: Screw sample of 1949C

Screw Relative fluorescence intensity (%)
Channel -
1 2 3 4 5 6 Average
Ist 40.8 39.5 46.2 40.9 39.8 42,5 41.62
6th 62.0 60.2 54.0 60.2 59.3 59.1 59.13
12th 60.9 62.2 57.9  63.5 67.3 67.0 6£3.13
24th 70.1 64.2 71.9 64.3 65.5 66.8 67.48
29th 67.2 74.6 72.8  73.1 69.0 68.4 70.85
33rd 74.2 76.0 67.5 69.8 75.5 70.9 74.83
36th 110.1  111.0 105.8 110.6 110.4 109.9 109.63
38th 73.6 72.4 69.7 72.0 69.2 1.7 72.05

C: Screw sample of 210°C

Relative fluorescence intensity (%)

Screw
Channel 1 2 3 4 5 ) 6  Average
1st 48.1 51.6 51.8 50.6 50.3 49.8 50.37
6th 47.8 50.5 55.2 57.0 55.1 54,7 53.38
12th 54.4 58.7 57.0 60.1 62.0 59.4 58.60
24th 61.6 54.9 61.0 61.2 58.2 62.2 59.85
29th 64.9 61.0 64.6 61.2 63.2 62.2 62.75
33rd 63.5 70.8 66.6 63.1 67.3 65.1 66.07
36th 99.2 5.8 100.6 93.6 92.6 95.4 96.20
- 38th 65.9 72.3 70.2 69.7 69.4 72.1 69.93
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APPENDIX 2:
MELTING TEMPERATURES OF ADDITIVES (DETERMINED BY DSC)

TABLE 3:

The table given below shows the melting points or temperatures of
the additives used in the project. This clarifies which additives
melt during blending and those that melt during extrusion.

Melting
Additives temperatures Comments
- OC (DSC peaks)

Dibasic lead stearate 95 Large peak
éDgtg) Pb (00C.C,- H,.) 166 "
’ *~177'3572 :
188 "
Calcium stearate 120 Large peak
Ca(00c.C,-H,) 161 Very small peak
]7 35 2 ]96 n n L}

(179-180-p-Ref.
CRC Handbook)

G.S. 2411P Wax - 84-101 Broad peak - may be
doublet
Oxidised polyethylene 75- 98 Broad peak - may' be
wax ' doublet
Glycerol monostearate 120-135 Broad peak
(GMS) :
Palaroid K120N 80" Very small peak
- '[ 26 n [} n
‘l 82 ) 1] n "
220 Broad peak
Normal lead stearate 97. Sharp peak
1 ] 2 1] n ,
Mixed additives h
DBLS + Ca.St.+ Wax 2411P 80-108 Broad peak - triplet
(equal amounts) 124 . Sharp peak
169 Broad peak
DBLS + Calcium stearate 116 -~ Broad peak
(equal amounts 173
198

N.B. As all these are all industrial grade materials, the small peaks
probably result from impurities
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APPENDIX 3

SCHEMATIC REPRESENTATION OF HIGH-SPEED
- MIXERS BLADE ARRANGEMENTS USED

pa

(a} Typical blade arrangement of the Fielder blender
(double-layer blade arrangement)

/

I1l

rreed K

] |

l |

(b) Typical blade arrangement of the Hénsche? blender
(single-layer blade)
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APPENDIX 4: Thermograms and Graphs for Blending Parameters
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