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ABSTRACT

The fusion behaviour of commercial grade PVC has been studied
by capillary rheometry and thermal analysis for twin-screw extruded rigid
formulations. The role of shear in fusion was also investigated by extrusion
at different rates and by compression moulding.

Aspects discussed include thermodynamic fusion (melting) and
gelation (network formation). The former is measured by thermal analysis
and the latter by rheometry. Fusion is dictated primarily by the level of
heat generated during processing while gelation depends both on the
equipment shear regime and on formulation.

In the molecular weight range studied, M w = 60 - 10.0 x
10" g/mol, fusion level is inversely related to M y at a specific processing
temperature, but the maximum fusion level attainable within temperature
limits is largely independent of molecular weight.

At a given processing temperature below 200°C impact strength
(1S) of notched Izod samples is linearly related to the extrusion (shear) rate;
above 200°C, however, little change is observed. The IS of samples
processed at different temperatures, keeping extrusion rate constant, goes
through a maximum, but this depends on the temperature range,the shear
level, and the formulation.

From the results of solvent sorption, density, and wide angle x-ray
diffraction, an overall decrease is observed in the level of order left in the
processed material with increasing processing temperature.

From a mathematical model proposed for the fusion behaviour
percentage fusion is shown to be equivalent to the degree of crystallinity.
The maximum % fusion observed, about 8%, corresponds to the crystalline
level of the unprocessed powder. Based on this model activation energies
of 10 kJ/mol and 2.2 kJ/mol are obtained for the fusion of the relevant

morphological units.
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Chapter 1
INTRODUCTION
1.1 Processing Related Properties of PVC

1.1.1 Powder Morphology

Eleetron mieroscopy (EM) has long been used to reveal structural
features of processed polymers. The technique was pioneered by Roehow]
in a series of studies of EM fractographs of poly(methyl methacrylate),
PMMA, polyacrylonitrile, PA, and polystyrene, PS. In these studies
Hochow1'2 demonstrated the existence of supermolecular structures in the
bulk phase of the processed samples,

One of the first studies of polyvinyl ehloride, PVC, morphology
involved the direet observation of particle growth in  suspension
polvmerisation of the resin, using an eleetron mieroseope, by Bort et HI.3
Approximately 0.1pm particles were observed which grew with conversion,

Although Rochow 12 had produced substantial evidence in favour
of the existence of submiero partieles in extruded and moulded plasties the
significance of this finding to PVC processing was not recognised until the
works of Berens and Folt?™6 which provided the first evidence for the
particulate nature of PVC melt flow, Sinee these reports the morphology
of PVC partiele has been extensively studied,

It is now well vslablishedl?_m that PVC has a particulate
strueture ranging in size from about 100pm down to 10nm. The suspension
polymerized resin (S-PVC) consists of grains 100pm in size which are
composed of agglomerates of 1-pm primary p.twtic-le.v..8 In Table 1.1 by

Al]snppm the various particles are listed and deseribed using the accepted



14

nomenelature suggested by Gei Similarly in Figure 1.1 the

morphogenesis during polymerization is shown schematically.

STAGE SPECIES CONYERSION SIZE
When
INITIATION A Formed: Finally
R4+ VCM — p Coilled Macro Radicals @ &
15t AGGREGATION STEP - 50 <1.
Micro Domain @ 100 -200A 7
2nd AGGREGATION STEP lv 10" 120

Domain A\
(Prnimary Nucleus) " > 01 02pm
X b

GROWTH (INTRA PRIMARY)

Primary
Particle 06 0-8pm

3rd AGGREGATION STEP J';s.:m 410 ( Femaie )
02 04pm
Agglomerate 1 2pm
GROWTH (INTER PRIMARY) l;s:m
Fused
Agglomerate 890 2 10pm

Fig. 1.1

Schenatie representation of the mechanism of VCM polymerisation

As shown in Table 1.1 the primary particles are said to be nade
1

up of smaller structures at the 0.01pm microdomain levels. % However, the
existence of these levels of (nodular) structure in the bulk polyvmer s
presently an open debate sinee some authorities consider it to confliet with
I-'lor_v'sl? random-flight model of the amorphous pelymer chain upon which
# number of major theories are based. In a series of works Uhlmann and his
18 pel?

collaborators dispute the existence of nodular struetures in PMMA,

. ? . .
and PVC:2921 they uttribute reported observations of these structures in



Table 1.1

List of PVC nt:'rmenxr_-latu:'e16

polymer samples since & growth of this species with econversion

obliterates all memory of it, It may only be "regenerated” and

observed after subsequent processing.

2 As soon as formation of the domain is complete and growth is
it & primary particle,
Therefore, the term domain is often ignored in favour of primary
particle even at the point of morphogenesis of the 0.2ym

registered

it 18 preferable to

cnll

primaries at low conversion.

3 The reason for a separate identity for the domain is that it may
be shown in future to contain an atypical morphologicual or

Approximate Jize . :
v = irevious Terminology
rm TN - Origin or Des-ription ‘with Aeferenzes’
Grain 50-250 | 120 Visible constituent of free flowing ‘rarule ‘2)
nowiers, mads up of more than ‘e lular grain (3}
monomer iroplet,
Subegrain 10-150 40 ‘olymeriaed monomer droplet., Tub cranule (2
Unjcell '3
Apgglomerate =10 g | Yormed diring early stace of Arcregate (2
rol¥merisation -y coalescence of Luater .3)
irizary particles (-2 pm), Grow: Yacro zlodule .47
w.th conversion to size shown.
g gl A &
Frimary 0.6-0.8 | 0.7 rowr from domainy; Formed ot low Vierosranule
rarticle I convercion {less than 20 ) by frisary particle
touiescence nf micro-Jtomain: rrows Erasule (%)
<.*" ronversion te size =hown, rirro-globule - 4)
Lomain o R “ o : } ri=iry ;'J:rt‘.".e nucleus, ontaips Primary nucleus (7!
e Onm ) 1 amput NS gi-ro-domains, Only irarale [2)
(rrep 21| Otperved nt low convernion (less
*ha. J or aAfter ve hunichl
woreing, er- opiy szed to
fer rihe 0.7 B~ speciesy becomes
| rro=ary particle a® <o0on a® growth
l Ft
1
) o -
"-lcrq- ""_ - l C.0% | -ma lest species so Iar ifentified. & rarticle ‘2
domain 0, ergrepnte of rolymer chnins - fapsicle 8
J rrocahly about 5C in number,
Notes on Table 1
1 The domain is not a feature of PVC morphology in high eonversion

molecular feature, eg higher level of erystallinity.




fractographs of processed polymers to the effeet of either under-foeusing

21 It is noted that the random-

or over-focusing the eleetron microscope,
flight model per se does not rule out the existence of microstructures in
the bulk phase of amorphous polymers since in practice most of these
polymers are found to deviate markedly from the ideal elastomeric state
for whieh the model applies.

In PVC, observations of the microdomain have been widely
reported by a number of investigators using a range of techniques: Hattori
et al.22 used eleetron mieroscopy on extruded S-PVC, embedded in methyl
methacrylate. They observed that the 1pm particles are broken down to
fibrils 10-30nm in thickness during powder extrusion. Neilson and
Jabarin??  and h’enig24 showed the existence of microdomains in
unplasticized PVC (UPVC) using small-angle x-ray seattering (SAXS), The
same structure has been found in plasticized PVC (PPVC) by Gezovieh and
Geil?® using SAXS; Tsou and Geil?b using EM, and Singleton et al. 2’ using
SANS, and more recently by Soni et al,19

Using plasticized samples Soni et al.1® showed that the SAXS
technique reveals an incerease in the size of the mierodomain with
increased plasticizer content, This is perfectly in line with a model
proposed by summersZ® which identifies the microdomain structure with
the erystalline entity,

[t should be noted that .-\Ilsuppls has suggested (Table 1.1) that
the domain structure is not a feature of PVC morphology in high conversion
samples, This suggestion is supported by the findings of the IUPAC
Commission'? and those of Bort et al.;3 indeed it is readily observed from
the literature that whereas observation of the mierodomain is widely

reported, this is not the case for the domain structure, The aggregation of

these particles in the final resin partiele is shown in Figure 1.2,
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Figure 1.2

Internal structure of PVC resin pal‘ticles15

1.1.2 Crystallinity

First indications of erystallinitv in PVC stemmed from the ereep
resistance of plasticized samples. The ereep resistance was cxplained on
the basis of permanent network junctions formed by erystals too smali to
be clearly apparent by conventional techniques in the normal technological

r'naterinl.z“q‘30 Natta and (:orr-adini31

provided the first proof of the
existence of crystallinity in PVC based on wide-angle x-ray diffrection
{(WAXD) studies of the crystal structure of oriented fibres of commercial
PV(C., They found an orthorhumbie crystal structure with unit cel)
dimensions a = 1.06nm, b = 0.54nm, and ¢ = 0.51nm. Single erystels of PVC

32

were first reported by Smith and Wilkes;” ™ and in a later studv using single

crvstals Wilkes et 31.33 confirmed the orthorhembic ecrystal lattice but

determined # more compact unit cell with dimensions & = 1.027Tnm, b =

0.524nm, and ¢ = 0.508nm. These authors also noted that the order along



the chain axis (e-axis) is relatively poor. More recent determinations of

34 provide values

the unit cell dimensions by Kkeller and Lemstra
intermediate between the values reported by the above authors,

The ecrystallinity of commercial grade PVC has been extensively
studied by several other investigators, It is found that the syzdiotactic
sequence is the erystallizable unit and the syndiotactice fraction decreases
with inereasing polymerisation temperature.35'35 Commercial PVC has

20,37

been assigned none or low levels of erystallinity. Based on density

measurements Nakajima et al.3% found 5-7% erystallinity for commereial

38 39 ostimated 5-10%

PVC; Rehage and Halboth,"" and M'Amato and Strella
from WAXD; Ohta et al.3Y found 5% using heats of fusion calculated from
differential scanning calorimetry (DSC) thermograms. A range of 5 to 10%

24

erystallinity is generally found for the commercial polymer. Higher

erystallinity may be obtained by emploving speecial preparative techniques

39.41 or the urea elathrate |1101h0ti.42

using butyraldehyde

The various reflections giving rise to the peaks in the region

o o : 38,41 _ 42

10°-50° 26 have been assigned,”™ Buker et al.™* have suggested that
the reflections giving rise to the peaks in the region 16°-18° 26 are
mainly a measure of two-dimensional order perpendicular to the chain
direction, while those responsible for the region 24°-26° 20 are a measure
of three-dimensional order. This is substantiated by the works of Gilbert

and V_\(\.'odra43

which showed that for highly oriented 'skins' and uniaxially
stretehed core of injection moulded saniples an enhancement of the peak at
17° 26 is observed,

in x-ray diagrams of PV(C {particularly the commereial polymer} a

reflection s sometimes found whieh eannot be aseribed 1o the



orthorhambie erystal form. This refleetion has been assi;zne:i““"‘ﬂ to a
strueture intermediate in order between the completely ordered and the
completely disordered phase — a mesomorphiec or nematie phase. This
structure is found to be present to an extent determined by the thermal
history of the material. 48

A number of textures have been proposed for the PVC bulk
erystal.  Juijn et al.,48'50 Ceccoruli et al.,>® and Keller and co-

34,51,52

workers propose two erystal forms consisting of a relatively well

developed, presumably, chain folded lamells erystals and less well
developed, presumably, fringed micelle erystals. Keller et al,34:51,52
regard both the former and the latter forms of ervstallinity (termed A- and
B- erystals respectively) as features of the as-polymerized PVC. They
suggest that during melt processing melting of the less ordered B-erystals

3R

is involved. the meltine point of the A-crvstals being too high and,

therefore, inaccessible as a result of degradation at mueh lower

al, 38750 owever, propose that the better

temperatures.  Juijn et
developed crystal structure (primary erystallinitv) forms the main feature
of the as-polymerized sample. It is eonverted to the less ordered strueture
(secondary erystallinity) during melt processing. Both groups of workers,
however, agree that the secondary crystallinity (B-erystals) cannot be
converted to the primary ecrvstallinity (A-erystals) in melt processing.
Fringed micelle ervstallites have been proposed nrvvinusl\-r‘:" for PVC gel
network junctions whieh supports the findings of keller ot al.3 152 mgre
recently, however, Mandelkern®® has eautioned that the widespread

coneept of fringed micelles accompanying gelation is not universal to all

gelation-erystallization processes,



In order to account for the broad melting range and effeet of

55456 |ag proposed a distribution of

annealing on conventional PVC, Illers
crystal sizes and perfection for the poiymer. Thus all the forms of ordered
structures discussed above can be considered as belonging to a broad
structural distribution.

The location of the crystallites within the morphological
structures has been widely investigated but results are inconclusive, 114,27
Manson et al.E"lP and Surnmer528 have presented models for the PVC
erystallite. In the model of the former workers, Figure 1.3(a), the
erystallites are regarded as thin lamellar about 5-10nm long and wide and
1-1.5nm thick connected by longer disordered segments, An important
feature of this model is that attempts are made tc relate crystallite
dimensions to overall degree of crystallinity of the material. Chain folding
is regarded as generally unlikely, being made unfavourable by the presence
of long atactic sequences attached to very short regitlar ones, Sumrners28
identifies the microdomain structure with the crystallites, Figure 1.3(b)
and (¢), the average crystallite size is given at about 4.1 X 4.1 X 0.7nm.
Thesc crystallites are joined together by tie molecules with inter-
erystallite spacing of about 10nm. Munstedt?® has found that even after
destruetion of the primary particles PVC still shows abnormal melt flow
properties.  This unusual rheological behaviour is explained by the

assumption of a network structure formed by crystallites in the melt which

are shown by EM to be of the same size as the mierodomain,



0o

Fig. 1.3(a)

Proposed model (not to seale) for PVC:

(a) 10% erystallinity (b) 30% erystallinity:  (e) low-molecular-
weight polymer (10% erystallinity) in lamellar form. Note kinks
and chains in erystal lattice. Crystallites in (a) and (b) extend

laterally about 50A: in (e), 1y or more in single nryslnls.:’ '
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Fig. 1.3(b) Fig. 1.3(e)
The microdomain Averapge ervstal size of PV,
U]
strueture of PVC™ Real erystals are probably g

not so uniformly structured.”
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1.1.3 Thermal Stability

With the exception of polv(vinyl acetate), PVAC, PVC has the
lowest activation energy for decomposition of all known plastios.m
Difficulties encountered with its processing can often be related to its
degradation threshold temperature which is muech lower8? than the
crystalline melting temperature, In addition to the low degradation

h.63_65 On heating to

temperature, its melt viscosity is unusually hig
above 180°C the polymer begins to decompose with the evolution of HCI
and diseolouration.7+68 The colour changes from white through vellow to
brown then blac:‘k.68 The low decomposition temperature has been
attributed® to the arrangement of the chlorine atoms along the chain
rather than chain branching. Tertiary chlorine, estimated’? at 0.1 to 0,2
mole% are nlso said to be among possible sites of instability.

While decomposition ean be induced by other forms of energy, in
practice thermal deeomposition is by far the most ir"ﬁpm'lﬂnt.ﬁT Using mass
spectrometry, Bersch et al.n have shown that the onlv volatile produet of
decomposition below 200°C is HCl: above this temperature small amounts
of aliphatie, unsaturated, and aromatiec hydroearbons are formed — free
ehlorine or HCI is not detected.”

In Feneral the heat stability inereases with inereasing moleeular
woip:ht.m with mass-pelymerized PV(C having marginallv better heat

stability than suspension polvmers most of whieh are in turn more heat

stable than emulsion PVC,
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1.2 PVC Melt Processing

Practieally every kind of plasties processing can be applied to
PVC in one form or another, and some PVC processing, e.g. paste
processing, are not generally applicable to other polymers.67 The various
processing techniques have been described?7173-76 fairly fully in several
monographs,

All PVC processing techniques involve three basic stages —
mixing, compounding, and shaping. All three stages are vital and no one
stage may be mutually exelusive of the others. To overcome the problems
of thermal degradation and high melt viscosity (discussed in the preceding
section) while enhaneing the overall propertyv of the processed material,
PVC is often loaded with a number of additives. In plasticised formulations
these additives can aecount for as mueh as half or more of the total resin
content bv weight, It is essential that these ingredients are very

thoronghly mixed to ensure homogeneityv of the processed material,

1.2.1 Prineiples of Formulation

In unplasticized compositions possible additives to the resin ecan
inelude a stabilizer system, lubrieants, impaet modifiers, processing aids,
pigments, fillers, and antistatie agents. In order to reduce the effect of
additives on the parameters of interest to this study only stabilizer and
lubricant are added to the resin: the diseussion is, therefore, confined to
these two additives onlv.

A stahilizer system must he sufficiently effective to minimise
decomposition to an aceeptable level during processing, Choiee of the

stabilizer depends, among other factors, on end-use requirements, toxicity,
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local control reguletions, cost, and ease of handling. Stabilizers in wide
use include lead salts, tin compounds (organo tin, and thio-organo tin),
barium/cadmivm/zine systems, epoxy compounds, and organic phosphites,
Combinations of these stabilizers are eommonly used in practice,

Three types of lubricant actions are generally known: ' | they can
prevent the resin from permanently adhering to the surface of the
processing eguipment, reduce the internal friction of the polymer
molecules, and improve the external appearance of the extrudates. On the
basis of their chemieal structure, they can be elassified into several
groups: straight chain hydrocarbons, such as paraffin waxes, straight chain
hydrocarbons with polar end groups, such as monogiveerin esters and steric
acids, and molecules having a polar centre with long carbon chains on each
side, such as metal stearates. On the basis of their action, they are
traditionally classified as being either external or internal, or intermediate
depending cn their compatibility with the resin., External lubricants have
little compatibility with the resin and thus aet on the interfasee¢ between
resin and eaquipment surface reducing adhesion. They may also coat
aggregates of the polvmer molecules and reduce internal friction between
the aggregates. Internal lubricants have substantial compatibility with the
resin and can diffuse into the polymer aggregates acting somewhat as &
plasticizer, In practice this sharp division of lubricant activity is, however,
meaningless; a given lubricant usually performs both external and internal
lubricating functions to varying degrees depending on the concentration
and processing conditions.

The additives in PVC formulation have profound effeets on the
processing behaviour and on product properties; much work has been done

to understand the besis of these effects. Tin stabilizers, being liquid,
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diffuse into the resin particles and thus inerease both the rate of fusion’ ®

and the crystallinity of the pr'oc‘luct.z“"m’?g’Em The effect of lubricants on
t‘usion,”’81 and on the melt r'heolog'y82 has also been studied; external
lubricants are found to retard fusion but in general the effect of the
lubricant system depends on the compound composition and the processing

condi‘titans..82

1.2.2 Mixing and Compounding

The terms mixing and compounding are used interchangably by
different authors and strietly speaking the distinetion is more in principle
than in practice. The objeet is to attain an acceptable degree of

77 and to some extent of

homogeneity or uniformity of composition
morphologiecal structure,

The principles of mixing and compounding are well treated in
several works.57'73776:83 4 pumber of theories have been proposed for
quantitative evaluation of the expected degree of mixing given 4
combination of equipment and mixing conditions, As a result of the
number of parameters that should be taken into account most of these
theories ean at best only give indieations of the expected degree of mixing,

Several tvpes of maechines, mostly adopted from older disciplines,
are used, High speed internal mixers have been found to give satisfactorv
performance in PVC powder blending. The essentiasl feature is that the
movement of the ecomponents to be mixed is achieved bv r rotor, at the
base of the mixing chamber, rotating on a vertical axis at speeds ranging
from a few hundred to a few thousand revolutions a minute. Under these

conditions the components are thrown out by the centrifugal action of the

rotor and up the walls of the mixing ehamber, return down the central
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zone, thus exhibiting a fluid-like movement with a vortex, Depending on
the precise design of the rotor and its speed, more or less intensive
frictional heat is developed and the temperature rises continuously within
the mixing mass. The resin powder may be broken down and/or
agglomerated depending on the speed, temperature, and duration of the
process. The intensity of the mixing action results in excellent dispersion
of the additives.

1.2.3 Prineiples of Twin-Serew Extrusion’®

The shaping stage in processing (section 1.2) may be further
subdivided into softening (plastieating), shaping, and setting the shape,
These three processes are achieved in every melt processing equipment.
Although a significant degree of mixing is achieved with the high speed
mixers it is not sufficient to meet the demands of melt processing and end-
use requirements of the product,

The efficiency of a specifie additive component depends on its
phyvsico-chemieal properties as well as on the level of its dispersion and

di.'-:tr'ihuti(:mﬂ'q

in the polvmer matrix, For this reason it is not suffieient
that the extruder plastieates and conveys the PVC compound to the die, it
must also provide as much compounding sction as possible within an
acceptable shear regime. In practice this apparently simple requirement
ean hardly be said to have been satisfactorily met by existing equipment.
A recent advancement in melt compounding is afforded hv the Cavity
Transfer Mixer (CTM) developed at HAPRA.SF’ Results of its pilot tests are
particularly promising.

Although twin-serew extruders have higher capital costs per unit

output compared with single-serew extruders thev offer a number of
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advantages and so are being increasingly preferred for rigid PVC
processing. Several types of twin-screws are available; they include co-and
contra-rotating screws with interrupted flights, changes in the number of
flights, tapered screws, and other variations. Figure 1.4, by 'I‘ester,86 is a
schematic illustration of single-stage intermeshing contra-rotating twin
serews. An important functional difference between co- and contra-
rotating intermeshing screws is the shear developed on the polymer in the
region in which the serew flights overlap (the nip, Figure 1.4). In co-
rotating screws the shear can be quite high in the overlap region because
the flanks of the flights move in opposite directions., Modern co-rotating
serews have wider tolerances in this region but for equivalent clearances,
they pass a smaller percentage of total material through the nip than do
contra-rotating serews, Contra-rotating serews generate less shear in the
nip since the flights travel in the same direction (Figure 1.4). Of greater
significance is that a greater percentage of the total product can pass per
revolution through the overlap region, in effect contra-rotating screws

have more efficient compounding characteristies,

PRI PPN R I IIIIRIIIFD.
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Fig. 1.4

Schematice illustration of intermeshing twin screws
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1.3 The Melting Behaviour of PVC

It is evident from sections 1.1.1 and 1,1.2 that PVC melting must
involve & complex process. Three aspects of the melting process can be
considered: melting of the ordered structures, melting at the level of the
particulate units, and the relative roles of temperature and shear on the

melting process,

87

An equilibrium static melting temperature and a shear

88,389

dependent dynamic melting temperature may be defined for a

od
polymer crystal. Both as-polymerised and process, PVC melt over .an

unusually wide range of temper'altur«es.:’6’48’55’gu

1.3.1 Melting of the Crvstalline Structure

Although polymers in general do not have sharp melting

48,91

temperatures and in some cases multiple melting found, the

breadth of PVC melting range seems to be particularly unique,

7 explains that in polvmer melt processes diffuse melting

Wunderlieh®
temperature is only true in the case of metastable erystals; equilibrium
polymer erystals melt as sharply as smell molecules. Mandelkemg2 has
also shown that the thermal history of the polymer has a strong influence
on the diffuseness of the melting temperature. A sample that is annealed
above the Tg for a sufficient length of time (which is often inaccessibly
long in practicegz} would show the same sharp first-order thermodynamic
trensition as does the crystal of a small molecule. In a number of
papersg3'95 Sheldon and his co-workers have shown that discrete ordering

of ehains as & unique interpretation of endothermal peaks is not necessary.

In their studies of factors which give rise to endothermal pesks in thermal
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analysis they were able to show that the broad peaks are characteristic of
amorphous polymers in keeping with a concept of 'free-volume entrapment’
on the one hand and loeal chain ordering on the other. This conecept is in
line with the approach used recently by Lyngaae-Jorgensen and Singh96 to

36 in successive DSC traces of PVC

show that the decrease in T g observed
powder is not due to a drop in erystallinity (the erystallinity was actually
shown to increase) but to the relaxation of internal stresses.

The mechanism of melting of chain folded erystals has been
widely studied. Evidence has been found?”*9% in favour of a 'surface-
melting' mechanism whereby fusion oecurs by the progressive transfer of
chain segments from the folded surfaces of the crystalline lamells to the
amorphous or melt phase. The process involves progressive thinninp:g? or
lateral sm-inl‘:a,czs-g8 of the folded chain towards the centre of the erystal.

1,99

Conte et a have shown that highly syndiotactic PVC ervstal structure is

chain folded lamella; for commercial PVC, however, the ervstal structure
is not 727100 apsin folded tamelia but fringed micellar, 40:50.52.53,55 o
melting of erystals with varying perfection has been theoretieally

100 A" hroad melting range is

considered by Zachman and co-workers.
postulated for the case of (amorphous) loops of random length., This
specific ease is annlogous to a distribution of erystallite sizes as found for

processed PVC,

1i3.2 Melting at the Level of the Morphological

Units — Fusion Mechanisms

The terms 'fusion' and 'gelation' are widely used in reference to
the disappearance of PVC particle boundaries resulting from the combined

effects of temperature and shear during processing. A process of
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molecul.ar interdiffusion aeross particle boundaries is thought to be
involwed,28 however, as observed by Uitenham and Geill,,01 the unigue and
complex behaviour of PYC in the 'melt' makes it difficult to define 'PVC
fusion' in terms of known proecessing and physical property parameters,

Following the works of Berens and Folt?~® which demonstrated
the particulate nature of PYC melt flow, the fusion process has been
extensively studied. Attempts have been made to understand the
mechanism and thus quantify the measured parameters.ﬁ3’78’82’]02_]{]5
Quite clearly the f{inal state of the melt is strongly dependent on its
thermomechanical history, but the path leading to this state is still largely
ill-defined.

Two main mechanisms are presently recognised: depending on the
temperature and shear history, fusion progress may involve particle

elongation or particle breakdown. In a third and closely related mechanism

more emphasis is placed on the molecular interdiffusion process in fusion.

(e} The Particle Breakdown Mechanism

Fusion has often been associated with particle breskdown during
powder eXtPllSi0n.22'1nl Most workers have [::r'ol:»oa'«a'(lﬂ3’82‘89’]02_10ﬁ that
the 10lym grains are first broken down to 1pm particles; these are then
compacted, followed bv sintering and interdiffusion of the primary

f53 and krzewki and

particles and the mierodomain particles. Sieglaf
Collins82,106 have, however, observed that fusion ecan take several
different paths. These authors have produced an overall picture of three
possible routes to the fused state as reproduced in Figures 1.5(a) and (b). In

the first route there is breakdown of the resin grains to submieron

(microdomain) particles, then compaction of the microdomains and
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interdiffusion to form the fused material. The second route involves
breakdown of the resin into primary (micro-) particles. These are
compacted and internally fused or the particles themselves form a fused
material. In the third mechanism there is no breakdown, but through
compaction, heating, and long residence time, internal fusion of the resin

partieles and interdiffusion to the fused state is achieved.

RESIN PARTICLES

BREAKDOWN BREAKDOWN
hid il e B ]
/ .

SUBMICRO - MICRO - RESIN
PARTICLES PARTICLES PARTICLES
COMPACTED COMBPACTED COMPACTED
SUBMICRO - INTERNALLY FUSING INTERNALLY FUSING
PARTICLES MICROPARTICLES RESIN PARTICLES

PARTICLES INTERDIFFUSION

Ny L

FUSED MATERIAL

Fig. 1.5(a)
A schematic illustration of the three patterns of fusion

e — B
BREAKDOWN OF | | PARTICLE

RESIN PARTICLES INTERDIFFUSION

! 1

= THERMOMECHANICA|
l RESIN PROPERTIE S ENERGY INTRODUCED
———p—— IN THE MATERIAL

1

RESIN TYPE TEMPERATURE,
PARTICLE STRUCTURE | | SHEAR, PRESSURE
POROSITY | | RESIDENCE TIME _J

STRUCTURAL UNIFORMITY e T S
S e | t
COMPOUND COMPOSITION
PROCESSING EQUIPMENT
PROCESSING CONDITIONS

Fig. 1.5(b)

A generalized picture of the fusion process
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(b} Particle Flongation Mechanism

It is apparent that shear would be an important faetor in the
breakdown of the powder graelin.ﬁ3 Kulas and Thorshaugsg observe that
frictional heat appears to be dissipated inside loosely agglomerated resin
particles, possibly as a result of the relatively large surface area of these
particles. This additional heat, which depends on the shear rate, is said to
influence the melting behaviour considerably. Lyngaae—J(:or'gensens8 has
derived a semi-empirical relation which yields the 'dynamie' melting
temperature at a specific shear level. A generalised fusion model by

07 is based primarily on the relative shear intensity of the

Allsoppl
processing equipment, Figure 1.6(a) and (b). At a given processing
temperature the path to the fused state depends on the shear rate. If the
shear rate is sufficiently high the grains are broken down into primary
particles. and the fusion process is desceribed by the particle breakdown
mechanisms desecribed above. If the shear rate is sufficiently low as
obtains for instance in twin-screw machines, Figure 1.6(b), the fusion
process involves compaetion, densification, fusion and elongation of the
grains - the CDFE mechanism. It is impartant to note that the fused state
is not precisely defined, intermolecular diffusion is of course implied, and
this is said to oceur simultaneously with, or even before, elongation of the
grains,

It is necessary to note that with the exception of the works of

89 I101 most of

Hattori et al.,22 Kulas and Thorshaug”™ and Uitenham and Gei
the authors who propose particle breakdown as the sole fusion mechanism
based their conclusions on sludies involving the use of Brabender
Plasticorder which is a bhigh shear equipment; these conclusions are,

therefore, understandable in the context of Figure 1.6(b). Results of
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microscopy studies on extrudates and compression moulded samples at this
Institute are in support of Allsopp's model. Highly elongated grains have
been observed®® in extracts from serew channels in the metering zone of

the Leistritz LS 30:34 twin-scerew extruder.
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Fig. 1.6(a)

Mechanism of gelation during processing
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(0) Molecular Diffusion Mechanism

Clearly the loss of particle boundaries in the final melt

accompanying fusion must involve molecular interdiffusion across
boum:!arie.?.;““m'106 summers?® has proposed a fusion model based primarily
on molecular interdiffusion. This model, reproduced in Fig. 1.7(a) to (d),
considers the 100pm grains to be broken down to primary particles which
form the flow units;¥™5 for a given combination of processing temperature
and shear rate, the level of fusion is determined by the state of

interdiffusion of molecules across primary particle boundaries,
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f,63

As observed by Sieglaf in practice it is possible that all the

mechanisms discussed above or their combinations are involved in the

84,107 of nighly elongated particles and the

fusion process. Observations
well known fact that particle memory is pr'eser'v.redl03’108 lend strong

support for the CDFE mechanism in powder extrusion.

1.4 Assessment of Fusion Level

Several tests have been developed for quantitative evaluation of
fusion level. These tests fall into two main categories.wa those that
depend upon the evaluation of the retention or otherwise of particulate
structure and those that depend upon measurement of the presence or
otherwise of molecular network. An example of the former category is
microscopy and examples of the latter include rheometry (capillary and
torque rheometry), dynamic oscillatory testing, elongational flow, solvent
testing, and, more recently, a proposal for thermal analysis. Only those
tests that are relevant to this study are reviewed, for more detailed

treatment a number of literatures, as cited, may be consulted.

1.4.1 Capillary Rheometry

The pressure necessary to extrude a PVC compound through a
capillary die is dependent on both the mechanical parameters (e.g.
barrel/die temperatures), and on the resistance offered by the compound to
melt deformation, 106,108 wor o conitlary with dizmeter D and length L

the entrance pressure loss, AP, can be expressed s:s::108

AP = 1l4L/D + (2n+SR)] 1.1
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where 1 is the wall shear stress, n, a viscous term, and SR is the
recoverable strain. The term (4L/D) represents the viscous behaviour and
the term (2n + Si) is the energy loss due to entrance effects, 108,119
which includes both the viseous loss and the elastie term, Sp, — also ealled
the recoverable strain.ms It is clear from eqn. 1.1 that if a die with a high
L./D is used the viscous behaviour predominates; however, if a die with low
L./D is used the loss due to entrance effects predominates, The entrance

106

pressure loss, AP S is the sum of two parts comprising the viscous

entrance pressure drop, Apvis' and the elastie entrance pressure drop,

l:'Pela:

Pant = APyt APy 1.2

Hanm“l'“2 has shown that in several polymer melts the viscous entrance

pressure drop is only 10% of the total pressure drop, so that

Apent - M’ela 1.3

Thus the variation in entrance pressure loss can be attributed primarily to
changes in the elasticity of the material under test, 11

Eqn. 1.3 was developed from studies on polvmers which attain a
true molten state. For the method to be applicable to PVC melt a further
assumption is made that changes in the morphologv of the material can be
related directly to changes in the elastic development. Since the elastic
development is dependent on the fusion level, the assumption implies a

direet dependence of the entrance pressure loss on the fusion level,

There are two methods commonly used to determine the entrance

pressure Joss., 106
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1. Bagley plots

With deereasing L/D ratio, the contribution of the capillary pressure
loss to the total pressure loss decreases and becomes zero for a zero-length
capillary. Plots of L/D at a constant shear rate give straight lines and

extrapolation to zero L/D provides the pressure loss at the capillary.

2. 'Zero-length' capillary method

With a very short capillary (small L/D ratio), the pressure drop is
nearly identical to the entrance pressure drop and can be obteined from =

single measurement,

The capillary rheometry fusion test is very widely used!02-106

with most investigators showing r preference for the quicker 'zero-tength'
method. Ways of maximizing the diseriminating power of the test have
been im..res.tig;s_ltecil.1ﬂ8 Testing below Tg will obviocusly be ineffective since
the rigidity of the structure will not permit separate investigations of the
network whieh is of interest. The higher the test temperature above 'I‘g
the lower will be the value of the entrance pressure losses and the lower

will be the diseriminating power of the test, Gonze!9?

observed large
differences between the extrusion pressure for materials extruded at
130°C and lesser differences at higher temperatures. Also the higher the
shear rate the greater the entrance pressure losses and the better the
discriminating power of the test. However, the mechanical limitations of
the equipment determine the maximum shear rate available. An apparent
shear rate of 100 see” ! has been found suitable.108

The pressure loss is not an absolute value of fusion, therefore,

several methods of quantifving fusion by this technique have been
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pl't:optztset:l.102'105’106 A widely used practice is to establish a standard

gelation (fusion) curve (s.g.c.) using the relationship:

% fusion = ————  x 100 1.4

max Pmin

where P is the pressure required to extrude the sample of unknown fusion
level and P;q and P the minimum and maximum pressure

corresponding to the least fused and the most fused samples respectively.

1.4.2 Solvent Testing

This is a qualitative standard fusion level technique decribed by
BS 3505:1968/82 and ASTM D2152:1967/72.

Swelling the fused PVC sample in a suitable solvent has little or
no mechanical effect on the cohesion of the sample because of the
restraining effect of the network.}®®  But where particles which are not
part of the molecular network and are held together at best by sintering
exist, it is reasonable to expect that sufficient swelling could dislodge
them from their neighbours and causc some disintegration of the sample.
On this basis the test is carried out by simply immersing seetions of the
processed sample in & suitable solvent (acetone or methylene chloride is
widely used). The samples are left for some time (maximum, 2 hrs} at
room tempergture after which they are visually examined for seolvent

attack on the surface.

1.4.3 Thermal Analysis

Differential thermal analysis (DTA) or differential scanning

calorimetry (NSC) of PVC shows a number of characteristic peaks. These
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113

peaks were first assigned by Matlack and Metzger and since then have

been investigated by several authors, 304755114 A5 shown in Fig. 1.8 the
first observed response is a sub»—'l‘g endotherm, R, which for annealed
samples increases in magnitude and shifts to higher temperatures with
increased time and temperature of annealing. Berens and I-lc:clg‘e115 have

shown that as the annealing temperature, T,_, approaches the glass

e!

transition temperature, Tg, the sub-T, endotherm is superposed on the T

g g
base-line shift thus appearing as the well-known Ty overshoot. They
propose that a non-exponential, non-linear, relaxation function is essential

for the development of this peak.

Fig, 1.8

Schematic DSC trace of PV( over the temperature

range 20-600°C showing major areas of thermal activity
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The sub—'[‘g endotherm, R, is followed by a Tg

S, in the region 70-80°C, and between 100-230°C, a first-order endothermic

baseline shift,

response oceurs which is regarded as the practical fusion or 'melting'
range for the conventional resin, The breadth of this endotherm, TX,
depends on the heat history of the sample, The onset of thermal degradation,
D, depends on the stabilizer system used, 250°C has been claimed!1?
for a tin stabilized formulation. Decomposition and evolution of HCI
is said to oceur in the region 270-310°C, E, it is influenced by the
type and quantity of the lubricant.“:3 At about 450°C, point F, another
first-order transition, characteristic of all

PYC compounds, occurs

which is attributed to depolymerization.

Endo=— 07 —=Eru
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D.s.c. thermograms of PVC compression
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Fig. 1.9(b)
Differential scanning calorimetry
of a suspension PVC sample cooled at
20°C/min from 240°C and annealed

5 min at the indicated temperature

Note: Tg is indicated by the arrow
in both Figures 1.9(a) and 1.9(b). %6
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Most studies have been confined to the effect of annealing

below29:115

or above the 'l"[?\,.36’40'5‘5’9“i However, Gilbert and Vyvoda““
investigated the effect of various processing techniques, including samples
prepared on a Brabender Plasticorder, extruded on a twin-screw, and
compression moulded. Results of thermal analysis on these sam ples (Figure

1.8(a)) are remarkably similar to the results of annealing above T_ reported

g
by Ohta? and Iers®6(Figure 1.9(b)). Gilbert and Vyvoda!ll4 identified two
melting (A~ and B-) endotherms (Figure 1.%(a)), corresponding to the
melting of lower and higher ordered crystal structures; which is
reminiscent of the two crystal populations discussed in seetion 1.1.2.
These authors also showed that the onset of the 'B'-endotherm, designated
'B-' onset temperature Ty gives an accurate measure of the processing
temperature as shown in Figure 1.10(b). Fxactly the same obsrvations were

6

made by llers"® and bv Ohta et al.,‘w when an annealed sample is seanned,

the latter authors found that an endotherm peak temperature, "Tsub"’

always corresponded with the annealing temperature as shown in Figure

t.10(a),
X hLEND I ® [LERD G
10 Tgun |
e L
2t O gLeng £ O piPL COMFOUNE
150
2
Dk_l
e . 200
-
(= 4
& 180
far . . . =
6.0 [ 1} 100 130 i} % —
Anngping fevppigiue o0 ) 5-150
)
Fig. 1.16(an) o g
The veriations of 'I‘g and T . with
annealing term::er:.ﬁlturc-.40 129

3 - ) R | 1 L

Fig, 1.10(b)

120 140 160 180 200 220
EXTRUSION TEMPERATURE (O0)

'B! onset temperature vs.

extrusion temperature 114




30

The obvious conelusion from the above is that processing PVC on
a high shear equipment such as the Brabender Plasticorder or on a low
shear equipment such as compression moulding produces a thermal effeect
on the ordered molecules identical to the effeet of simple annealing at the
same temperature. This fact has been noted by lllers56 and Gilbert and
Vyvoda.114 The latter authors also showed that the endothermal energy
corresponding to the A-endotherm varies with processing temperature in
the same fashion as the entrance pressure loss in capillary rheometry of
the same sample. Based on these findings they suggested thermal analysis
as a potential method of PVC fusion level evaluation. As will be shown in
section 1.5.4, if the absolute value of the heat of fusion of the perfectly
syndiotactic PVC crystal is known, absolute values of fusion level may be

obtained that will depend only on the processing tc'.'mp;nsa-raatuu-e..116

1.5 Evaluation of Structural Order in PVC

1.5.1 X-ray Analysis

The theoretical basis of x-rav diffraction by polymers is well

121 pre performed

covered in the litarature,' 177120 100 tvpes of studies
on PVC by x-ray techniques, wide-angle x-ray diffraction (WAXD),
covering Bragg angle 26 10° to 50°; small-angle x-rav diffraction (SAXD),
20 0.2° to 2.0°; and small-angle x-rav scattering (SAXS), 20 0.06° to
1.0°, This study is restricted to the WAXD technique,

Observation of the x-ray pattern of PVC is diffieult!?? owing to
the very low diffraction intensity. This can be attributed to a number of
factors: the erystallizable syndiotactic fraction is low for the commercial

49,50

(atactie) polymer so that a signifiecant econtribution to the amorphous
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background by the non-crystalline isotactiec and atactic fractions may be

31,33 which reduces the

expected. Order along the chain direction is poor
number of effective reflection planes contributing to the measured
intensity, and lastly, the crystallites are of small sizes (Figures 1.3(a) to
(e)), this results in line broadening and poor resolution of the peaks even at
optimum instrument setting. The technique is nontheless a very useful one.

Quantitative analysis of x-ray diffraction by polymers is based on
the existence of two phases, a crystalline phase of ordered-chain segments
forming linkages between an amorphous phase of disordered chains (Figure
1.3(b)). Since the intensity of the x-rays scattered over all angles by a
given assemblage of atoms is independent of their state of order or
disor'der,“9 it should follow that if the erystalline scattering, I, and the
amorphous scattering, Ia, can be separated from each other, the crystalline

fraction, X, is equal to the ratio of the integrated crystalline scattering to

the total seattering.
X = I(_/(Ia + lc) 1.5

In determinations of absolute crystallinities, the measured intensities must
be corrected for a number of experimental faetors;”g however, for the
purpose of ranking sample erystallinities, such corrections mayv not be
necessarylz‘q since they are expected to be common to all samples,
Moreover, in conventional PVC x-rav studies the inherent error involved in
separating 1, and I, particularly in very diffuse patterns, may not justify
rigorous correction,

Several methods are available for quantitative esnalysis of the
diffraction trece, a simplified method developed by Ruland] 20 gives the

crystalline fraction as:
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X = 10+ KIL) 1.6

where K as a correction factor, taking into account among other effects
that the seattering intensity of the chosen erystailine reflections occurs at
a different angular distribution than the &mmu';:mous.lla Mammi and
Nardi** and Lebedev et al,122 have obtained the value K =1 for PVC in
the region 20 10°-46°, thus for PVC eqgns. 1.5 and 1.6 are identical.

A major problem with x-ray analysis of PVC is finding a reliable
means of separating the erystalline peaks from the amorphous back-
gx*cmnd.l23 Although elaims have been made of quenching from high

36,39,41,45 oy amorphous sample, there is sufficient

2,47,123-127

temperatures to obtain
evidence to doubt the amorphous eharacter of quenched samples,
[t is known that order at the microdomain level is very stable and persists

36,58,90,113 and indeed in some

well intoe the degradation tempersature,
instances, as observed in this study, the peak intensities of quenched
samples may be better defined than those of normal samples at high
temperatures. Roldan!?® and his co-workers have developed a technique
for obtaining an amorphous trace without the need for & completely
amorphous sample. It is claimed!?3 that a disoriented scan can be
obtained by rotating the sample, with the aid of a rotating specimen
holder, at a specific speed. Hermans and \’\"eiding‘c‘rnil have developed an

analytic proecedure which ean be used in ecase a completely amorphous

standard is not available comprising the following steps.

(1) The diffraction patterns of a number of specimens of the
polymer with various degrees of erystallinity are normalized to equal

x-ray optical density and equal intensity of the direct beam.
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(2) A reasonable demarkation line is drawn between the crystalline
and amorphous scattering.
(3) Suitable peak or integral intensities proportional to the

crystelline, 1,, and emorphous, I, fractions sare selected and

c’
measured,

(4) Linearity of the Ic vs I, curves to within experimental error

a
provides confirmation that the method of measuring these quantities

is in harmony with theory.

The crystalline, dc, and amorphous, cia, areas are then assumed to be
proportional to the weight fraction of the erystalline polymer, X, and the

weight fraction of the amorphous polvmer, 1-X, so that

¢ = XC 1.7

and ¢ (1-X)A 1.8

where C and A are the respective values of é. and ¢, for 100% erystalline
and 100% amorphous samples respectively. Eliminating X and rearranging

leads to

¢ =-%¢+c 1.9

By plotting ée Vs da a linear curve results from which values of C and A
may be obtained which can be used in eonjunction with eqn. 1.7 or 1.8 to
calculate the erystallinity index

X = ] 1.10
(C/ANS, /) + 1

Normalization, which takes msccount of non-angular dependent intensity

differences, is carried out by dividing ¢c and dn by the total area under the
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curve between 20 10° to 46°., As a result of this normalization the
Hermans-Weidinger method has a further advantage of not requiring
correction of the diffraction intensities. This method has, therefore, been

used in this study.

1.5.2 Density Measurements

Density is the most basic macroscopie quantity of the erystal,
being linked directly to the unit eell parameters. Thus the density of the
sample if earefully determined should give the most reliable value of the
erystallinity.

Densities of a series of polymer samples may differ by only very
small amounts, therefore special techniques are required for accurate
measurements. Three techniques are widely used, 118 density gradient
column, dilatometry, and pyenometry. The gradient method is a further

130 in whieh the density is

development of the floatation teehnique
determined by matehing the bouvanev of the unknown solid and the
surrounding liquid so that the solid floats freelv for an extended length of
time, The column is set up by mixing various proportions of a heavy and a
light solvent so that the density in a glass eolumn inereases linearly from
the top to the bottom. The gradient is determined with ealibrated floats
which are accurate to fO.ﬂﬂDZg/cma at a fixed temperature. Since heights
of floatation ean be measured to +0.05em, four-digit accuraev can be
achieved routinely.

Density determinations on melt ervstallized polvmers show
clearly that experimental values do not reach the unit cell densities. The

data obtained lie somewhere between the erystalline and amorphous

density., Based on these observations, a fractional erystallinity is usuallv
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calculated based on the assumption that the sample consists of relatively
perfect erystals and an unaffected amorphous region (basically the same

two-phase system used for x-ray analysis) the weight fraction crystallinity,

X, 1S then evaluated 85:1]8

= a

total volume = LU + W 1.11
o

where W and p are the total sample weight and density respectively and

the W W Q. are the respective values for the amorphous and

Hl Qq L] c!

erystalline sample respectively, By definition, the weight fraction

erystallinitv, X, is

wr' 1.12

eqn. 1,13 can be rearranged to give the erystalline fraetion,

o .
X = [E)(:J Dd} 1.14
( )
(e P -0
G d
Similarly the volume fraction erystallinity can be obtained as
{“ » \
X a 1.15
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1.5.3 Solvent Sorption

A readily accessible property of the dense phase is the resistance
offered to the diffusion of small molecules, A study of the kinetics of
diffusion was reported long ago by Ficzk,ml’l32 however, the diffusion of
solvent molecules in a glassy polymer is often accompanied by 'anomalous’
effects not easily understood in terms of Fick's law. The non-Fickean

l.,l 33 by several

behaviour is characterized, according to Alfrey et a
features: (1) As the solvent molecules penetrate into the polvmer, a sharp
advaneing boundary separates the inner glassy region from the swollen

outer shell. (2} At temperatures well below T _ of the unswollen polymer,

g
the distance of penetration, or the weight gain, increases linearly with
time, i.e., the boundary between the glassy core and the swollen shell
advanees at 2 constant velocity.

Diffusion ocecurs only in the amorphous regions, therefore
appropriate analysis of the diffusion kineties could provide useful
information about the erystallite structure and the bulk phase morphology.

134

According to Micheals and Parker, the reduction in diffusion

constants!®! due to the presence of erystallites could be expressed as
D = D*/ {8 1.16

where D* is the diffusion constant in the completely amorphous polymer
and ¢ is a geometric impedance factor accounting for the necessity of
molecules to bypass erystallites and move through amorphous regions of
non-uniform cross-scctional area, B is & chain mobilization factor
reflecting decreased chain segment mobility in the amorphous phase due to
proximity of crystallites. The impedance factor, ¥ , has been related by

Micheals and Bixler,m‘r’ to the amorphous fraction, a , using the expression
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n 1.17

L - a
where n is a constant characterized by the chemical nature of the
molecules and the cenfiguration of the chains,

In general, however, two models of diffusion, Fickean (Case 1)131
and Fickean-Relaxation (Case II),133 have been employed in interpreting
organic vapour transport in glassy polymers. Using Crank's model132 of
discontinuous changes of the diffusion constant, D, with concentration,
generalized diffusion models have been developed.136-143

The diffusion of acetone in unplasticized, PVC, UPVC, was shown

by Kwei et al.139 ¢ be well deseribed by the combination of both Case I

and Case II mechanisms., Lapcik et al.140 derived the expression
s = (Dppl/2 1.18

for the rate of penetration of a number of organie solvents in UPVC, where
5 is the total thickness of the swollen surface at time t. They found the
dependence of the diffusion constant, ), to be deseribed by the usual

Arrhenius relation
D = D*expl(- ED/RT) 1.19

where D* is defined in eqn. 1.16, E the activation energy of dilfusion, R
the gas constant, and T the temperature,

Berens’ 4! has carried out an extensive study of the conditions
where Case | or Case II sorption predominates in the sorption of vinyl
chloride monomer (VCM) by PVC powder grains. He demonstrated that
pseudo non-Fickean behaviour can be obscrved where powdered PVC is the

solid phase, even under known Fickean conditions. His work has been
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extended by Daniels and Lomz.s-.»\my142 to VCM desorption from PVC, and
by Quy143 to plasticizer absorption by suspension PVC powder. In the
ensuing paragraphs the theoretical basis is presented in the framework of
the generalized models developed previouslyl32'136'”3 to deseribe the
combination of Fickean and Case II mechanisms.

The expression for diffusion in one dimension is

de d de
= —— i -
o (I T ve) i 1.20

where ¢ is the conecentration at time t and distance x from the surface,
The second term in the square brackets deseribes the econtribution of
internal stress arising from swelling of polymers and the quantity v
represents the veloeity of solvent penetration as a direct consequence of
the internal stress effect. Both D and v are assumed to be eonstant in eqn,
1.20. For diffusion in a semi-infinite polymer with a constant penetrant
concentration Co at the surface, the coneentration profile of the penetrant

in the swollen polvmer is given by

8
Clx,t) = -2 (’an orfe (X2 VY) &+ erfe (x -vt, 1.21
2 2 Dt 2 i

(The error function complement, erfe(x), is defined in ref. 132 and in

standard mathematies texts)

The total amount of the penetrant per unit ares entering the polvmer is

given by
L \D v o 1,4 vt _ Vgt
“t = (.Og‘,— er‘ng— (T)_)] + = erfr[.?.(-ﬁ)] 4
y 2
[_2_ )2 exp (- V__E} 1.22

41
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At large times eqn. 1,22 reduces to

Mt = Co([),’V +  wvt) 1.23

132 model has been adopted, i.e., the sharp

In developing eqgn. 1.23 Crank's
advancing front of the penetrant is a consequence of the discontinuity in
the diffusion coefficient as concentration ehanges. The advancing solvent
front is located at Cy» and it is assumed that D = Dy at C > Cx and D = D2
=0 at C < CX' The value of Cy can be calculated from plots of depth of
penetration , 1, vs t by use of eqn. 1.21. The three parameters V, D and C‘x
define the concentration profile of diffusion. Ean. 1.23 is a linear
dependence of weight gain with time, the slope gives the velocity of the
solvent front and the intercept gives the diffusion constant, D.

The above model has been modified by Tshudy et al.138 o
incorporate a parameter for irreversible immobilization which considers
sorption to occur by two distinet mechanisms: ordinary diffusion-controlled
sorption and sorption resulting from the immobilization of diffusing gas
molecules by pre-existing sites in the polvmer, Meares is reported144 to
have demonstrated the existence of struetural defects or 'holes' in the
glassy state of poly(vinyl acetate), PVAc, which disappeared above the 'I"g-
While these 'holes' have a profound effect on the sorption behaviour of
glassy PVAe, causing abnormally high solubilities and negative enthalpies
of sorption, the diffusion proecess of gaseous molecules appears to be

144 The advantage of Tshudy's model is its

normal and Fickean,
demonstrated ability to reveal the independent effeets of normal diffusion-
controlled sarption and sorption by immobilization eaused by the presence

of 'holes'. However, his conelusion that Case |l behaviour is accounted for
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solely by immobilization-controlled sorption is questionable if Meares'
results for PVAe are generally true for semi~erystalline glassy polymers.

The average particle size of the sorbing units can be evaluated

141 132

from the generalized model of Berens. Using Crank's solution for

the non-steady-state diffusion in a sphere of uniform particles, Berens
showed that at constant coneentration at the surface, and constant D, the

reduced weight gain with time is

Mt 6

— = 1

Mo :

exp (-4Dn? 5 2 /42 1.24

il
s ]

I 1§
—
a®

4

where d is the diameter of the sorbing particles., For a distribution of
particele sizes, Berens found that the partiele diameter, d, ean be replaced

by an average value d with equal validitv. This procedure was adopted by

Daniels and I,cxnsg‘-z-.vpva,\:l'12 and (F)u_\'.143 ean, 1.24 may then be rewritten as
M, - M

t w = 6 o 1 2 2 2 e
. — ¢ — expl(-4n°, Dt/d”) 1.25
M, - M, Babt a2

!

The average particle diameter d is obtained from a plot of Mtjm% vs t
using eqn. 1.24, and for rigid PVC fiim, Rerens!' 4! found from this plot

(Figure 1.11(a)) that

]

ths =  0.049 1.26

—
-

where 1 is the thiekness of the film., It may be noted that ean. 1.26
prediets inconveniently long times for experiments on films of any

reasonable thickness.,
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Alternativelv d ean be obtained using eqn 1.25 from the slope of
log (M -M_)/ (M -M Yvs t (Figure 1.11(b)) and
4% °D

slope = = ey
2.303d

1.27

The various effects of partiele size non—uniformity and Case Il mechanisms

on the observed deviation from Fickean sorption have been deseribed by

Berens. 141
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1.5.4 Thermal Analysis

Thermal analysis as a tool for studying the fusion process has been
described in section 1.4.3. The technique can be used to determine the
degree of crystallinity since an imperfeet crystalline polymer shows an

inereased enthalpy compared with that of the perfeet erystal. Adiabatie

calorimetry as well as differential thermal analysis have been used, 145-147

The general equation relating the weight fraction crystallinity, X,

to a thermal measurement is:118

Cp = XCPC + (]--X)CPEl + (dX/dT) AH, 1.28

where Cp is the measured heat capacity which is ecomposed of the proper

fractions of the heat capacity of the crystalline polymer, C_ ,, and the heat

pe

capacity of the amorphous polymer, C A H, is the heat of fusion of the

par
perfect chain folded erystal, With data obtained on polvethviene,
wunderlich!48 has shown that the first deviation due to dX/dT # 0 occurs
above Tg but remains a relatively small percentage of the total heat of
fusion as T _ is approached. As a result, in the usurl method of
crystallinity determination, one tries to eliminate the heat capacity
contribution by an approximate choice of baseline. The heat of fusion
evaluated therefrom, AH*, is compared to the heat of fusion of the
completely crystalline polymer, r_\Hu, to obtain the weight fraction

crystatlinity: #0118

x = AH* 1.29

AH,

Problems arising from the use of egn., 1.29 in PVC studies involve

determination of .Mlu.ﬁ‘la’ﬁf""“6
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Use of Flory's” theory of melting of copolymers may be
considered in the case of commercial PVC, here the copolymer comprises
of erystallizable syndiotactic sequences and non-erystallizable atactic
sequences., The melting point depression is related to the crystalline

fraction, X, as:

In X = — ) 1.30

where R is the gas constant, T‘r’n the melting temperature of the

completely erystalline sample, and Ten the melting temperature of the

copolymer with erystalline fraction, X, having a heat of fusion A H¥,

1.6 Mechanical Properties of PVC:
The Impaect Resistance

The mechanical properties of a plastic material depend on the
basie properties of the polvmer ehain molecule as well as on other factors
such as proecessing and environmental conditions.*? Two modes of failure
may be broadly defined, ductile and brittle fracture. In duetile fracture
failure is preceded by substantial deformation of the failure zone, while in
brittle fracture failure does not involve deformation but results from erack
propagation.lsﬂ A third important failure meechanism is erazing, this is
considered to be the formation of microeracks bridged by fibrillar

struotures.] 51

Three modes of failure have been identified for pressurized PVC
pipes,]52 brittle fracture when eireumferential stress level is  high,
partially duetile fracture only after prolonged times at medium stresses,

and thermal crack growth (ereep erazing) after very long times at low



44

stress levels. In generrl, however, a ductile/brittle transition ecan be
observed. This transition is aceompanied by an abrupt drop in impact
str-¢=:ng'th1,153 thus impaect testing is vital to an understanding of the factors
controlling the fracture process., The transition from ductile to brittle
fracture can be induced by several modifications to the testing

153

conditions such as:

(1) Reducing the testing temperature

(2) Changing the testing rate

(3) Notehing with sharp cracks

{4) Having surface rather than edge c¢racks, and

(5) Increasing the specimen thickness.

The first two variables modify the physical properties of the polvmer
through the normeal time- and temperature-dependence. The other three
geometric factors have the effeel of producing plane-strain {biaxial stress
field) ecnditions at the erack tip, Figure 1.12. The thickness effeet, for
instanece, arises becausc the state of stress near the erack tip varies from
plane stress (triaxial stress field) in the surface regions of a relatively thin
plate, or throughout the thickness of a thin plate, to plane strein in the
centre of a thick plate. [If the testing conditions are kept constant, a
ductile/brittle transition may also be induced by making modifications to

1153

the materia such as

(6) annealing (or processing)
{7) reducing the molar mass
(8) reducing the plasticizer content, and

(9}  cross-linking (network formation).
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Fig. 1.12

Variation of the measured stress-intensity factor,

ch, at failure as a function of specimen thickness, b.]53

The effect of processing on the impacet strength of PVC has been
extensively studied; however, results differ markedly between different
research groups.

An inerease in both notehed and unnotehed impaet strength (NIS
and UNIS) with inereased processing temperature has been found by some

6 and Gonzem? for

authors, notably Berens and Folt tensile impact tests
(TIS); Menges and Berndsten!%* for Charpy-UNIS; Lamberty,!93 for falling
weight impaet strength (FWIS), and Summers.!?® These workers performed

the tests on samples extruded at different temperatures. For compression

156 157

moulded and roll-milled samples, however, Malae and Gross et al,
found a deecreasing NIS with increased temperature,

Considering the factors affeeting the duectile-brittle transition a
maximum impact strength with inereased processing temperature should be

expected due to the annealing effect of the processing temperature on the

unmelted erystallites. Sueh a maximum is demonstrated by the works of



46

Bystedtl58 using FWIS, Henjamin159 using TIS, and Terselius! 60,161 using
FWIS and Charpy-NIS and UNIS,

Pezzin et al.162 have shown that for commerecial PVC, room
temperature tensile modulus and yield properties are little affected by
processing history and ecrystallinity while elongation at break and fracture
energy increase, at fixed strain rate, with milling temperature. The
dynamie spectrum below Tg ('I‘u ) was unaffeeted by thermal historv and
erystallinity.

("]63 on dvnamie

Results obtained by a working party of IUPA
mechanical and impaet properties of PYC have shown that two transition
zones might be involved in impaet and tensile tests, The first one, in the
low strain-rate range, corresponds to a tough-tough mechanism and is
caused or strongly influenced by adiabatie heating of the specimens: it was
attributed by Oberst and Retting164 to the glass transition of PVC., The
second one, at much higher strain rates, gives rise to a tough-brittle
mechanism, The touph-brittle transition was attributed to the 8-
transition measured in dvnamie mechanical tests and the fracture in vsual
impact tests is said to take place in the time-temperature range of the B-
transition., It seems, therefore, that eontrary to Pezzin'sm? findings the

163 and results obtained by several

results of the IUPAC Commission,
research groups, suggest that the dynamie speetrum below the 'I"F shonld be
affeeted by the thermal history as is the ecase with the impaet strength.

165 for instanee, found a elose association between the B-

Randon,
transition and the maximum observed in fracture toughness messured both

at high and at low rates of loading.
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1.6.1 Impact Test Methods

The importance of impaect testing is that such tests frequently
indieate that many polymers which appear to exhibit tough, ductile failure
when tested by tensile loading at a low or moderate strain-rate may suffer
brittle fracture under impact loading when the strain rate is relatively
high. A large number of tests have been devised to measure impact
resistance, however, the impact strength is not a fundamental material

153 ¢ depends both on the specimen geometry as well as on the

property,
specifie test method. Thus, it is difficult to correlate the results obtained
from different test techniques, and equally difficult to correlate the
results of tests on specimens of the material to the impaet performance of
the manufactured article. Nonetheless results of tests on specimens will
continue to serve as useful indiecations of the performance of artieles in

166-168 have been made which enable the

service. Some attempts
correlation of results of the Charpv and Izod test methods bv the use of
fracture mechanies approach,

The difficulties of interpretation and ecorrelation of impaet
strength measurements arise from the faet that the energyv measured is a

composite term, In the case of flexed-beam pendulum tests (Charpy and

1zod), Ireland! %9 has identified five causes of energy loss:

Uy = Ugp * YUy + Ug * Uyy * Upyg 1.31

where L‘-” = loss in pendulum energy when the hammer strikes the
specimen

USI') = total energy consumed by specimen deformation and

fracture, e.g. in bending, erack initiation and

propagation,
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U1 = increment of energy required to accelerate the
specimen fyom rest to the velocity of the hammer,

UB = energy absorbed by the impaet machine through
vibrations after initial contact with the specimen, and

UME = elastic energy stored by the machine.

Turner! 7Y has pointed out that the term 'impaet strength' is a loose
misnomer since the usual practice is to record the energy absorbed by the
specimen before it breaks. Thus the impact energy is actually determined

whieh may then be expressed as:

(1) the energy per unit area of the broken cross-section
(2)  the energy per unit length of the noteh
(3) the energy per unit width of the specimen, or

(4)  the energy per unit volume of the specimen.

It is generally agreed that expressing the impaet strength as the energy
absorbed per unit area of the broken eross-section is the most satisfactory
of the various definitions.

Three basic categories of test methods are used for impact

strength moasurenmnt:”n

(1)  Flexed-beam impaect
(2)  Falling-weight impaet, and

(3) High-speed tensile impaect.

Two flexed-beam impact tests, the Charpy and the Izod methods, are most
commonly used, and a standard test procedure is deseribed for both in

BS 2782 and ASTM D256,
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Table 1.2

Order of Magnitude Characteristies of Various Impact Tests

Test method Order of magnitude Impact
of strain rate (s™1) veloeity (ms™ 1)

Flexed beam

Charpy 10 3

lzod A0 2
Falling weight 107 1-10 1-4
Conventional tensile 1973-1071 107%-1071
Pneumatie gun 102-104 20-240
Hydraulieally operated 1-102 0.008-4
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Fig. 1.13
Geometry of testing and specimen support arangement
for (a) Charpy; and (b) 1zod tests specified in ASTM D256

(A1l dimensions in mm)
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While impaet tests are generally considered to cover the high~
strain-rate end of the strain-rate spectrum, the data tabulated by Reed]ﬂ
(Table 1.2) indicate that flexed-beam and falling weight impact tests do
not necessarily provide particularly high strain rates. In the notched beam
tests, however, the strain-rate at the noteh tip is considerably higher and
has been estimated!®? to be of the order of 5 x 10%sl. The basic
difference between the Charpy and the Izod tests is the manner in which
the specimen is supported as shown in Figure 1.13, It is held horizontally

but not clamped in the Charpy test, and elamped in a vertical position at

its lower end in the lzod.

1.7 Aim of Study

This study is basically an investigation of fusion (or gelation) at
molecular level as it relates to processing variables; the methods used in
fusion measurement are also eritically re-examined. The aim is to get 2
better understanding of the fusion process and of the factors that affect
the reliability of its measurement.

The impaet behaviour of processed samples was also studied to
obtain a possible correlation between gelation levels, as measured by the
various methods, and impaet strength. It is hoped to get a better
understandine of the effeet of variations of material and proecessing on

impact performance.
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Chapter 2
EXPERIMENTAL TECHNIQUES
2.1 Materials

2.1.) Polv(viny! ehloride)

Five eommercial grade suspension PVC homopolyvmers, covering a
range of molecular weights, were used. These include a 'Breon' sample,
S110/11, of medium molecular weight supplied by BP Chemieals, UK, and
four 'Corvie' samples having a range of K-values supplied by IC1 Ltd., UK.
The technical data for these materials are presented in Table 2.1, and in
Table 2.2 their moleeular weights and weight distributions are given. The
latter were determined by gel permeation chromatography at the Rubber

and Plasties Researech Association, Shawbury, UK.

Table 2.1

Technical data for PVC snmples1 12,173

- Corvie - Breon
S57/116 S62/109 S68/173 S7T1/102  S110/11

Property/Units

K-value 57 62 67 71 66
Viscosity number B0 95 116 128 111
Packing densitv g/ml 0.62 Nn.64 0.65 0.54 0.55
Apparent density g/ml 0.55 0.59 0.57 0.50 -
Passing 250pm wt% 99.9 99.9 99.9 29.5 99.5
Passing 75pm wt% 5.0 5.0 5.0 2.0 2.0

Volatile content wt%, 0.2 n.2 0.2 - 0.5
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Table 2.2

Molecular weights of PVC samples

Sample 10‘4ﬁn 1074, B /M
$57/116 3.00 6.13 2.00¢  2.04
562/109 3,42 7.24 - 2.12
$110/11 hehh 10,00 12.00%  2.25
sS?71/102 4.38 10.26 20.00% 2.35
568/173 L.75 10.43 14,00+ 2.20

The choice of molecular weight range is limited by the
processibility of the polymer with regard to bulk densily, particle size

distribution, ease of gelation, powder mixing properties and heat stability.

2.1.2 Additives

The additives used include lead, and thio-organo tin stabilizers,
dibasic lead stearate (DBLS), and dibutyl tin mercaptide (stanclere T135}
respectively, with a combination of lubricants having external or internal
lubricating properties. These include normal lead stearate (external),
calcium stearate {(internal lubricant and stabilizer), and Georg Schultz
2411P wax, & grade of the so-called hard wax with external lubricating
property. All additives were supplied by Akzo Chemieals, UK, with the
exception of Georg Schultz 2411P wax which was supplied by Cornelius
Company, UK. The technical data for these additives js provided in Table

2.3.

* Values of ﬁw provided by ICI Ltd, Runcorn, UK. These
values were found to be in excellent agreement with
the results of the various studies in this work,
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Code

A

R
S0
SCa
1.02
.05
LL10
L15
.30
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It was observed that whereas DBLS could not effectively stabilize
the polymer in compression moulding, and was therefore not used, the
organo tin stabilizer provided exeellent stabilization giving produets with
good elarity. The tin stabilizer was therefore used in both compression
moulding and in extrusion using the Krauss-Maffei. Use of DBLS was thus
restricted to extrusion using the Leistritz, This point is further discussed

in Chapter 5.

2.2 Sample Preparation

2:2.1 Formulation

In order to reduce the effect of the additive system on the
measured variables, a very simple formulation has been used based on PVC-

stabilizer-lubrieant system. Details of the composition are provided in

Table 2.4.
Table 2.4 PVC Formulations
Rreon ' }:::::;ir St,?,?g;‘;ro N?:;T?"I Caleium Wax'
S110/11 Stennate® fpil;') Staapate® Stearate® (iS2311P
100 20 - - 0.8 0.3
100 I'a5 = 1.5 0.4 0.3
100 - 3.0 - - =
100 - 3.0 - 3.0 -
100 - 3.0 - 3.0 0.25
100 - 3.0 - 3.0 0.50
100 - 3.0 - 30 10
100 = 3.0 — 3.0 {50
100 - 3.0 - 3.0 3.0
100 - 3.0 - 3.0 4.5

1‘45

*  Supplied by Akzo Chemical (UK) Ltd.
+  Supplied by Cornelius Co., London.
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To prepare the formulation the required amount of additive is
weighed into 2kg portions of PVC powder and manually mixed with the
resin with the aid of a spatula. This process helps to prevent floeculation
of the additives during high-speed blending, Material so formulated is then

transferred into the preheated high-speed mixer for dry blending.

2,22 Dry Blending

A 81 T.K. Fielder laboratory high-speed mixer was used at
conditions previously determined 176,177 to give optimum blend properties.

A schematie diagram of the Fielder is shown in Figure 2.1; it
consists of a combination of a mixing and a cooling unit. The mixer is a 8]
steam heated jacket incorporating a set of rotors and an adjustable baffle,
The rotor blades provide the high impact energy necessary for particle
breakdown while the baffle optimizes the mixing aetion by ehanging the

flow pattern. The conditions used are shown in Table 2,5,

Table 2.5
Rlending eonditions on the T.K. Fielder mixer
sacr Stage
Conditions mixing cooling

Jacket temp (°C) 75+ 2 ambient
Dwell time (min) 15+ 3 5+ 2
Rotor speed (rpm) 3600 1000
Discharge temp (%) 120 50



Fig. 2.1
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2.2.3 Compression Moulding

Flat sheets, 200mm x 200mm x 4mm were compression moulded
from the powder blend at temperatures ranging from 160-220%¢ using an
electrically heated press.

It is stated in BS 2782 pt 9, method 901A for PVC, that the mould
charge should preferably be in the form of milled sheet rather than powder,
but this has to be modified here in order to avoid the well known effeet of
heat history on the moulded produet.

To obtain samples free from defects, the following conditions

were used:
charge weight 250g
moulding temp. (160-220) + 10°C
heating duration 15 + 3 min
cooling time 10 + 2 min
cooling temp, 55 + 5°C
pressure 70 bar

2.2.4 Extrusion Details

The extrusion programme was carried out on Leistritz LS30:34
and krauss-Maffei KMDL-25 contra-rotating twin serew extruders fitted
with strip dies, 3mm x 20mm and 4mm x 30mm respectively. Tables 2.6
and 2.7 show the temperature and extrusion rate conditions used, and
Figures 2.2 and 2.3 depict the screw configurations along with
temperature/pressure zones and monitoring positions for the Leistritz and

Krauss-Maffei respectively.
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Attached to the Leistritz is A Hewlett Packard 1000 computer
which recorded temperature and pressure data at 0.05 second intervals in
each run. Such data were available only from the eontrol panel of the
Krauss-Maffei.

The extruded strip was sized and cooled in a water trough then
hauled-off at a rate dependent on the extrusion conditions, The extrudate
was sampled at equilibrium conditions. Samples taken at msccurate time
intervals (1.0 min or 30 sec depending on extrusion rate) were weighed to

obtain the output rate.

Table 2.6
Extrusion conditions on the Leistritz

Extruder zone temperature/°C Temperature
7.2 7.3 74 7.5 7.6 77 78% profile
161 160 161 157 155 161 170 A
167 165 165 160 161 168 180 B
169 173 171 171 171 177 19¢ C
177 180 180 169 169 183 197 D
168 190 190 184 184 193 205 E
168 208 208 202 202 207 213 F
173 217 218 212 211 215 220 G
173 215 214 212 210 214 227 H

Extruder serew speeds/rpm
10 15 20 25 an 35 40 50

*  Die temperature
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Table 2.7
Extrusion conditions on the Krauss-Maffei
Extruder zone temperature/°C Temperature
72 7.3% 74 z5* profile
160 130 168 170 A
170 130 178 180 B
180 135 188 190 C
190 140 198 200 D
200 150 208 210 E
210 160 218 220 F
220 160 228 230 G
Dosing = 40/min; extrusion rate = 20rpm

*  Screw temperature
+ Die temperature

2.3 Density Measurements

The densities of processed samples were measured using a
Davenport density gradient column at 23.0 + 0.1°C, The eolumn was filled
with aqueous ealecium nitrate and calibrated with glass floats of accurately
known densities. Carefully prepared samples were cleaned in ethanol and
dipped in a solution of ecaleium nitrate before placing in the column,
Polishing the surface and dipping in a solution prevent air bubbles from
adhering to the sample surface, The average of three measurements was
used for each extrusion condition and sumples were allowed 4 hours to
attain equilibrium positions before each measurement,

To obtain the density of processed PVC alone, measured values

were corrected for the densilies of additives using the rolnlionshipﬁ'
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d = 100 + ZP| 2.1

(100/d,,)  =P;/d;

where d, is the measured density, Pi's are the concentrations in phr of the
additives, d/'s their relative densities, and d, the actual density of the

processed PVC.

2.4(a) Sorption Measurements

Specimens of the processed material, about 28mm x I4mm x
4mm, were prepared and weighed, These were then immersed in excess

3 stoppered glass bottles. The

reagent grade acetone contained in 30em
scetone uplake was followed gravimetrically with time over a 30-hr period
at 23°C., The percentape weight gain was calculated and presented as
reduced sorption curves, Averages of five measurements were used

although from the consistency of the results averages of thrce

measurements would have been sufficient.

2.4(b)  Methylene Chloride Swelling Tests

This test, very basic in its procedure, is one of the widely used
tests for gelation level of processed PVC. [t has been carried out to
ASTM 12152 specifications,

Specimens of Lhe processed sample, about 100mm x 70mm, were
immersed to a depth of 40mm in reagent grade methylene chloride
contained in sample bottles,

The samples were continuously inspected (visually) for sattack on
the surface, i.e. the lifting, raising or removal of any material {rom the

specimen., The time taken to the initiation of attack was assumed to be
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representative of the degree of fusion. Solvent attack was monitored for

2 hrs after which the sample was passed as "unattacked",

2.5 Capillary Rheometry

The gelation level was estimated with a Davenport capillary
rheometer equipped with an effectively zero-length die (L/D = 0.38).

The rheometer consists of a 22mm dismeter piston capabie of
being driven in or out of a controlled heated barrel. The die is fitted into
the base of the barrel so that the polymer is extruded vertically
downwards. A pressure transducer fitted into the barrel which flushes with
its sides and with the top end of the die measures the extrusion pressure
which is recorded on a calibrated chart recorder as mV. This is converted
to pressure using a calibration curve,

About 30p of processed PVC were packed into the barrel and
compressed by lowering the piston. It was left to thermally equilibrate at
130°C for 10 min then extruded using a piston speed of 20mm/min., The
average of three measurements was used. A schematic diagram of the

front view of the rheometer is shown in Figure 2.4.

2.6 Thermal Analysis

The heats of fusion of the processed polymer were determined
using & Du Pont 990 Thermal Analvser equipped with a DSC cell. A
diagram of the calorimetry cell is shown in Figure 2.5. A sample pan and a
reference pan were positioned on the two raised platforms of the
constantan disec as shown, The cell operates at a constant heating rate

using a single heating block as the heat supply for both sample and
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reference pans. The instrument was used in the calorimetri¢ mode such
that the temperature difference (5 T) between the sample and the
reference junction was plotted against the reference temperature.

The temperature axis of the instrument was ealibrated using pure
samples of indium and tin metals having melting points of 156.6°C and
231.9°C and heats of fusion of 6.79cal/g and 14,14cal/g respectively.

About 10mg of the processed polymer were scanhed from room
temperature to 240°C at a heating rate of 20°C/min. and y-axis (A T-axis)
sensitivity of ZmV/cm,

Areas of the thermograms were measured with the aid of =

planimeter and the heat of fusion evaluated using the expression:

8, = %‘1 (60 B E aqs) 2.2
where M-If = heat of fusion (J/g)
A = endothermic area (em?)
m = sample mass (mg)
B = Time Base setting = 0.5 min/em
bgs = v-axis sensitivity (mV/em.see)
and k = cell csalibration constant characteristie of
the calorimeter cell used. It is evaluated
from endotherm areas of standard (tin or
indium} samples of aceurately known 4 lf,.
2.1 X-ray Analysis

Wide angle x-ray data were obtained for a series of processed
PVC samples with Jeol DX-GE-2S8 generator equipped with a DX-GO-8
vertical goniometer using Ni-filtered Cu K radiation in an air atmosphere,

Symmetric reflectance mode {Figure 2.8) measurements were made using
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rectangular samples, 40 x 15 x 3mm. The following instrument settings

were used:

tube voltage 40KV
tube current = 30A
Slits : divergent, D = 2%; receiving, R = O~ lo',

and seattering, S = 2°

sensitivity = 1x10° eps
sean rate - 1°/min
Chart speed = 10mm/min
Angular range =  10° - 46°26

Trace of intensity against scattering angle was provided by a
chart recorder equipped with two pens. One of the pens provided the trace
while the second marked the chart at #°20 intervals thus enabling
calibration of the angular position. A schematic representation of the

components of a diffractometer is shown below.

Diffracted x-ravs ————a  counter g Preamplifier and

cathode follower

,

Stri . . s

P Ratemster Sealing Linear Amplifier
Chart Cireuit (100 ~ 2,000 gains)
Recorder 1

Print out on

paper or punch tape

Detection of the seattered radiation by a eounter technique offers

the advantages of shorter exposure time and a more accurale
determination of the intensities. Conversion of photographie film

blackening to intensity eannot be done with the highest possible accuracy.
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28 Impact Test

In order to obtain reproducible impact energy values, careful
sample preparation is required,

The sample, cut along the extrusion direction, was polished using
a conventional metallic tool polisher, the samples being firmly held in
position with the aid of a double-sided tape. Polishing effectively
eliminates die swell and surface roughness. Polished samples were
trimmed to the standard length and width set by ASTM D258, the thickness
was variable. Details of the dimensions are provided in Figure 2.7

Impact strength was determined with Ceast Analogic Fractoscope
model AFS/MK2. The instrument consists essentially of two semi-
independent units made up of the pendulum unit and the memory unit, The
pendulum unit provides a direct measure of the impact energy when
ecorrected for a 'frietion factor' which is displayed in a free-{all, while the
memory unit measures and stores the impulse at impact and the resistance
(foree) offered by the material to failure,

The traditional impact tester measures impact energy by
measuring the rise~-angle in the case of pendulum and statistically in the
case of falling weight apparatus. With the AFS/MK?2 system such
measurement is obtained by processing the foree-time values held in the
memory. These values can be reproduced, prior to subsequent tests, as
maximum losd at breek; integrated as foree-time plots giving the variation
of force and energy with the progress of failure; and giving the maximum
failure energy when contribution from 'noise' (equipment vibration) is

discounted.
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The instrument was used in the Tzod' mode, Figure 1.13, this mode
had been previously found to give better diserimination between
5:&1mp:des.178 Tests were carried out at room temperature using the

following conditions:

Foree range = 191 daN
Pendulum energy = 15J
Pendulum mass = 2.5kg
Impact speed = 3.46ms” ]
Time secale - 0~-2ms

The impact strength, , was evaluated as:

1.8 " impact energy (J)

area behind noteh (m 2y

L]
IMPACTED END k D w | LDIRECTION OF
Extyusion

—bﬂF—
L3

THICKNESS OF

SPECIMEN
A = 10.2mm
B = 31.8mm
C = 63.5mm
D = 0.25°
E = 12.7mm
Specimen thiekness = 3 + 1mm (variable)

Fig. 2.7 Dimensions of 1zod impact test specimen
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Chapter 3
RESULTS AND DISCUSSION
I. GELATION STUDIES
3.1 A Summary of Extrusion and Compression Moulding Results
3.1.1 Extrusion

A Leistritz LS:30:34 laboratory twin-serew extruder was used to
prepare samples from 'Breon' PVC formulated as samples A and B (Table
2.4). The samples are deseribed as L-(Leistritz) samples to distinguish
them from compression moulded (CM) samples and Krauss Maffei extruded
(KM) samples. The individual sample is also coded as shown in Tables 3.1
o0 3.3.

At constant extrusion rate of 20rpm processing temperature was
varied in steps of about 10°C between 170° to 230°C; and at constant
temperature extrusion rate was varied between 10 to 50rpm in stages of
about 5rpm over four different temperatures.

A Krauss Maffei KMD-L25 laboratory twin-serew extruder was
used to extrude 'Corvie' PVC formulated as sample A (Table 2.4); a range
of molecular weights was studied (Table 2,2). Extrusion rate was kept
constant at 20rpm except where s higher raute was reaquired, as indicated in

Table 3.1, to offset polymer degradation.

3.1.1.1  Output Rate

Output rate varies only slightly with formulation and with

molecular weight {Tables 3.1 and 3.2.).
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For a given molecular weight output rate is substantially constant
with processing temperature. A slight increase is observed with increased
lubricant leading (formulation B) and with increased mclecular weight (KM
samples).

The lubricant functions in reducing adhesion of the polymer to the
metal surface and in reducing interparticle friction (section 1.2.1). As a
consequence the more lubricated the material the faster it is passed
through the extruder at constant extrusion rate. Reduced residence time
results in increased output with inereased lubricant loading.

Lubricant-polymer interaction decreases with increased molecular
weight. If polymer flow characteristics do not change with changes in
molecular weight, decreased interaction makes the lubricant action more
external (section 1.2.1) reducing polymer-metal and interparticle friction.
These result in increased output rate at constant extrusion rate as
discussed above.

Output rate inereases linearly with extrusion rate up to about

40rpm (Figure 3.1, also Table 3.1A in Appendix).

3.1.1.2 Power/Torque Variations

The power {or torque) needed to extrude the resin depends on the
melt viscosity of the formulation. The melt viscosity decreascs with
increased melt (processing) temperature and with increased’ | lubricant
loading. The power requirement is shown to follow simifav trend (Vigure
3.2).

The higher the molecular weight the greater the torque nceded to
extrude the polymer al constant temperature and for equal formulation
(Table 3.2). Melt viscosity inerecases with increased molecular weight due

to increased entanglement.
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It is noted that for all properties measured in the KM series,
sample S71 {Tables 2.1 and 2.2) is an exception, Thus both its output rate
and power requirement are lower than would be expected for its K-value
(Table 3.2). Repeatled GPC characterizations (Table 2.2) gave lower than
expected molecular weight and difficulties were experienced with its flow
through the extruder. These differences are shown in Chapter 4 to arise
from lower fusion levels for this sample.

Power requirement increases with increased extrusion rate as
expected (Figure 3.2), The increase although linear is not uniform. Two or
more changes in slope may be observed depending on the formulation. It is
observed that (Chapter 5) there is an interesting relationship between the

changes in slope and the impact resistance of these samples,

3.1.2 Compression Moulding

Large temperature differcnces, sometimes as high as + 15°C,
were observed between the opposite ends of the moulded sheet. For this
reason samples could not be meaningfully tested for impact resistanee as
the size of the test specimen would include a range rather than a specific
moulding temperature. For the same reasons capillary rheometry results
are considered with caution. This limitation, however, does not affect the
results of thermal analysis and methylene chioride tests since sample sizes
are reasonably small,

Samples prepared as described before were tested for gelation
(fusion) by capillary rheometry (CR), thermal analysis (TA), and methylene
chloride attack {(MCT). The results are presented and discussed below,

The terms gelation and fusion are used interehangesbly exeept in
section 3.6 where fusion is used in the thermodynamics sense to refer to

melting.
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Table 3.1
Output and power requirement for samples extruded at
different temperatures using the Leistritz at 20rpm
Die set Die melt Approx
Sample temp temp, 'T'B(“C) Output power
Code (°C) method | method Il kg/hr (kW)
Sample A
A-1 170 170 188 7.8 0.38
A-2-1 180 176 190 T.7 0.32
A-2-2 185 180 191 7.7 0.32
A-3 197 184 197 8.0 0.30
A-4 205 195 203 Tl 0.20
A-5 213 200 208 ¥ 0,26
A-6 220 208 218 7.7 0.21
A-T7 227 220 220 7.5 0.20
Sample B
B-1 171 170 180 8.1 n.27
B-2-1 182 174 185 8.3 n.3n
B-3 197 180 192 8.0 0n.20
R-4 207 191 200 g.0 n.20
B-5 213 108 210 T7 n.1n0
B-6 218 205 215 8.0 8513
B-7 227 210 220 8.3 n.10
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Table 3.2
Output and torque for samples extruded on the
Krauss-Maffei at a constant rate, 20rpm
Die set Die melt Approx
Sample temp temp, Tp(°C) Output torque
Code (kW) method1  method 1I kg/hr (kW)
S57: M11 160 161 176 6.0 24
M12 172 162 176 6.0 20
M13 180 174 185 6.1 20
M14 190 175 184 6.3 18
M15 201 185 196 6.1 15
M16 210 190 200 6.0 15
M17 220 200 214 6.2 15
S62: M21 160 - - 6.1 26
M22 171 165 180 6.2 25
M23 180 170 185 6.4 24
M24 160 180 190 6.6 23
M25 200 186 196 .3 20
M26 210 200 2N8 6.3 22
M27 220 205 215 6.3 24
SAg: M31 170 165 180 6.9 an
M32 180 170 185 7.0 28
M33 190 178 190 7.1 24
M34 200 185 198 (D 23
M35 210 185 205 7.0 20
M36 220 206 214 Tl 21
M37 230 21R 227 7.3 23 (30rpm)
S71: MA41 170 165 182 51 25
M42 180 174 184 5.8 24
M43 190 180 192 9 23
M44 200 190 199 6.0 22
M45 210 197 2056 6.0 20
M46 220 208 219 £.0 20
M417 230 216 225 5.8 18
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3.2 Capillary Rheometry

CR test results are summarized in Figures 3.3 to 3.7. Detailed
results for all processed samples are included in the appendix, the first
number of the table refers to the relevant chapter, the capital letter 'A'
designates 'Appendix'.

These results are discussed with respeet to the effects of material

and processing variables,

3.2.1 Effect of Processing Temperature

The entrance pressure loss, AP, at constant processing
temperature, ’I‘B, depends on the level of entanglement (elastic response
level) attained during processing (section 1.4.1).

A sigmoid curve is usually observed (Figures 3.3 and 3.7),
generallv, however, curves can range from linear to sigmoid (Figure 3.5);
and it is possible that in the absence of degradation & maximum could be
observed for particular formulations. These variations are well illustrated
in Figure 3.5 where the results of L~ and CM-samples are compared,

The sigmoidal curve, which has been widely t'ep':)rted.mz_m6
appears to depend on sample formulation and processing, For a CM sample
containing no lubricant (sample SO) AP is linearly related to 'l‘B (Figure
3.5). A linear relationship has not been reported in the literature,
Linearity in the ahsence of the lubricant suggests that the sigmoidal nature
of the curve arises from the effect of the lubricant. Capillary action has
been evoked below to explain this effeet,

Another interesting observation from Figure 3.5 is thal in the

absence of the lubricant (sample SO) highest values of AP cobtain over the
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entire range of Tj, suggesting that these samples are much more fused
than even the extrudates. This is supported, surprisingly, by the results of
thermal analysis and methylene ehloride tests (sections 3.3 and 3.4),

Upon addition of the lubricant, however (Figure 3.5), even at low
levels, & significant reduction in A P results {see Tables 3.2A to 3.4A for
details) and the charaeteristie sigmoid curve, or its segment, is observed,

The results obtained for the CM series (Figure 3.5) are identical

106 o samples with different

to those obtained by Krzewki and Collins
lubricant loadings prepared on a Brabender Plasticorder. These authors
have discussed their results on the basis of a particle breakdown fusion
mechanism. It was shown in section 1.3.2(b) that particle breakdown is not
generally applicable to all gelation processes.

The fusion process deseribed by Figure 3.5 is discussed in the
context of lubricant capillary action and its effect on interparticulate
network formation and elastic development,

AIISOpp]"‘]7 has shown that when PVC is processed on a low or
medium shear equipment such as in twin-serew extrusion and compressicn
meulding (Figure 1.6(b}), the grains are first compacted, densified, fused,
and finally elongated — the 'CDFE' fusion mechanism (section 1.3.2(b)).
This mechanism is supported by results of microscopy on our extrudates
and compression moulded Sample5.84 Indeed it is well known that
compression moulding does not involve particle breakdown, therefore the
sigmoid curves obtained for CM samples arise from effeets other than
breakdown of partieles, In what follows an attempt is made to account for
the sigmoid curve on the basis of lubricant action,

At low gelation (g-) levels (T below about 180°C), the processed

sample contains largely densilied and compacted granular particles. The
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additives at this stage are located in between these particles in what seems
like & two dimensional array of irregular hexagons.34 Densification and
compaction enhances the capillary action of the lubricant. As discussed
elsewhere,lsu in capillary extrusion tests a lower AP than that of the
unprocessed powder is obtained. The grains in the unprocessed powder are
not sufficiently densified to enhance lubricant ecapillary action which
permits lower A P by relieving applied pressure through particle slippage.

Lubriecant lowering of AP by eapillary action explains the initial
trough at low melt temperatures, absent when no lubricant is present
(sample SO). The same effect is responsible for the negative g-levelswﬁ
observed with increased lubricant loading.

With increased proeessing temperature polvmer-lubricant inter-
action, initiallv low for the external lubricant, improves, The lubricant
action becomes more internal’! and the onset of molecular network
formation across particle boundaries (elastic development) gives rise to
increased AP creating the trough at T below 190°C. The depth and width
of this trough are a measure of the lubricant efficiencv in eapillary action
and in delaving elastic development respectively. Both the width and depth
can inerease with inereased lubriecant content and with inereased shear,
This is shown by our results (Figure 3.5) where samples have been prepared
by compression moulding and by the results of krzewki and Collins!96
where they were prepared on the Brabender.

Depending on the lubricant loading and the shear level a sudden
rise in 4P may be observed over a narrow temperature zone (Figure 3.5
and ref. 106). This change in slope corresponds to the well established

181

change in the nature of the flow units in the melt. It has been shown to

correspond to the breakdown of the grains and the onset of primary
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28,63,101-107  jep, consequent increase in the rate of

particle fusion,
network formation.

The rise in P levels off at high Ty (high g-levels) as a result of
another capillary action of the lubricant; this time at molecular level. The
levelling off may also be due to a decrease in the rate of elastie
development,

The above explains the exceptionally high values of AP for
unlubricated samples and its linear dependence on Ty In the absence of
the lubricant elastic development increases progressively through the
entire fusion process. Many more networks are formed resulting in higher
values of g-level (and therefore p P} with increased T

B

3.2.2 Percent Gelation (CR)

An established procedure for quantitative capillary rheometry
relates the g-level to the reduced rolative pressure loss by eqn. 1.4, This
procedure was adopted to obtain Figure 3.4, A negative g-level, shown by
sample B, is often observed. 1?6

It is evident in Figure 3.5 that the establishment of a standerd
gelation curve (sge, section 1.4.1) using eqn, 1.4 is of little value. The
maximum pressure loss for a particular formulation can fall below the
minimum for another over the same 7Ty range. This formulation
dependence Is well recognised and is a major lLimitation of CR test for

g-level,
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3.2.3 Effeet of Extrusion Rate

The overall effect of extrusion rate is minimal (Figure 3.6);
however, a significant difference in AP is noticed for the materials
processed at lower melt temperatures. For sample A processed at 190°C
(die set temperature) an increase in extrusion (shear) rate produces
increased AP indicating an inerease in g-level. This increase is due to a
greater contribution to gelation from shear heating for particular
combinations of formulation and temperature. The effeet is substantially
linear in the region 15 to 35rpm. The same trend is not observed for
sample B (processed at the same temperature) because its higher lubricant
loading reduces shear heating and delays gelation as discussed above,

Although differences between samples A and B are still observed
for the 200°C die temperature ranges, they are absent for extrudates
prepared at a die temperature of 220°C. These results demonstrate that

the effeet of temperature on gelation far outweighs that of shear,

3.2.4 Effect of Molecular Weight

It should be noted before the proceeding discussion that the KM
samples were formulated as sample A (Table 2.4), however, a tin stabilizer
was used in place of lead for better stabilization. The K\ samples
contain some molecular weights, S68 and S71, comparable to the molecular
weight of the L-series. Similar variations in properties should, therefore,
be expected between S68 and ST1 and sample A (L-series). However, the
KM-samples and the L-samples were perpared on different extruders with
completely different machine variables, The fusion path in both extruders
will, therefore, be expected to vary accordingly, even when extrusion

conditions are kept apparently constant,
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It follows that in principle meaningful comparisons in observed
properties cannot be made without taking into account equipment
differences. These differences were not investigated for practical reasons,
related to limited availability of both extruders which were kindly provided
by BP Chemicals, Barry, Glamorgan, and Cookson Group, Perivale,
Middlesex.

Results of CR tests on KM samples are shown in Figure 3.7 and
provided in detail in Table 3.3.

With increased processing temperature 2P increases and the
usual sigmoid curve, discussed in section 3.2.1, is observed,

Values of AP are notably low for these samples. These values
increase with increased molecular weight, the sigmoid shape being better
defined the higher the molecular weight. The behaviour is quite similar to
the effect of lubricant observed with eompression moulded formulations in
Figure 3.5. This similarity suggests that an identical mechanism controls
the measured parameters, viz the effect of shear. Figure 3.7 can,
therefore, be explained with the aid of Figure 3,5.

Comparison of the two figures (3.5 and 3.7) shows that the
gelation of a medium molecular weight sample, containing different levels
of an external lubricant, follows the same path as the gelation of a series
of molecular weights containing the same amount of the lubrieant. Thus
sample S57 (Figure 3.7), exhibiting identical form as samples L30 and 145
(Figure 3.5), is 'poorly' fused, being relatively over-lubricated. The results
of MCT show this to be the case (section 3.4). If, however, the different
molecular weights had been formulated differently, as normally is the case,

samples S62 and S57 would have behaved differently.
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Figure 3.7 demonstrates that the delayed gelation, caused by the
lubricant, is greater the lower the molecular weight. Hence equivalent
g-levels are shifted to higher melt temperatures with decreased molecular
weight, In this respect sample S71 appears to have the highest molecular
weight contrary to GPC results (Tables 2.1 and 2.2). This is also suggested
by the results of thermal analysis and MCT. However, it should be noted
that sample S71 exhibits peculiar flow properties as demonstrated by
decreased output rates (Table 3.2). The peculiar character of sample S71
should be noted when comparing its properties with those of other samples
of the KM-series.

Even when comparison is limited to equivalent molecular weights,
the KM samples have generally lower AP values than the L samples
(Figures 3.5 and 3.7). As observed previously this difference eannot be
accounted for without reference to unavailable machine variables. For the
purpose of this study, however, the results obtained for the KM samples are

internallv consistent and self-sufficient for meaningful eonclusions.

3.3 Thermal Analysis

Results of thermal analysis on processed samples are summarized
in Figures 3.9 to 3.13. Details are ineluded in Tables 3.5A to 3.7A for all

samples.

3.3.1 The B-onset temperature, TH

The second and third eolumns of Tables 3.1 and 3.2 compare the
die set temperature with the melt temperature measured by the value of

the B-onset temperature, ’T‘R (section 1.4.3, Figures 1.9(a) and 1.9(B)).
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As shown in the third columns of Tables 3.1 and 3.2, TB can be
measured in two different ways. It can be measured as the shoulder
{method 1) of the B-endotherm following the procedure of Gilbert and
‘1.’yvoda114 and of Illers.%% Or it can be measured as the B-endotherm peak
{method II) following the procedure of Ohta et a1.40

Melt temperatures measured by the two methods differ by about
10°C and this difference is not constant over the range of processing
temperatures.

For die set temperatures lower than 190°C 'I‘B by method I aptly
deseribes the extrudate melt temperature, and the peak value of method II
clearly overestimates the melt temperature., For die set temperatures
190°C and greater, method I underestimates the final melt temperature
(Tables 3.1 and 3.2).

The difference in TB between the two methods is better
understood by comparing the endotherm of the unprocessed powder with
endotherms of the same sample prepared at different temperatures
(Figure 3.8).

A single broad melting endotherm is observed for the unprocessed
powder (Figure 3.8(a)), Its onset temperature starts at about 120°C and it
has a peak between 180-190°C. This peak can be regarded as the
equilibrium melting temperature, T, of the available ordered structures
{erystallites) in the unprocessed material.

Processing below the equilibrium 'I‘m has little effect on the
erystallites and invariably gives a peak over the same range (180-180°C) in
thermal analysis. Hence method I pgives muech higher TB value than

method I for these samples.
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Processing above the equilibrium Tm leads to the melting of the

48,49,114 and unmelted

erystallites, The melt recrystallizes on cooling
erystallites are annealed. The resulting crystallinity of the processed
sample is now more strongly dependent on the processing conditions, and
method II yields Ty, more characteristic of the true melt temperatures than
method I (Tables 3.1 and 3.2).

For consistency, values of TB used in this study represent the

onset temperature (method I).

3.5.2 Effect of Processing Temperature

The effect of processing temperature on the measured heat of
fusion, AH(T), is demonstrated in Figure 3.9 for extrudates of L-series,
Figure 3.10 for some compression mouldings, and in Figure 3.11 for
extrudates of KM-series.

Sigmoid curves are observed in all cases. Therefore, unlike in CR
tests the sigmoid curve is characteristiec of AH{T) vs TB dependence,

It is helpful to refer to section 1.4.3 for the basis of the ensuing
discussion,

Thermal analysis (TA) has been condueted by monitoring the
progress of the A-endotherm 114 (Figure 1.9). It has been shown (section
1.4.3) that this endotherm results from the melting of less perfeet
secondary crystallites formed by reerystallization (during processing) of

48,49,114 Inereased A-endotherm (and,

more perfeet primary ervstallites,
therefore, A H(T)) with inereased Tg shows that more secondary
erystallites result from higher melt temperatures.

The sigmoid shape (of AlI(T) vs 'I‘B) is another indieation of a

sudden change in the nature or amount of the erystallites being fused. It is
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analogous to the change observed in AP in capillary rheometry, lllers®9:56

has shown that PVC melting is better described by considering a range of
ordered structures. At low melt temperatures (below 190°C) only the least
ordered structures are melted and recrystallized, Subsequent thermal
analysis of the sample yields low AH(T).

The region 190-200°C is a transition zone. The same transition
was observed in CR tests, and indeed it is observable for most changes in
PVC properties with inereassed temperature, This transition is well
demonstrated by sharp increases in the slopes of the curves, And again
irrespective of material and processing technique the shapes of the curves
are significently the same. Characteristic of a transition zone, small
changes in melt temperature produce substantial changes in AH(T} up to
about 200°C, depending on the material. Reyond 200°C only moderate
changes in A H(T) are obscrved for relatively large changes in TB (Figures
3.9 to 3.11). The transition is shifted to higher temperatures with
inereased lubricant loading for the reasons discussed previously (section
3.2).

If no changes occurred in the rate of increase of ordered
structures in the melt (during processing), 4 H{T) would be linearly related
to Ty end no transition would be observed. Therefore, the transition
(change of slope of A H(T) with Ty) is a consequence of increased rate of
generation of recrystallizable structures in the melt pool.

181

Collins and Krier were the first to show that the transition in

question is due to a change in the nature of the flow units in the melt, This

T-15

has been confirmed by a number of authors, and it is now well

101-107

established that changes in the polymer morphology are

responsible,
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The ordered structures (presumably mierodomain particles) are
distributed within the primary particles.zz*28 Changes in order in the
processed sample are, therefore, dependent on the destruetion or otherwise
of the primary particles. These particles are significantly unaffected
below ].9{1"0,28’106 therefore, gradual increases in AH(T) are observed up
to this temperature, Between 190 and 200°C the loss of the primary
particle structure becomes important.28'63’84’106’10? Small temperature
changes, therefore, produce a relatively large amount of recrystallizable
material in the melt, Subsequent therimal analvsis of the processed sample
yields large increases in AH(T). Above 200°C a signifieant proportion of
the primary particles has been melted, the fraction of recrystallizable
struetures in the melt decreases and AH(T) levels off.

The net effect of these changes gives rise to the sigmoid curve
and the curve is characteristic of the processed sample irrespective of

processing history.

3.3.3 Effect of Extrusion Rate

Heats of fusion, aH(T), of samples processed at different rates
are provided in Table 3.4.

The results are very similar to the CR test results for the same
samples (Figure 3.6). A noticeable difference, however, is a relative
decrease in A 1(T) al 20rpm. This decrease seems to result from opposing

201

effects of shear, which deereases erystallinity“”*, and of shorter residence

time, which leads tc the survival of greater amount of the

——

—

sécondark crystallinity.

[ el e R % e g . -
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The lower the extrusion rate the longer the residence time and

length of heating, Also, the lower the processing temperature, the higher

the melt viscosity (for a given formulation) and, therefore, the higher the

shear rate at a specific rate of extrusion. Longer heating periods at higher

shear rates produce less crystallinity, and lower AH(T) is observed.

Although longer heating periods result in increased amount of melted

primary crystallites the increase over the duration of residence time is

minimal,

At a specific extrusion rate AH(T} increases with processing

temperature for reasons diseussed previously (section 3.3.2).

At constant processing temperature increased extrusion rate

reduces residence time, Although shear rate is higher, the shorter

residence time results in the survival of a greater amount of the primary

erystallite, and higher AH(T) is observed.

As cobserved in capillary rheometry, it is shown by

thermal

analysis (Table 3.4) that temperature has a greater influenee on gelation

than shear rate.

Table 3.4  Heats of fusion for samples extruded at different
rates and temperatures using the Leistritz

Formulation Extrusion rate rpm
temp.°C 10 15 20 25 30 35 40 a0
Sample A
190 3.34 3.8 4.40 4.51 6.10 6.84 6,32 -
200 4.91 4.55 3.49 4.84 5.74 T7.23 7.13 R.42
210 3.86 6.54 5.51 V.42 7.8 7.33 6.75 7.20
220 8.42 1.71 .99 8.10 6,25 B.13 R.49 7.66
Sample B
190 3.15 2.88 3.06 2.93 3,42 3.67 3.01 2.13
200 2.59  3.21  3.1%  4.30 4.85 4.4% 3.96 4.44
210 5.28 5.66 6.00 6.56 .21 .90 6.17  6.51
220 - 4.11 4.02 5.46 6.20 5.88 5.66 5.31
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3.3.4 Effect of Molecular Weight

At constant processing temperature A H(T) is higher the lower the
molecular weight (Figure 3.11). Which shows, as expected, that at a given
processing temperature the greater the amount of material melted and
recrystallized the lower the molecular weight. In effect equivalent fusion
levels are shifted to higher temperatures with increased molecular weight.

Sample S71 is shown to have the highest molecular weight as was
also observed in capillary rheometry (Figure 3.7). These results are
contrary to the GPC results (Table 2.2) as discussed previously.

The same trend is observed for A H(T) vs TB relationship for all
samples. This is another demonstration of the eharacteristie independence

of AH(T) with ehanges in material and processing techniques.

3.3.5 Percent Gelation (TA)

A H(T) can be converted to gelation levels by relating values to
the heat of fusion of the perfectly erystalline sample (the procedure
is discussed in section 3.6.4)

Gelation levels ealculated with the aid of eqn, 1.24% are shown in
Figure 3.13. Higher gelation with decreased molecular weight is clearly
demonstrated as discussed nbove, Comparing the respective AH(T) values
as molecular weight inereases, it appears that the lowest molecular weight
(sample S57) is already degraded at 200°C. Visible disecolouration of this
sample beginning at 200°C supports this observation.

Since gelation levels (better deseribed as order factors!29)

calceulated with eqn. 1.29 rely only on one standard, which is the invariable

equilibrium melting temperature of the perfect PVC erystal, values are
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characteristic of the sample's thermal history. This feature results in
significantly independent g-level even with large differences in processing
technique. Hence samples of widely different processing histories can be

reasonably compared.

3.4 Methylene Chloride Test

Results of methylene chloride attack on extrudates of L- and
KM-samples and on ecompression mouldings are shown in Table 3.5.
Methylene chloride was preferred to acetone (which is recommended in
ASTM D2152) because it is more effective.l61

Only the samples prepared over a range of temperatures have
been tested. Differences in the rate of solvent attack are not observable
with samples processed at different rates at constant temperature. The
same effect has been shown for capillary rheometry and thermal analysis.

The observations are discussed with respect to the processing

history.

291942

(i) lLeistritz extrudates (L-samples)

A fast rate of attack is observed for melt temperatures, Ty,
below about 180°C, At equal 'I‘B values the attack is slower the
higher the lubricant level (sample B).

All samples processed below TB of 190°C have been attacked in
less than 20 minutes. These samples are, therefore, not
sufficiently gelled, With the exception of sample B4 all samples
processed above 190°C are not attacked even after long durations
in excess of 2 hrs. Up to 24 hrs and longer these samples remain

”
/



(ii)
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swollen but intact. They can therefore be considered to be well

fused,

Compression moulded {CM) samples

Only two samples were investigated, sample 80 econtaining no

lubricant and sample LO5 eontaining 3.5phr total lubrieant level.

(tii}

The rate of attack is significantly similar (for both samples) to
that observed for the extrudates discussed above,

At 190°C (Tg) and above no attack is observed within the
duration of the test and over an extended period (above 24 hrs).
Sample LO5 processed at 180°C is an exception. For this sample
some attack is discernible after about 2 hrs.

The results indicate once again that the lubricant appears to
protect the polymer from solvent attack. Hence the rate of
attack does not increase with lubricant level although the samples
are less fused. The results also suggest that comparable levels of

fusion can be observed for extrusion and compression moulding.
Krauss Maffei (KM} extrudates

The lower the molecular weight the faster the rate of solvent
attack at equivalent temperatures. For the lowest molecular
weight (sample $57) only the sample prepared above 'I‘B = 200°C
(M17, Table 3.2) survive unattacked at 2 hrs and bevend.

The processing temperature above which the samples survive the
attack decreases with increased molecular weight, The values are

210°C for 857, 200°C for S&2, 195°C for S68 and 190°C for S71.
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Table 3.5
Time taken for methylene chloride attack
on processed samples
Sample A
TB/"C 170 176 180 184 195 200 208 220
Time/min 0.5 3 15 17 - - - -
Sample B

TB;’“C 170 174 180 191 198 205 210
Time/min 0.75 1 7 1.5 - - -

857
'I‘Bi"C 161 162 174 175 185 190 200
Time/min 0.5 1 3 B 6 105 -

S62
Tg/°C 161 165 170 180 186 200 205
Time/min 0.75 2 6 15 - - -

SHR
Tg/°C 165 170 178 185 195 206 218
Time/min 1 2 10 20 - - -

S71
TB/‘"C 165 174 180 180 197 208 216
Time/min 1 5 10 - - - -

SO
'I'Bz"’t‘ 161 171 182 186 198 208 220
Time/min 0.5 1 2 - - - -

LO5
TBI"'C 160 169 183 190 199 210 221
Time/min 0.5 1 A 120 - - -
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These results, like previous results from CR and TA, also show

that sample S71 has the highest molecular weight,

It can be concluded from these results that solvent attack is more
delayed the higher the lubricant loading. Therefore, absence of attack on a
highly lubricated sample is not related solely to enhanced gelation.

Both lubricated and unlubricated CM samples appear to be more
gelled at all processing temperatures than expected. It has, however, been
demonstrated by capillary rheometry that CM lubricated samples have
greatly reduced interparticulate network characterized by low levels of
entrance pressure 1oss.

At equivalent gelation levels the rate of solvent attack is found to
depend on sample molecular weight given a constant formulation.
Therefore, a low molecular weight sample which fails the test may not
necessarily be poorly fused. Indeed, sample S57 which almost failed the
test over the entire range of processing temperatures has been shown (TA)
to be muech more fused than the other samples, Faster rate of attack on
low molecular weight samples is related to increased solubility of the

polymer with decreasing molecular weight.

3.5 Comparisons of the Gelation Tests

Capillary rheometry entrance pressure loss, A P, has been related to
the heat of fusion in Figure 3.12 using results from KM-samples. A similar
relationship has been repq:)r-tend“6 for the L.-samples and a range of other
samples,

It is observed that a linear relationship obtains between AP and

AH(T) over the 'I‘B range studied. This appears to be the case il the
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polymer molecular weight is sufficiently high and sufficient elastic
development oceurred during processing,

In a recent work!82 it was shown that the increase in AP reaches
a limiting value as AH(T) increased over the same Tj range. This work
was limited to plasticized formulations. Figure 3.12 and the previous
r-evport116 demonstrate that for unplasticized formulations the linear
relationship cannot be doubted. It is further shown in Figure 3.12 that
deviation from linearity ean occur with changes in elastic development
(network formation). Thus for samples S57 and S62 which show weak
elastic responses (see Figure 3.7) deviation from linearity is observed
(Figure 3.12).

It can be concluded, therefore, that the dependence of AP on

A H(T) is specifie to the material used,

Despite large differences in the techniques used results of the
three fusion tests, CR, TA and MCT, show substantial agreement (Figures
3.3 t0 3.13 and Table 3.5).

All three tests show that below a melt temperature, TH' of 190°C
the samples are generally poorly fused and above 200°C they are well
fused,

MCT is very basie in its procedure. It is fast, cheap, and does not
require technical ability beyond visual aid. However, it is strongly limited
by lack of diserimination between narrow ranges of gelation, Within a
small but important range of processing temperature in the ecritical
transition zone at 190-200°C this technique is unable to show differences
in g-level and only the very worst samples are failed. If, however, the
produet performance does not require eritical control of g-level this test

appears sufficient,
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CR requires higher technical expertise than MCT; it is alse more
.costly in terms of equipment , sample size, and time. In return CR offers
much better sensitivity to small differences in g-levels particularly in the
relevant 190-200°C zone. However, it is very limited by & dependence on
equipment shear regime and material formulation. Although CR gives
useful information on elastic response which is eclosely related to
mechanical properties, dependence on material and machine causes
problems when different batches or machines serve the same production
line. Relative g-levels of samples with different processing histories
cannot be meaningfully compared without the aid of a sge (section 3.2,1)
for each formulation/machine combination. If the sge is established,
however, and as long as no change of machine or formulation is made, CR
can be reliably used to measure the 'bulk' g-level, This term refers to a
g-level representative of the sample averapge. It is completely insensitive
to local variations in g-levels within a small region of the sample, say
across the profile thickness,

TA is a little more expensive than CR partieularly in initial
investment costs. However, this technique offers in return several cost
saving advantages. Only small sample sizes are required and non-
destructive tests can be performed on the product. Milligram sampie size
allows differences across less than !mm profile thickness to be easily
investigated. This procedure was adopted, for example, for selected L-
and KM-samples. TA was conducted for samples prepared from different
regions of the extrudate cross-section (Figure 3.14, Table 3.6). Table 3.6
shows that Ty and AH(T) vary markedly over the cross-section and the

wall thickness.
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Table 3.6

Variations in melt temperature and heat of fusion over

sample cross-section for Leistritz and

Krauss-Maffei extrudates

109

Leistritz Krauss-Maffei
Sampling Property Sample A S68
region A2-2 Ad A6 M33 M34 M35
Die set
temp./°C 192 205 213 190 200 210

(a) 188 193 210 187 198 207

(b) Die melt 184 191 204 179 190 197

(e) temp. 183 192 200 179 185 197
(d) TB,"'C 184 191 200 117 185 194

(e) = - - 177 188 194

(a) 3.44 10.46 15.84 6.71 6.76 17.16
(b) Heat of 3.66 4.94 11.18 3.20 7.22 7.58
(e) fusion 3.56 6.52 8.92 3.29 4.53 8.09
(d) Anemyag™t  3.02 5.34 9.24 3.05 5.27 5.65
(e) - - - 2.58 5.16 5.02

Fig. 3.14
Sampling regions for cross-sectional differences in
melt temperatures and heats of fusion
L-sample KM-sample
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This ability to detect 'micro' differences within the bulk material
makes TA a powerful tool for precise control of g-level. Since failure is
often initiated at micro levels (cracks, inhomogeneities, ete) ability to

detect differences in g-level at this level is vital to striet quality control.

3.5.1 A General Observation on Thermal Analysis

Since the thermal analysis technique is still under development it

may be useful to note the following observations:

It is shown in Table 3.6 that the outer skin of the extrudate
exhibits higher Tp and AR(T) values. However, once the 'skin' is
transversed little change is observed in these guantities,

Higher Ty at the skin results from close contact of the material
to the metal surface, particularly as it passes through the die.

Higher AH(T) at the skin is due to the effects of uniaxial
orientation and a higher melt temperature, Orientation at the skin levei 43

and higher melt temperature results in higher recrystallizable material in

the melt {section 3.3.2).

The results from the KM-samples (Figures 3.11 and 3.13) show
that in the context of established gelation-property relationship, TA should

be interpreted with caution.

Sample 537 is shown to be the most fused in the series but it by no
means has the best mechanical properties (Chapter 5); in fact this sample
has the least mechanical properties. It ecan be considered as over
lubricated (with respect to its molecular weight} and over gelled, The

same may be true for 862 to a limited extent.



111

The point is made to emphasize that by its nature TA is
insensitive to the mechanical properties of the sample. Although a sample
is passed as well fused, such as may be observed with annealed powder
samples,40’55'56 the degree of fusion bears little relationship (per se) with
mechanical properties. The latter have to be independently investigated.
CR provides the relevant information in this case and it is evident in
Figure 3.7 that samples 857 and 862 have poorer elastic properties than the
rest of the series,

The point made above is not very relevant to practical processing
since a clear understanding of the expected mechanical performance is a
prerequisite for processing. In practice, therefore, inability to obtain

knowledge of mechanical behaviour from TA is not a significant limitation,
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3.6 Characterisation of Fusion by Thermal Analysis:
A Model for Simulating the Heats of Fusion

In this section a mathematical model is developed for the fusion
behaviour. The predicted heats of fusion are compared with measured

values and the theory is applied to quantitative fusion evaluation,

3.6.1 Introduetion and Model

It has been shown (section 1.1.1) that as-polymerized PVC
consists of a range of particles (Figure 1.1). These particles are formed by

16

a series of aggregations during polymerization, Thus the smallest

observable particles, the microdomain structure, about 10nm diameter, is

11,15,24-28

an aggregate of crystallites. The mierodomains in turn

16,28 about 1pm, and the primary

aggregate to form the primary particles,
particles aggregate to form the grains and subgranular particles, about
100pm in diameter,

It may be recalled that Iers®® has shown that PVC erystallinity
is better described by a distribution of erystalline sizes and perfection. In
a model proposed by Summers28 the mierodomains are regarded as
erystallites, spaced at 10nm, which act as erosslinks in a three-dimensional
network comprising the primary partiele. Juijn et a1.48’49 have shown that
the original erystallinity (the primary erystallinity) is melted during
processing. The melt reerystallizes to produce a less perfect secondary
crystallinity. These authors further showed that the primary erystallinity
cannot be regenerated by melt processing once it is destroved.

114

Gilbert and Vyvoda showed that the lower melting endotherm

(A-endotherm) observed in thermal analysis of processed PVC (Figure
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1.9(a)) is due to the melting of the less ordered secondary erystallites; and
the higher melting endotherm (B-endotherm) results from the melting of
the better ordered primary erystallites. From this it follows that increased
A-endotherm with increased processing temperature is an indication that
more secondary crystallites are produced at higher melt temperatures of
the primary crystallites.

The fusion model proposed here is basically that proposed by
Ssummers?® with a slight modifieation incorporating a distribution of
ordered structures as proposed by Ilh'-:rs.ss'56 Thus the primary particle is
assumed to consist not of discrete ordered and disordered regions but of a
continuum of ordered structures, The order inereases progressively from
the most random echain segments in the ‘'amorphous' regions (whiech
comprises of 'tie' molecules2®) to the core of the most perfect erystallite
in the miecrodomain, Quite clearly the primarv and secondary erystallinity
coneept is a specific case of the distribution model.

At the lowest temperatures the least ordered crystallites are
melted while more perfect erystallites are annealed.8:49%,114 14 s o
unreasonable to expeect that the most perfect erystallites are formed by
the highest molecular weight species and vice versa. Thus before these
erystallites melt, the lower molecular weight species, having been melted
at lower temperatures undergo excessive thermal agitation and degrade. It
has been shownd1+98:113 14 melting extends well into degradation
temperatures.

The glass transition process has been widely treated as a process
of struetural relaxation having a wide distribution of relaxation
times,119:183-185 4 qjoce similarity between glass transition and melting

187 188

processes has long been recognized. Bunn.]&‘ﬁ Beaman, and Boyer,
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showed that the molecular motion occurring on melting is similar to motion
occurring on heating through Tg- It is explained that the difference

between Tm and T_ arises from the long range order involved in the former

g
as opposed to the short range order involved in the latter. The secondary
crystallites are not detectable by wide angle x-ray techniques,ze’ﬂ they
ean thus be regarded as local ordered structures.?3?%  The endothermic
effects observed for the melting of these structures is acecuntable on the
basis of Bunn's188 hypothesis, and the process can be theoretically
considered using a distribution model.

The theoretical basis adopted assumes that the melt process is an
activated process., The same assumption was made by Kovaes189 on
studies of the melting of poly(ethylene oxide) single erystals in the bulk.
For PVC we assume a distribution of activated molecular process.

A unit of the chain is regarded as melted if by gaining enough
energy it is able to overcome the attractive forces of neighbouring
molecules. The melting process is thus basically one of 'freeing' structural

units from restrictions existing in the erystalline solid. Following the usual

Arrhenius type relationships the quantity of units freed, N, is given by
N = Aexp(- aH/RT) 3.t

where A is the Arrhenius constant, A H is the heat of {usion, R is the gas
constant, and T is the melting temperature,

190 s proposed that for discrete processes the

Hutehinson
distribution is discrete and at a given temperature each molecular process
will free a corresponding quantity of repeat units. The total quantity freed

up to a temperature T, N(T), is the sum of a number of parts N; {reed at a

rate corresponding to their heats of fusion, thus
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N(T) - N1+N2+N3+000+Ni+|||

Alexp(- AHI'IRTI) + ... F Aiexp(" &HI/RTI) - 3.2

The measured heat of fusion, MH(T), is an average value of all the heats of
fusion contributing to the total quantity N(T) of freed units. This average
is & weighted average, i.e. those processes contributing most to N(T) will
contribute most to AH(T), thus one can write
Nl N‘

sH(TY = g, AH, +... +g :

; AH. + 3.3
N(T) N(T)

where g; is & weighting factor which represents the relative strength of the
ith molecular process and the general term Ni/N(T} represents the
contribution of the ith process with a heat of fusion AH;, i=1 to N(T). A;
can be assumed constant over the temperature range used, thus
substituting for N; and N(T) from egn. 3,2 we have

JHery - LB diexpl- A H/RT) y

z exp{- AH,/RT;)

It is reasonable to assume initially that all the g;s are equal and yg; =1 s0

that eqn. 3.4 becomes

zaHexp(- AH,/RT}) 3.5

AH(T) =
¢ exp(-4 H./RT))
This equation was tested by comparing predicted A H(T) with values
measured on samples prepared at different temperatures.
A simple computer (BASIC) progremme was written to evaluate
AH(T) as deseribed below (section 3.6.2). This programme is ineluded in

the appendix. The parameters of the programme are described as follows:
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Let AH(T) - S 3.6
then ] = X/Y
where X = BI+82+B3+...Bi+... 3.7
and ¥ = C1+C2+C3+...Ci+... 3.8
sueh that:
Bi = A HiCi 3.9
C, = exp(-A)) 3.10

The wvalue of S caleulated as deseribed above is the uncorrected
'theoretical' heat of fusion (egn, 3.5), it is termed S1. When corrected (eqn.
3.14), as deseribed below (section 3.6.2), the new value is termed S2 where

S2 is the product of S1 and the correction factor, g; (denoted as Zi).

3.6.2 Testing the Model

It should be possible to extract the distribution directly by
caleulating AH, from measured AH(T) but within the available parameters
this procedure is not readily feasible using egn. 3.5. An indirect method
has, therefore, been adopted whereby M, values are obtained from the
AH(T) vs T curves (corrected for scatter) at 1°C intervals, Figures 3.9,
3.10 and 3.11. These values are subtituted in eqgn., 3.5 and 'theoretical
values of A H(T) are evaluated. The resulting eurve for one of the extruded
formulations, sample A, is shown in Figure 3.15.

It is evident in Figure 3.15 that eqn. 3.5 simulates the form of the
experimental data but not the magnitude. To account for the difference

the assumptions leading to egn. 3.5 are re-examined, It was assumed that
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using the results shown in Figure 3.9 for sample A:

A, experimental; ————— theoretical
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all the A;s and g;s are equal, since A; = kT/h, k and h being the Planck and
Boltzmann constants respectively, no significent variation in this quantity
is found over the temperature range covered. The second assumption is
clearly an oversimplification since the more perfect the crystallite the
greater the entropy change on melting, i.e. the greater the intensity of the
melting process, thus g; increases with crystalline melting temperature.

It may be possible to derive B; from the basie prineciples but a
simple procedure is adopted here. It is found from Figure 3.15 that the

ratio f‘”obs/ Ay varies from 1.0 to 2,0, This suggests that g; as

cale

expressed in eqn. 3.4 is & funetion of the form

Lim g; = 2 3.12

i e - -]
having a lower limit of 1,0. One such function is simply

g = ;. 3.13
ni +1

This velue when substituted for g; in eqgn. 3.4 gives

AH(TY = £ 2n;/(n; + 1) AHyexp(- 4 Hy/RT;) 3.14

I exp(-A HifRTi)

where fn; # N. Values of 4 H(T) calculated from egn. 3,14 eompare well

with values measured for the processed samples as discussed below.

3.6.3 Comparison of the Theoretical and

Experimental Heats of Fusion

Application of eqn. 3.14 to the heats of fusion of processed
samples (Figures 3.16, 3.17 and 3.18) show good agreement with the

experimental values,
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Some features of the theoretical and experimental curves can be
noted. First, however, it is necessary to consider the significance of egns.
3.5 and 3.14.

Egn. 3.5 was developed by assumimg a continuous distribution of
the ordered struetures. Thus this equation implies a uniform variation of
& H{T) over the processing temperature range. It has been noted {section
3.3.2) that the rate of production of recrystallizable structures in the melt
is not uniform, but increases sharply in the critical region 190-200°C. It
was also noted that this sudden change results from & change in the flow
units in the melt. A change from grains to primary particles is generally

d_15,28,101—106 The following reasons can, therefore, be suggested

believe
for the marked deviation of eqn. 3.5 from the experimental data (Figure

3.15):

(1) Egn. 3.5 does not contain a parameter that accounts for the

effeet of the struetural change on the heat of fusion,

(2 More significantly, egn. 3.5 implies that the intensity of the
melting process is independent of the struetural perfection by the

assumption of equal g;8.

it is not surprising, therefore, that egn. 3.5 underestimates the changes in
A& TI(T) with increased melt temperatures.,

Since g; was evaluated empirically to obtain eqn, 3,14 (which is a
modified version of egn. 3.5} the struectural change is automatically taken
into account by eqn. 3.13. The modification also implies that irrespective
of the processing technique, the intensity of subsequent fusion of the

reerystallized material is uniform, being deseribed by eqn. 3.13,
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It turns out that all deviations of experimental curves from eqn.
3.14 can be explained on the basis of eqn. 3.13: i.e. on the basis of changes
of the intensity of the fusion process with crystalline perfection and with
the shear history.

The following observations can be made from the results

(i) Leistritz (L-) samples (Figure 3.16)

(1) An intersection is observed between the theoretical and
experimental curves. It shifts to a higher temperature
with increased lubricant loading; being 180°C for

sample A and 197 for sample B,

(2) Below the intersection the predicted AH(T) is higher
than the observed value, and above it the reverse is the

case.

The intersection clearly marks the critical temperature at which
a change in the flow unit oceurs in the melt. The value obtained in this
study (190-187°C) is within the range (120-200°C) reported long ago by

181 phjs change shifts to a higher temperature with

Collins and Krier,
increased lubricant loading for reasons discussed previously {(section 3.3.2).

Lower than expected heats of fusion below the ecritical
temperature implies that the structures being melted at low processing
temperatures are less ordered than would obtain in a uniform distribution
of ordered structures. This observation is in agreement with the initial
assumption that the least ordered structures are first melted.

From Figures 3.17 and 3.18 it is obvious that shear makes some

contribution to the intensity of subsequent fusiorn after processing. Ilence

higher than expected AH(T) above the critical temperature results from an
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enhancement of the order due to the effects of shear. This enhancement
may not necessarily involve improved crystallinity (though that cannot be
ruled out). Most likely, more recrystallizable structures are 'freed' into the
melt pool as a result of shear. This effeet would correspond to a 'eombing
out' of the melted primary erystallites during processing. It is equivalent
to the elongation stage in the CDFE fusion mechanism discussed earlier
(section 3.2.1).

It is reasonable, therefore, to expect that the maximum ratio,

at a temperature above the critical region gives a

AH(T) ./ A H(T)

obs cale

measure of the shear intensity of the processing equipment for the

material and processing conditions. This possibility is explored later.

(ii) Compression moulded (CM~-) samples (Figure 3.17)

(1) For the non-lubricated sample (SO) observed & H(T)
falls below theoretieal values through the entire range

of processing temperatures.

(2)  With inereased lubricant loading observed and theor-
etical values of A H(T) attain similar values at a

temperature which inereases with lubricant loading.

(3) At very high lubricant levels (3,0phr caleium stearate +
4.5phr wax) an intersection is observed between
observed and ecaleulated AH(T)., This intersection is

similar to those observed in extrusion (L-samples),

The temperature at which AII{'I‘)obS and 41(T) attain similar

cale
values in compression moulding corresponds to the structural change
diseussed widely above, For the unlubricated sample (SO) this temperature

is 197°C. Its shift to a higher value relative to the value for the extruded

(less lubricated) sample A is due to very low shear levels for SO n



122

compression. Low shear also accounts for the absence of intersection
between the theoretical and experimental curves for most of the CM
samples. As lubricant level is increased in CM, flow of the material
improves, therefore, AR(T)y,s &nd AH(T),, . attain closer values.
Eventually the two curves intersect at a sufficiently high lubricant level
where flow becomes significant (sample L.45). Under conditions of melt
flow, particularly at temperatures where lubricant action becomes more
internal,” the effect of shear becomes more relevant. Molecules freed as
a result of crystalline melting can now be combed out and the presence of
more recrystallizable structures in the melt pool results in an interseetion
similar to that observed in extrusion. The structural change ocecurs at &
lower temperature despite a higher lubricant level because flow is much

more enhanced at this temperature.

(iii) Krauss Maffei (KM-) samples (Figure 3.18)

(1} Two intersections between the theoretical and experi-

mental curves are observed.

{2) The first intersection corresponds to the critical
temperature discussed before. [t occurs below 190°C
for the lowest molecular weight sample and shifts to
higher temperatures with increased molecular weight.
The values being 184°C, 190°C, 196°C, and 193°C for

557, 862, 568, and 871 respectively.

(3)  Above the critical temperature AH(T) , = rises slightly

above AH(T) but except for sample S§71, it falls

cale’

again below AH(T) at a higher temperature. For

cale

sample ST1 this fall is not observed and the resultant

curves are similar to the curves for L-semples.
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Comparison of Figure 3.18 with Figures 3.16 and 3.17 shows that
the shear level obtained for the material formulations and die back
pressure used on the Krauss Maffei is intermediate between the low shear
level in compression moulding and the medium shear level in the Leistritz.
This coneclusion was apparent from the low values of the entrance pressure
loss in CR tests (section 3.2.1), however, the differences could not be
easily quantified, It is interesting that simulation of the heats of fusion
makes it possible to obtain quantitative values of differences in the
relative shear levels,

A H(T) ¢ rises above AH(T) after the eritical temperature

cale
because the effect of shear in combing out the melted species is still
favoured. However, as the processing temperature is further increased the
polymer melt becomes less viscous, and in the absence of sufficient back
pressure in the extruder the shear level decreases. Combing out of melted
species becomes less {avoured, & li('l')DbS decreases and falls below the
predicted value. The temperature at which this fall oecurs inereases with
molecular weight, being 196°C, 209°C, and 213°C for $57, S62, and S68
respectively. The second intersection is not observed for S71, however,
there is an indication of its ocecurrence at a temperature outside the
processing range.

Sample S71 behaves in a manner similar to the L-samples, This
suggests that the shear level for this sample was higher than for the other
samples in the series. It will be reealled that it had been observed
previously that some difficulty was encountered in the flow of S71 in the
extruder. The results here serve to explain the source of this difficulty. It
can be deduced that once again the results indiecate that S71 is of a higher

molecular weight than indicated by the GPC results.
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It can be coneluded from the above that although shear has little
if any effect on the melting of the primary erystallites during processing;
it, however, plays an important role in the total degree of melting by
combing out melted molecules. This combing out helps in overall heat
conduetion to the crystalline core and also in interparticle network
development. The differences in elastic response of the L- and KM-
samples are shown to be due to differences in the maximum shear level
reached during processing.

The relative contribution of shear to overall fusion can be
at a specific temperature

evaluated from the ratio AH(T).../ & H(T)

obs cale

above the critical temperature. This ratio caleulated at 210°C for all the

samples (Table 3.7) shows clearly that the relative shear level decreases as:
L-samples > KDM-samples o2 CM-samples

The results agree with the existence of low shear level in compression
moulding. The increase in the ratio with inereased [ubricant level shows
that above the eritical temperature the lubrieant sets more internally thus

facilitating higher shear.

Table 3.7
Relative shear levels for samples processed on different machines,
. O
measured by the ratio zdlf'!‘)obs/ M”T)calo at 210°(
Leistritz Krauss Maffei Compression
extruded extruded moulded
samples samples samples
Sample A: 1.17 S57: 0.91 SO 0.95
S62: 0.99 L10: 0.99
Sample B: 1.21 S68: 1.01 L45: 1.04

S71: 1.07
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Comparison of eqn. 3.14 with experimental results
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3.6.4 Application of the Distribution Model to
Quantitative PVC Fusion Analysis

3.6.4.1 Activation Energy of Particle Breakdown
It was shown in section 3.6,1 that the quantity of repeat units, N,
melted (freed) at a processing temperature, T, is given by

N = Aexp(- AH(T)/RT) 3.1

where A and R are the Arrhenius and gas constants repectively.
Let us assume that at a reference temperature, T, , & unit

quantity, Q , of repeat units is freed, then

Q

Ly A exp(- AH(T,)/RT) 3.15

where f‘n!l(To) is the heat of fusion of Q, units at the reference
temperature T . With a suitable choice of T, above the glass transition

temperature, of the ecompound, but before melting ocecurs, AH(T) =

T

g!
O and, therefore, Qp = A. Thus Qo is constant at T0 and can be assigned a
unit value.

At a higher processing temperature, T, we have

and the relative inerease In Q between the reference and & higher

temperature is

m 9 aHMa D 3.17

Q, R (T 'I'o)

Egn. 3.17 suggests a linear relationship for In Q,r vs I/T from

which the activation energy, Eg for fusion of the morphological unit,
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characteristic of the formulation, ean be ecalculated. Ea values for
different conecentrations can be extrapolated to zere to obtain the true
activation energy for breakdown of the particle. A value of 'T(J =100°C is

chosen based on the literaturesﬁ'S8

and corresponds to  AH(T) = 0.

Figures 3.19 to 3.21 show the variation of In QT with inverse melt
temperature I/TB. Figure 3.19 is a summary of the data for the L-samples
shown in detail in Table 3.8, while Figure 3.20 and Table 3.9 show the data
for the compression moulded samples. Data for the KM-samples are
included in Figure 3.21 only,

Plots of In Q‘]‘ vs I/Ty produce two distinet linear regions with a
clear break at I.J"[‘B = 2.15 x 1073k”! in both Figures 3,19 and 3.20,
corresponding to TB = 195°C, Equivalent ’I‘B values for the KM-samples
(Figure 3.21) are 184°C, 188°C, 192°C, and 192°C for S57, S62, S68, and
S71 respectively. These critical temperatures have been discussed at
length in the preceding sections., It is, however, demonstrated here that
the lower the molecular weight the lower the eritical temperature at which
the change in the flow unit oceurs for a given formulation,

It is also demonstrated that within the limits of usual processing
temperatures, the morphological change involves the breakdown of two
types of particles, It is not immediately known which particles are
involved in the two regions. The temperature at which the lower ordered
particles breakdown (releasing the higher ordered structures) occurs at
higher temperatures in compression moulding (Figure 3.17). It is shown
that for unlubricated formulation in CM this breakdown may not be
observed (sample SO), It has been shown®" that for compression moulding

the grains persist to much higher temperatures; this is demonstrated in
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Figure 3.17 as the temperature at which ﬁH('I‘){,bs and AH(T) attain

cale
similar values or intersect. It is, therefore, reasonable to expect that the
two regions of breakdown involve loss of particulate structure at the grain
and primary particle levels below and above the critical temperature
respectively.

Activation energies of particle fusion were evaluated from Figure
3.20 and reproduced in Figure 3.22 as a function of total additive loading.
Multiple regression analysis of the data (Figure 3.22) suggests a first order
polynomial fit, From the intercepts activation energies of about
1.0 kd/mol and 2.2 kdJ/mol are obtained for the pure polymer. These values
correspond to the breakdown of the grains and primary particles
respectively.

It appears that the slopes of the curves in Figure 3.22 give a
measure of the efficiency with which the additives reduce the aectivation
energy. This efficieney may be related to the specific PVC-lubricant

71,191 Below the eritical temperature this interaction is low

interaction,
and the slope is lower in this region (region [). Above the ecritical
temperature the interaction improves and an increase in the slope is
observed (region 10).

The activation energies for particle breakdown for the
KM-samples are shown in Table 3.10., The values are generally lower which
suggests the melting of less perfect erystallites than observed in L-and
CM-samples. The decrease observed with inereasing molecular weight
below the critical temperature (region I) implies that only the very least
ordered structures are fused at low melt temperatures with inereased
molecular weight. Above the eritieal temperature, however, little

variation in E is observed with ehanges in Mw, whieh implies the fusion of

structures having similar perfection.
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Table 3.8
Thermal analysis results for
extruded formulations
Hea} of
e, ha fmmo o o uma
T " J/mol u

172 37.6 1.0020 0.31 0.75

175 104.4 1.0057 0.89 2.08

180 162.1 1.0093 1.47 3.23

183 214.0 1.0129 2.02 4.26

Sample 185 282.0 1.0170 2.69 5.62
4 195 490.8 1.0326 5.21 9.78
202 565.4 1.0400 6.38 11.26

210 634.1 1.0477 7.61 12.63

215 623.1 1.0484 7.74 12.41

170 34.4 1.0018 0.28 0.69

174 81.8 1.0044 0.70 1.63

181 154.4 1.0090 1.42 3.08

Sample 184 192.1 1.0115 1.83 3.83
B 192 290. 1 1.0187 2,99 5.78
198 395.9 1.0269 4.30 7.89

205 440.0 1.0317 5.06 8.77

210 481.6 1.0360 5.76 9.59

*

See Table 2.4
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Table 3.10
Variation of activation energy for particle
breakdown for KM samples
Activation energies in kJ/mol
Breakdown Sample
region 857 562 S68 871
I 1.092 0.844 0.673 0.612
1 1.551 1.719 1.567 © 1.542

The activation energies obtained in this work, 1.0 to 2.2 kJ/mol,
for the two regions of fusion, sre much lower than the value, about
100kd/mol, reported by Collins and I\.-ietzg'erl92 for flow. It must, however,
be noted that the values obtained in this study refer to the melting of the
particles. This activation energv is thus essentially that required for
localized coordinated mobility of the chain molecule or its segment. As a
result of the high viscosity of PVC melt, the activation energy for flow
would be expected to be much higher than that for fusion as suggested by

these results,

3.6.4.2 Evaluation of Fusion Level using
the Distribution Model

Percentage fusion is evaluated from the reduced relative
increment in Q, Qp
Qr-@Q
%Fusion = L "% x 100 = Q 3.18
Qu—QO
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where Qu is the maximum value of freeable units available in the perfect
erystal. It is obtained from eqn. 3.17 using the heat of fusion, AH,, of the
'perfectly syndiotactic' PVC erystal reported by Gouinloek'?? and his
erystalline melting temperature, Tn'; = 538K. Choice of these values is
discussed later.

Detailed results of % fusion evaluated from eqn. 3.18 are shown in
Tables 3.8 and 3.9 for L.- and CM~-samples respectively. These results are
summarized in Figures 3.23, 3.24, and 3.25 for the L~-, CM-, and
KM-samples respectively.

It ecan be concluded that the results of evaluating fusion levels
from Qr provide further support for the model. Maximum fusion levels for
all processed samples fall within the range 7-8% in excellent agreement
with primary erystallinity values of 9% obtained by Juijn.‘mA9 8% obtained
by Manson et al..w'4 and 5-10% generally found in the literature from x-
ray diffraction studies,?? Furthermore, the closeness of the values for all
samples irrespective of processing history suggests that the contribution of
shear to the maximum fusion level observable for a given processing
historv is mueh less than that of temperature. This was found previously
{section 3.3.2) and it is in agreement with Mlsc)pp‘sw'? fusion model,

A comparison of fusion levels evaluated from Q. with values
obtained using the simpler expression 100.AH(T)/ #H , columns 4 and 5
Table 3.8, shows that for the purpose of ranking fusion levels, it is
sufficient to use the simpler expression. However, for determination of
absolute fusion level (erystallinity index) the expression involving Q.

appears to be more representative of the true value.



3.6.5 Heat of Fusion, A H , of the Perfect PVC Crystal

Clearly the 'fusion level' evaluated by thermal analysis (egn. 1.29,
section 1.5.4) refers to the crystallinity index of the material. The term
order factor!?? may be preferred to crystallinity index since the
erystallinity of eonventional PVC is poor.

To obtain comparable values of the order factor (fusion level) a
value of AHU should be generally snecepted,

Literature values of AH —are compiled in Table 3.11. The value
obtained is influenced by the choice of the material (the syndiotactic
fraction, a ) as well as the method of measurement, 39,193,198
Gouinloek's'? values, &H = 5.02 kd/mole and TS = 265°C, were chosen
from Table 3.11 and used in this study, This heat of fusion is based on
independently measured crystallinities and heats of fusion for two low
molecular weight, highly erystalline, PVC samples. The method used does
depend on the accuracy of the erystallinity values but it is not based on any
assumptions or problems which arise in accurate measurement of 'I"r’n as do
some of the other reported methods, Also Gouinloek's value, although not
exactly the arithmetie mean, appears to be representative of the range
produced in Table 3.11; particularly if the suitability of the method used is

taken into account. The three calculations from eollated literature data

are ineluded for comparison,
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Dependence of fusion level (based on reduced
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Conclusions

The following conclusions can be drawn from the gelation studies:

(1)

(2)

(3)

4

Similar results can be obtained from capillary rheometry
(CR), methylene chleride test {MCT), and thermal analysis

(TA).

Although sigmoid curves are widely reported in CR tests, a
linear curve is possible. It is shown that sigmoid curvature
results from lubricant effeets on elastic development, A
detailed description of these effects can be given. The
negative gelation level can thus be easily explained on the
basis of the same lubricant effects, Dependence of
entrance pressure loss on formulation and equipment shear
level makes ranking of gelation levels with the aid of a
standard gelation curve megningless when wide variations in

formuiation and/or shear levels are involved.

MCT is simple and fast but it is only capable of passing or
failing the sample. Differences in fusion level are not

ohservable once a minimum degree of fusion is reached.

TA provides information about the erystallinity index but
this can be regarded as equivalent to the gelation level
because of the unique relationship between PVC crystal-
linity and morpholegy. Gelation levels obtained by TA prove
to be effectively independent of formulation and shear,

They depend mainly on the processing temperature, This



(5)
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technique has the advantage of ability to detect minor
differences in the melt temperature across product cross-
section and similar variations in gelation level. TA seems
very suitable to accurate control of g-level. The g-levels,
however, have to be related to the mechanical properties by

an independent technique.

Changes in the heat of fusion in TA can be simulated using a
distribution model developed in the study. The simulation
provides an accurate measure of the temperature at which
morphological changes occur during processing. The
relative shear levels of different processing equipment can
be quantified. Activation energy for the breakdown of the
morphological unit can be evaluated. The values 1.0 kdJ/mol
and 2.2 kJ/mol were obtained {or the breakdown of the grain
and the primary particle respectively. The fusion level (or
order factor) can be more accurately evaluated from the

relative amounts of fused chain molecules,
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Chagter 4
RESULTS AND DISCUSSICN

. EFFECTS OF PROCESSING ON CRYSTALLINITY

In this chapter the effects of processing on the crystallinity is
studied using solvent sorption, density, and wide-angle x~ray techniques.
The primary objective was not the development of crystallinity with
processing in itself but an understanding of the state of molecular order
with increased fusion. Towards this goal solvent sorption was followed by
monitoring gravimetric acetone sorption with time at room temperature,
i.e. well below the Tg of the sample, To confirm the sorption results the
erystallinity of processed samples was measured by density and WAXD
technigues.

The study has focused mainly on extrusion, therefore, detailed
studies did not include compression moulding., However, equilibrium
acetone uptake was measured on CM samples to establish trends observed
with extrudates and x-ray analysis was performied on a CM sample to

confirm sorption results.

4.1 Acetone Absorption

4.1.1 Sorption Kinetics

Acetone uptake was followed gravimetrically as described in
section 2.4(a). Detailed results are included in Tables 4.1A to 4.3A
(appendix}. These results are quite similar for all extrudates, therefore,

only the results using sample A are analysed in detail,
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The rate of acetone sorption is largely the same for samples
processed above & melt temperature of 180°C (Figure 4.1). It increases
only slightly above this temperature. Below a melt temperature, TB’ of
180°C, however, a substantial reduction in the rate is observed

The equilibrium amount of acetone absorbed also increases with
increased melt temperature. This amount is moderate below 180°C TB’
but shows a sudden increase at about 190°C Tg. Above 180°C, however,
the increase is moderate.

For the basis of the ensuing discussion it is useful to refer to
section 1.5.3.

It is now widely agreed that the transport of organie vapours and
liquids in glassy polymers involves both a diffusion process controlled by a
concentration gradient, and a relaxation process controlled by a time-
dependent response of the polymer to a swelling stress. As the relative
contributions of these two processes change and interact, a wide range of
behaviour can be encountered.’ 4] Alfrey et a1.133 consider simple Fickean

} and Case II sorption

diffusion for whieh sorption is initially linear with t
where diffusion is initially linear with t as limiting cases representing
domination by diffusion and relaxation respectively.

139 have shown that the diffusion of acetone in

kwei et al,
moulded PVC sheets can be deseribed by a generalized model incorporating
Fickean and Case II sorption {eqn. 1.23). Gilbert and Mulla?%® have also
shown that the sorption of toluene at 25°C by films of low temperature
polymerijzed and annealed PVC can be described by Case Il mechanism,

The results of this study can also be deseribed by the generalized

model and are in agreement with Case Il mechanism (Figure 4.1). A plot of

% weight gain vs reduced time (Figure 4.2) shows clearly that different
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Sorption curves for sample A processed over a range
of melt temperatures using the Leistritz: O, 176;
+,184; A, 195; X, 200; 11 , 208;@, 220
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transport behaviour of penetrant molecules exists below and above 190°C
melt temperature of the processed sample. This difference is of course
accountable on the basis of structural differences below and above this
temperature as noted pr-ewiouslylal (see also Chapter 3). As far as is
known Figure 4.2 is the first demonstration of this difference by solvent
absorption,

Equilibrium sorption (ES) value (Figure 4.2) increases with g-level
and equilibration time shifts to longer periods with "increased"” g-level
above a melt temperature, T, of 200°C (corresponding in this case to a
die temperature, Tp, of 213°C (see Table 3.1). The % weight gain is linear
with time up to 10 hrs (Figure 4.3) in even better agreement with eqn. 1.23
than the 60 minutes covered by the results of Kwei et al.139 The shift of
equilibration time to higher values above 200°C is particularly interesting
in the light of Case Il mechanism. It implies that the relaxation time of
the molecules under swelling stress increases with inereased melt
temperature, Tp, above 200°C. This further implies that above this
temperature either the sorbing (amorphous) phase contains an inereasing
amount of higher molecular weight species and/or this phase contains
relatively better ordered structures than in the case of the sample
processed at 200°C Tg This observation is discussed in greater detail
later.

The diffusion coefficient, D, depends on the frietional coefficient

of the penetrant molecule!”

which can be related to a geometric
impedance Y and a molecular mobilization factor g by eqn. 1.16, Hence
knowledge of D can provide useful information about the state of

molecular order. It was in recognition of this faet that sorption kineties

was studied. D can be evaluated from the sorption half-time, ths (where
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Mt = 0.5M_ , Figure 4.2) using eqn. 1.26, or alternatively it can be
evaluated from the intercept of a plot of M, vs t (Figure 4.3) using
egn. 1.23.

The difference in transport behaviour of penetrant molecules
noted previously involves differences in the veloeity, v, below and above
190°C Tg. This is clearly evident in Figure 4.2, The observation can
easily be verified by calculating v from the slopes of Figure 4.3 following
eqn. 1,23,

The parameters M, and C_ appearing in eqn.1.23 have been

caleulated as

=
fl

t (gt = go)fﬁ-o 4.1

and C

W/Ao 4.2

where g is the sample weight at time t after immersion in the liquid, g, Is
the weight of the dry sample prior to immersion, A, is its total initial
surface area and W is the weight of the liquid (kept constant through the
run). Definition of these parameters yields D and v with the correct units.
The peoint is noted because the definition is often not obvious in the
literature especially where the parameters are defined differently in the
same text for various purposes, The correct units of T} are often quoted,
however, even when M, or (’?O is not, or is differently, defined.

Values of 1) evaluated from Figure 4.2 using eqn. 1.26 are
compared with corresponding values obtained from Figure 4.3 using
eqgn. 1.23 in Table 4.1; this table also includes values of v.

Large differences in D are found for the values obtained from the

two figures. These difference arise from the fact that equilibration time

was not truly reached within the duration of the experiment,
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Inconveniently long equilibration times for films or sheets of any

reasonable thickness has been discussed at length by Berens.141

Unattainment of equilibrium is not very obvious in Figures 4.1 and 4.2; if,

2

however, the results are plotted as reduced weight gain vs t* or t (Figure

4.4} it becomes evident that the study had been conducted only to the

approach of equilibrium. For this reason values of t, . from Figure 4.2 are

0.5

approximations of the true values, therefore, values of D calculated from
Figure 4.3 using eqn. 1.23 are more accurate than those based on Figure
4.2, To illustrate this point further the more accurate D values from

Figure 4.3 have been used to recalculate 1t with eqn. 1.26. The

0.5
calculated and the estimated values are compared in Table 4.2, Whereas

no trend is found in the estimated values, recaleulated tO 5 show an obvious
trend observed also for D, and in subsequent tests, Furthermore,

calculated t is of the order of 100 days for the average sample thickness

0.5

in agreement with theoretical predictions.

Table 4.1
Kinetie parameters for acetone absorption at 23°C

Sample melt D . 1075 (em.%/s) v.107?
code temp, Ty from eqn. 1.23 from eqn. 1.26 {em/s)
AZ-1 176 0.5 6.8 0.4
A3 184 4.0 7.3 1.8
A4 195 3.9 8.4 2.0
A5 200 4.6 5.4 1.9
AB 208 3.4 5.3 2.0

AT 220 3.1 4.9 2.0
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Table 4.2
Comparison of observed and calculated sorption half time, s

Sample A2-1 A3 Ad AS A6 AT
2
ty.5 /1078 3.0 2.6 2.1 2.7 2.6 2.5
(estimated)
: |
ty.5 /1078 a1 4.8 4.5 3.1 4.0 3.9
(recalculated)

It is further shown (Table 4.1) that, within the limits of
experimental error, the rate of transport of penetrant molecules, v, is
mueh slower for samples processed below 190°C TB than for those
processed at, and above, this temperature. However, v remains
substantially constant above 180°C although differences in I still exist.
These results confirm the observation previously made from Figure 4,2 that
differences exist in the transport behaviour below and above 190°C Tg

The velues of v found in this study beyond 190°C Ty are in
excellent agreement with values reported for the diffusion of acetone in
PVC reported by Kwei et al.13%  However the values of D in the same
region differ generally by two orders of magnitude. These authors reported

8

a valuc of I on the order of 10”8em?2/s at similar test temperatures, while

the value found in this study is on the order of 10-ch2/s. D values found
in this work are in the same order of magnitude with values reported by
Lapecik et al,’0 for a series of organie liquids over a range of test
temperatures. Considering that acetone will show greater activity than

bem2/s compares well with the

viny! chloride monomer (VCM) the value 10~
value 107 8cm?/s obtained by Berens!4! for VCM. Kwei's order of
magnitude of D for acetone cannot be recalculated from their data for

confirmation.
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4,1.2 Estimation of Relative Crystallinity from Sorption Kineties

Eqns. 1.16 and 1.17 can be combined to give
D = D*dYs 4.3

Since the chsin mobilization faetor, 8 , is characteristic of the chemical
structure of the polymer and changes little with small ehanges in the

135 it should be expected that the more crystalline

amorphous fraction, o ,
the material the lower the value of the diffusion coefficient, D,

A maximum is observed for changes in D (based on eqgn. 1.23) with
increased meit temperature (Table 4.1). This meximum occurs at 200°C.
An identical trend was also observed for changes in density and the
intensity of WAXD as shown later., These results deinonstrate clearly that
the processed sample is most amorphous at a melt temperature of 200°C.
The observation is discussed in greater detsil in section 4.3.3.

It is not possible to obtain a quantitative value of the amorphous
fraction « without knowledge of n and 8. Micheals and Bixler!? have,
however, deseribed a method for obtaining this value, Their procedure is

not considered here because density measurement and WAXI) can be more

readily performed,

4,1.3 Dependence of Equilibrium Sorption on Gelation Level

An attempt was made to relate the equilibrium amount of acetone
absorbed to the processing temperature, and, therefore, to the g-level.

The results are summarized in Figures 4.5 to 4.7 and discussed below.
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{a) L-samples (Figure 4.5)

Equilibrium sorption {(ES} increases linearly with melt temperature
but levels off above 200°C. Values at equivalent temperatures are higher
for the less lubricated sample, A, than for the more lubricated sample, B.

In the light of section 4.1.2, these results demonstrate once again
that the erystallinity decreases with increased melt temperature up to
200°C. It is further shown by ES values that at equivelent processing
temperatures on the Leistritz the less the lubricant concentration the more
amorphous the extrudate. The difference may be due to the effects of
relative shear levels as discussed in seetion 3.2. Increased shear levels
(with decreased lubricant level) results in greater destruction of the
erystallites as found by Kau and Filisko. 201

The minimum in crystalline fraction oecurring at 200°C revealed
in the kineties treatment is not deteectable in Figure 4.5 which suggests

that ES is less sensitive to small changes in the crystalline fraction than,

say, the diffusion coefficient ).
{b) CM-samples (Figure 4.6)

A clear maximum is observed for the changes of ES with TB as
would be expected from the observed trend of D for the extrudates, The
maximum oceurs also in the neighbourhood of 200°C for all moulded
samples covering a broad range of lubricant concentrations.

The difference between the trends observed in ES values for the
extrudates and for the compression moulded samples may be related to
differences in shear levels and in relative crystallinities. For example at
equivalent melt temperatures the CM samples are shown by WAXTD) to be

muech more crystalline than the extrudates,
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In contrast with the L-samples, ES values increase with inereased
lubricant level in compression moulding, 1t attains ¢ maximum value at
4.0phr total lubricant level for the formulation studied and decreases
sharply above this concentration. The reason for this difference in
lubricant effeets in extrusion and in eompression moulding is not obvious.
A suggestion can, however, be made.

It was shown in section 3.6 that with increased lubricent level,
melt flow is enhanced in compression moulding. An increase in the melt
flow would most likely result in greater shear at constant pressure.
Increased shear results in greater destruction of the erystallites as
discussed previously, The moulded sheet is more amorphous and, therefore,
has higher capacity for absorption. ES values increase with lubricant
concentration in this way until a concentration is reached where the PVC
grains virtually 'float’ in a continuous bed of lubricant. Although at a
specific temperature, melt flow is still higher, interparticle shear is
greatly reduced since contribution from external shear is negligible, The
granular structure is largely preserved in the melt.  The primary
erystallinity is better developed because annealing effecis outweigh those
of melt recrystallization. The marked improvement in erystallinity results
in a sharp reducticn in eapacity to absorb the liquid. Figure 4.8 shows that
the increase in crystallinity resulting in greatly reduced ES values

continues up to the limits of lubricant level studied (7.5phr).
(e) KM-samples (Figure 4.7)

Excesstve disintegration due to penetrant attack meant that only
limited results could be obtained for sample §57. For the same reason, it is
not possible to draw meaningful conclusions from the trend ohserved for

this sample,
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ES values are effectively linear with T‘B and much lower slopes
are observed than with the L-samples. On the basis of the inverse
relationship between the ES value and the crystallinity index, it is shown
that the crystallinity of the processed samples vary with molecular weight
in the order 871 >S88 >S62 >857, The decrease in slope compared with
the L-samples implies a more gradual change of crystallinity with
processing temperature with the Krauss Maffei., The gradual change is not
unrelated to the lower shear levels at the processing conditions used as
revealed in the theoretical treatment of section 3.6.

At equivalent molecular weights ES values are lower for the
KM-samples than for the L-samples, suggesting that the former are more
erystalline than the latter in agreement with lesser shear histories with the
KM-samples.

It has been shown that true equilibrium was not achieved within
the duration of the experiment (Figure 4.4). 1t is, however, obvious in
Figure 4.2 that although absolute ES values may be higher at equilibrium
the observed trend can hardly be expected to differ from that found at the
experimental time limit., [t is likely that differences between the maxima
observed for changes in ES values with increased melt temperature in
compression moulding and in extrusion are affected by deviations from
equilibrium in addition to other effects. These limitations notwithstanding
the crystallinity measured hy density and by WA XD for the samples agree

with observations made from comparative ES values.

4.2 Densities of Processed Samples

The densities of extrudates covering a range of processing

temperatures are summarized in Tables 4.3 and 4.5 for the L- and
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KM-samples respectively. The densities of samples extruded at constant
temperatures over a range of extrusion rates using the Leistritz are
included in Table 4.4. Experimental density values have been corrected for
total additive concentration using egn, 2,1 to obtain the values ineluded in
the tables,

The effeets of processing temperatures are much more
pronounced on the density than the effects of extrusion rate {Tables 4.3
and 4.4). The same effect was observed with g-level.

Extrudate density decreases with inereased melt temperature
reaching a minimum at 200°C which for the Leistritz samples corresponds
to a die temperature of 213°C (see Table 3.1). Above 200°C the density
increases (Tables 4.3 and 4.5 and Figure 4.8). An identical trend was
observed for the diffusion coefficient, D, The results of sample densities
confirm that the erystallinity decreases to a minimum value at a melt
temperature of 200°C and increases thereafter.

At equivalent melt temperatures the KM-samples have higher
densities than the L-samples. A similar result was obtained with ES values
where it was shown that ES values are lower for the KM- than for the
L-samples. The difference is illustrated in Figure 4.8 which compares the
densities of samples A and B with those of sample S68. Higher
erystallinities in KM- than in L-samples are implied as discussed
previously. The difference can also be observed in Table 4.6 where the
erystallinity index has been calculated from the density using egn. 1.14.

In calculating the erystallinity index from the density,

valt10533'139

of 1.53 and 1.373 have been assumed corresponding to the
densities of the 100% ecrystalline and the 100% amorphous PVC

respectively. As shown by WAXD (section 4.3) it appears that either the
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value 1.53 is lower than expected and/or the value 1.373 is higher than
expected. For example when the value 1.70 is used for the 100%
erystalline polymer (Tables 4.6(a) and (b)) the erystallinity index obtained
agrees reasonably well with values obtained by WAXD,

A disparity in crystallinity indices calculated from densities and
values obtained by x-ray analysis has been noted by Chartoff et a1,130
These authors also noted the uncertainties in literature values of densities
of the perfectly erystalline and the completely amorphous PYC., Whichever
value of P is chosen in Table 4.6 the results of density measurements

agree perfectly well with those of solvent sorption.

Table 4.3
Densities of samples extruded at different

temperatures using the Leistritz

(a) Sample A

Code Al A2 A3 A4 A5 A6 A7
Tg(*C) 170 176 184 195 200 208 220
Density 1.3958 1.3952 1.3941 1.3930 1.3917 1.3933 1.3938
(g/em®)

(b) Sample B

Code Bl B2-1 B3 B4 B5 B6 B7
Tr°C) 170 174 180 191 198 205 210
Density

1.3969 1.3955 1.3935 1.3931 1.3914 1.3927 1.3929
(g/em?)
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Table 4.4
Densities of samples extruded at different speeds
using the Leistritz

(a) Sample A

Serew speed Extrusion Density
Code (rpm) temp.(°C) (g/cmz)
AlS 10 199 1.3954
A2S 15 198 1.3962
A3S 20 199 1.3904
A4S 25 201 1.3903
A5S 30 198 1.3906
ABS 35 198 1.3896
ATS 40 198 1.3896
A8S 50 200 1.3901

(b) Sample B

Serew speed Extrusion Density
Code (rpm) temp.(°C) (g/em?)
B1S 10 202 1.3965
B2S 15 200 1.3961
B3S 20 198 1.3906
B4S 25 201 1.3903
B5S 30 200 1.3903
B6S 35 198 1.3908
B7S 40 198 1.3911

B8S 50 199 1.3911
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Table 4.5
Densities of samples extruded at different temperatures
using the Krauss Maffei

(a) S57

Code M1l Mi12 M13  M14 M15  M16 M17
Tg(°C) 151 161 172 181 196 195 209
De"s‘? 1.39989 1.3971 1.3958 1.3955 1.3953 1.3953 1.3964
(g/em*)

(b)  S62

Code M21  M22 M23  M24 M25  M26 M27
Tg(°C) 151 162 172 180 191 200 205
De“SItBY 1.4000 1.3974 1.3969 1.3965 1.3965 1.3959 1.3952
{g/em®”)

{(c) SEE

Code M31  M32 M33  M34 M35 M3 M37
Tg(°C) 167 174 180 191 189 208 215
De"Si‘ay 1.4000 1.3986 1.3976 1.3973 1.3967 1.3971 1.3969
(g/em?)

(d) 871

Code Ma1  M42 M43  M44 M45  Mdg V47
Tp(°C) 166 172 180 192 200 207 219
Density 1.3875 1.3972 1.3961 1.3950 1.3950 1.3544 1.3965

(g/cms)
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Table 4.6
Crystallinity indices of processed samples calculated
from sample densities
(a) Sampie A

Code Al AZ-1 A3 A4 A5 A6 AT

X4 15.0 165 147  14.0 131  14.2  14.5
(with %=1.53)

X4 8.5 8.3 7.9 75 7.0 7.6 7.8

(with 5 =1.70)
]

{b) Sample B

Code Bl  B2-1 B3 B4 BS BE BT

X4 16.7  15.7 143  14.1  12.9  13.8  13.9
(with o =1.53)

A4 8.9 8.4 7.6 75 6.9 7.4 7.4

(with 5 =1.70)
&

{e) 857
Code M1l M12  MI13 M14 MI5 MI16  M17
X4 18.7  16.8  16.0 157 156 15.6  16.3

(With p =1.53)
[ad

{d) 862
Code M21 M22 M23 M24 M25 M26 M27
Xd 18.8 17.0 16.7 16.4 16.4 16.0 15.5

(with 5 =1.53
(wi % )

(e} S68
Code M31  M32  M33  M34 M35  M36  M37
Xd 18.8 17.8 17.2 169 16.5 16.8  16.4

(with , =1.53)
[a)

(f) 871
Code M41 M42 M43 M4 M4s M46 M4T
xd 17.1 16.9 16.1 15.4 15.4 15.0 16.4

{(with , =1.53)

C -
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4.3 X-ray Analysis

Wide-angle x-ray diffraction traces have been obtained for the
processed polymer as described in section 2.7. An illustration of a typical
trace is provided in Figure 4.9 using as-polymerized powder of sample A.
The double hump amorphous template39’41’4?’130 was fitted by drawing a
smooth curve between 12° 26 and 21° 28, and between 21° 26 and
28° 26. This procedure is necessitated by the well recognized difficulty of
obtaining an acceptable amorphous PVC trace.> 947 For the same reason
it was not possible to obtain an amorphous trace between 35° 26 and
46° 268, A baseline was drawn between 12° 28 and 35° 20 and between
35° 26 and 48° 20.

The diffraction pattern obtained as deseribed above was analysed
by the Hermans-Weidinger (H-W) method as described in section 1.5.1.
Normalization was effected by dividing the erystalline and amorphous
areas by the total area between 12° 26 and 46° 26 (Table 4.4A). Plot of
normalized crystalline vs normalized amorphous area yields a straight line
as expected from egn, 1.9 (Figure 4.10}. The regression line gives a value of
C/A = 1.51 which is well within the usual range of 1.34, 1.65, and 1.10
found in the literature,39+130 Using the regression line the corresponding
velues of 8 are obtained from the experimental ¢, value and the
crystalline fraction , X, is calculated using egn. 1.10. The results are

shown in Table 4.7,

4.3.1 Advantages of the H-W Method in X-ray Analysis of PVC

Values of the crystallinity index, Xr, obtained by the H-W method

are compared to the corresponding values based simply on the relative
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fraction of the crystalline to the total area {egn. 1.5} in Tables 4.7(b) and
(d). It is noted that the H-W method has the advantage of yielding more
accurate values of the crystallinity index than the simple division of the
crystalline area by the total area. The former values are found, for
instance, to be in better agreement with values obtained from thermal
analysis than the latter.

For PYC there is the additional advantage of not requiring the
true amorphous trace, It is observed that if the amorphous template is
fitted as deseribed above by consistently drawing smooth curves between
the reflections known to be due only to the amorphous phase, a H-W plot of
the results on samples covering & reasonable range of crystallinity would
reveal where the crystalline or the amorphous area has been wrongly
estimated. These errors are very readily detected since the points would
deviate widely from the best-fit line. If the fitting of the amorphous
template is carefully performed, very accurate results could be chtained
for some samples on which the other samples can be based. Errors in
estimates of the erystalline fraction can be easily corrected with reference
to the original trace and/or by reference to the results of an independent
test, It is not possible to detect these errors otherwise,

However, for the purpose of ranking the crystallinities of a series
of samples it may suffice to use egn. 1.5 but the values so obtained ¢sn be

far removed from the true values as shown in Tables 4.7(b) and (d).

4.3.2 X-ray Crystallinity Index, X , of the

Processed and Unprocessed PVC

(a)  Unprocessed resin powder (Table 4.7(a))

Considering only the 'Corvic' samples (857-571), which belong to
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the same cjw‘dde of eommercial resin, a slight increase in crystallinity is
observed with inereased molecular weight. The exception observed for
sample S71 has been noted for all the properties studied. It is shown that
the 'Breon' polymer S110/11 is slightly more erystalline than the 'Corvie’
polymer of similar molecular weight. This, of course, is related to
differences in polymerization. It was not intended in this study to compare
the two grades of PVC resin.

It is shown that with the exception of the tin stabilized
compression moulded formulations the unprocessed powder is more
crystalline than the processed sample. The reason for this decrease in
erystallinity has been discussed at length in Chapter 3 and in previous

sections of this chapter,
(b) Extrudates (Tables 4.7(b), (e), and (e))

X-ray crystallinity index decreases with increased melt
temperatures in exactly the same way as diffusion coefficient, D, and
density. With the L-samples the minimum at T, = 200°C found in solvent
test and in density is not obvious because of uncertainties in accurately
fitting an amorphous template to the poorly defined diffraction pattern of
samples processed above this melt temperature. However, with the
KM-samples this minimum is observed. It occurs at a lower temperature
with decreased molecular weight and shifts to higher temperatures as the
molecular weight inereases,

At equivalent melt temperatures the KM-samples are more
erystalline than the L-samples. The point has been noted from the results
of previous tests, but the difference is especially marked if the decrease in
Xr is related to the value of the unprocessed powder. Again as shown in

section 3.6, it is shown by these results that shear intensity was much
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higher with the Leistritz than observed for the conditions used on the

Krauss Maffei.
(¢) CM-samples (Table 4.7(d))

Although it was not the intention to study the development of
erystallinity with compression moulding conditions, it became pertinent to
investigate the effect of compression moulding on erystallinity in order to
establish the trend observed in sorption tests. Sample SO (Table 2.4) was
chosen for this study. Results of WAXD on more highly lubricated sample
LLO5 show the same trend as found for SO. Disecussion is, therefore,
confined to the results from sample SO.

Crystallinity is found to decrease with increased melt
temperature in exactly the same way as in extrusion, A minimum is
observed for sample SO at 198°C which is close to the value 200°C
obtained for the extrudate. It has been noted (Figure 4,6) that ES values
are maximum in the region of 200°C for all moulded samples irrespective
of lubricant level, The results of x-ray analysis provide further
confirmation of the results of previous tests. In addition it is confirmed
that the minimum ecrystallinity at 200°C Ty is independent of the
processing technique and of the formulation.

It has been shown ' 980 that a tin stabilizer, being liquid, diffuses
into the polymer during processing and increases the crystallinity as does a
plasticizer., For this reason much higher erystallinities are found for the
compression moulded samples than for the extrudates especially since
shear is muech less in compression moulding than in extrusion. For the same
reason the KM-samples would be even more crystalline but for the effeet

of shear.



175
Table 4.7

The erystallinity index, X ., measured by x-ray analysis
of processed PVC samples

(a) Unprocessed powder

Code 557 562 568 871 5110
Mw ,,10-4 6.13 7.24 10.43 10.26 10.00
Xr 7.4 8.0 9.1 8.7 9.5

(b) Sample A (Leistritz, extrudate, less lubricated)

Code Al A2-1 A3 Ad A5 Ab A7
T(°C) 170 176 184 195 200 208 220
X
r 10.5 8.7 7.8 %3 6.4 - -
{from eqn.1.5)
X, 7.2 5.9 5.2 4.8 4.3 - .
(from eqn.1.10)
(¢) Sample B (Leistritz, extrudate, more lubricated)
Code Bl B2-1 B3 B4 B5 B6 B7
TR(°C) 170 174 180 191 198 205 210
X, 7.1 6.2 5.5 §.0 48 - -

(d) SO (Compression moulded, unlubricated)

Code SO1 SO2 SO3  SO4 SO5 SO6  SOT
To{*C) 161 171 182 186 198 208 220
X, 13.5 12.8 12.1  11.5 9.3  10.4 10.2
(from eqn.1.5)
X, 9.5 9.0 8.3 7.9 6.6 7.2 7.0
(from egn.1.10)
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(Table 4.7 cont'd)

(e) Krauss Maffei extrudates

S57
Code M11 M12 M13 M14 M15 Mi16 M17
TB(°C) 151 161 172 181 190 195 209
X, 6.6 5.9 5.2 4.6 4.4 4.0 4.4
S62
Code M21 M22 M23 M24 M25 M26 M27
TB("C) 151 162 172 180 191 200 205
X, 6.9 6.1 5.5 5.5 4.8 4.4 5.1
S68
Code M31 M32 M33 M34 M35 M36 M37
TB("CJ 167 174 180 191 199 208 215
X, 7.0 6.4 5.9 5.5 5.1 4.8 5.3
ST71
Code M41 M42 M43 M44 M45  M46 M47
Tg(°C) 166 172 180 192 200 207 219
X 6.7 6.0 5.6 5.2 4.8 4.9 5.1

4.3.3 The Minimum Crystallinity at 200°C Melt Temperature

Results of all the tests show that at 200°C melt temperature the
processed sample has the lowest level of erystallinity, That is irrespective

of processing technique and formulation, processed PVC is most amorphous

at 200°C melt temperature.
Although changes in particle structure and in the flow units have
been well recognized as discussed in Chapter 3, the characteristic

amorphous content at 200°C has not been noted or reported in the
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literature. It must be emphasized that the melt temperature, TB’
particularly in extrusion, is often a few degrees lower than the die
temperature (see Tables 3.1 and 3.3). In our case the value corresponds to
a die temperature of 213°C on the Leistritz and to a similar value on the
Krauss Maffei.

It is well established that 200°C corresponds to the complete
fusion of the granular structure. However, it has been shownM (section
3.6) that the grains are effectively preserved above 200°C in compression
moulding. This 'preservation' does not rule out changes in the erystallinity
within the primary particles with increased melt temperature. Indeed it
has been shownl1184 tnat primary particle fusion oceurs within the grain
even before the granular structure is fused. Therefore, it is not surprising
that irrespective of the technique emploved the characteristic structural
change at 200°C also results in the highest amorphous fraction. An
attempt is made below to aceount for this observation.

The increase in erystallinity above 200°C ecannot be positively
accounted for in this study without further evidence on molecular
strueture. An immediate reason, however, is that this inerease results
from degradation. Degradation ean increase the crystallinity and/or affect
the results of the tests as follows:

(1) Unstable structures in pyvc?0 happen also to be those that
cannot be incorporated into the syndiotactie erystal lattice, in particular
chain ends and tertiary chlorine. Degradation starts from these structures
and where they form the main amorphous phase {see Figures 1.3(a) and (b))
their loss will result in improved packing of the erystallites. No new
crystallites are formed but improved overall perfection would result. If

the gaseous products of degradation are able to diffuse out without leaving
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'holes', a decrease in solvent sorption, in density, and in x-ray diffraction
intensity would result as observed.

(2) It is known that degradation results in conjugated double bond
formation. This structure is a more dense atomic packing than the C-C
single bond of the undegraded polymer chain. The packing also offers
greater average electron density along the chain while increasing the
apparent periodicity of these atoms. For purely structural reasons
inereased conjugated double bond formation would lead to reduced
sorption, and increased density, and probably increased x-ray diffraction
intensity even when crystallite perfection is largely unaffected,

Despite the sbove suggestions it is noted that the inerease in
erystallinity above 200°C may not be connected entirely with degradation,
The possibility of other factors cannot be ruled cut. For example in studies
on the erystallization of PVC at high temperatures, Michel and G-uy::n‘tz{]2
found little change in infrared spectra of well stabilized samples up to
240°C, The x-ray patterns, however, show an increase in the size of the
crystallites but not in the amount of the crystalline fraction. These
authors first suggested 260°C for the melting temperature of the perfectly
erystalline material latter confirmed by Gouinlock.193 The results here
may once again confirm another of their observations.

Increase in crystallite stze and/or perfection would produce the
same results as observed in the three tests even in the absence of
degradation. This increase is observed above 200°C beecause it is only
above this temperature that primary particles become the predominant
flow units in the melt.!8]  And since these particles are essentially

aggregates of crystalline micr'c;doms.lins;,28

it can be expected that
annealing effects®0114 pecome more pronounced when they form the flow

units.
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It is possible that in practice the increase results from a

combination of the above effects.

4.4 A Comparison of the Crystallinity Index
Measured by Different Methods

4.4.1 Values of X for the Unprocessed Powder and
Q. for the Most Fused Processed Sample

in Chapter 3, sections 3.3 and 3.8, it was shown that the
crystallinity inereased with increased melt temperature, while in this
chapter the tests show that the reverse is the case, and a minimum
erystallinity is observed with increased melt temperature,

It was shown in section 3.6 that thermal analysis' A-endotherm
measures the secondary crystallinity which results from melt recrystal-
lization of the primary ecrystallinity during processing. This explaneation

114 as has been noted. The

was first rendered by Gilbert and Vyvoda
primary ecrystellinity fraction remaining after melt reerystallization is
measured by the B-endotherm (Figure 1.9) and the area of this endotherm
is found to be inversely related te that of the A-endotherm. The
relationship is, however, not exactly proportional.

Thus thermal analysis clearly reveals that at a given melt
temperature an inverse relationship exists between the weight {ractions of

a7 that the

the primary and secondary crystallites, [t is recognize
secondary crystallinity is not detectable by wide-angle x~ray diffraction,
the technique is, however, sensitive to the primary erystallinity because of
the latter’s higher level of perfection, Hence, with increased melt

temperature an increase in the level of crystallinity can be observed for

methods that show specific response to the secondary crystallinity (such as
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TA); while for the same samples a decrease will be found if the method
responds specifically to the primary erystallinity (such as WAXD), If the
method is sensitive to both types of erystallinity (such as solvent sorption
and density) any trend can be observed depending on the relative
contributions of the two types of crystallinity to the total crystallinity of
the sample.

It follows from the above that if scme different ordering
processes are not involved, and if the erystallinity of the sample changes
solely by the conversion of melted pritnary erystallites to secondary
crystallites during processing, then the value of the crystallinity index

obtained in thermal analysis, Q., eorresponding to the completely fused

r
state, should be equal to the x-ray crystallinity index, X, of the
unprocessed sample. Values of Qr. and Xr are shown in Table 4.8, this table
also includes values of A®I({T)/ aH, from TA for comparison with Xpr

A noticeable difference exists bhetween Qr at the limits of
processing temperatures and X, for the unprocessed powder (Table 4.8).
The values of Q_ are generally lower than those of corresponding X .. The
difference reflects the difficulty of processing PVC to a state where all
the primary erystallinity is converted to secondary crystallinity without an
unaccepiable level of degradation,

Within the limits of experimental error the difference, X~ Qp
increases with increasing molecular weight, This difference is highest for
sample 871 indicating that this sample has the highest molecular weight as
previously noted for all properties.

If fusion is defined in the thermodynamic sense, that is the
melting of crystalline structure, then the greater the difference X -Qp the

lower the fusion level at the limits of processing temperature and glso at



181

any processing temperature. Thus fram Table 4.8 the maximum level of

fusion reached by the samples decreased as
ST1 <8110 <568< S62< 857

These results are in perfect agreement with theory and with the previous
observation {section 3.3) that at any processing temperature, the lower the
molecular weight the higher the degree of fusion. Also it is clearly shown
that at a specific processing temperature sample S71 is the least fused of
all the samples studied. This latter observation explains the differences
observed with this sample throughout the study.

As noted previously {section 3.6) crystallinity index based on the
Qr value {egn. 3.18) is more representative of the true value than one based
simply on the ratio of the heaets of fusion {(eqn. 1.29). The respective values

can be compared in Table 4.8 to the value X obtained by WAXD,

Tabie 4.8
Values of the crystallinity index of the unprocessed
polyimer measured by thermal analysis and
by x-ray diffraction

Sample 557 562 568 571 5110

A H{TY/ aHu 11.5 11.6 11.5 10.6 12.4
QL 6.7 7.2 7.4 6.8 7.7

Xr 7.4 8.0 9.1 8.7 9.5
(Xr"Qr) 0.7 0.8 1.7 1.9 1.8

4.4.2 Effects of Processing Temperature

The inverse relationship between the primary and the secondary

erystallinity and the specific response shown by WAXD and by TA to the
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two types of crystallinity respectively imply that over a range of melt
temperatures the sum Q+ Xr should be constant if changes in erystallinity
result solely from the depletion of primary crystallinity and the generation
of secondary crystallinity.

Within the limits of experimental error Qr+ X, is largely eonstant
below a melt temperature of 190°C (Table 4.9}, above this temperature a
substantial increase is observed. This implies that above 190°C changes in
crystallinity do not arise solely from the conversion of primary to
secondary crystallinity., The same conclusion had been made previously
where it was shown that the minimum erystallinity at 200°C results from a
reordering process which involves enhanced annealing of the primary
crystallinity when these are {reed into the melt as a result of fusion of the
granular structure. If significant shear occurs during processing the
increase due to reordering may not be detectable by WAXD, this is evident
in Table 4.9 and was noted previously, If, however, the shear level is
moderate, as observed, for the KM samples in Table 4.9 the increase due to
reordering is easily observed by WAXD where the minimum at 200°C is
also made evident.

The crystallinity index calculated from the density, Xd, contains
the contributions of both the primary and the secondary crystallinities to
the total. Therefore, in the absence of a reordering process Xd should be
constant over a range of melt temperatures. The minimum observed in Xd
and in the diffusion coefficient, I, are thus reflective of the reordering
process as noted before., It is observed that the changes in density are
gctually so small as to make them undetectable by a method less sensitive

than the density gradient column,



Table 4.9

Effect of processing temperature on the erystallinity index

(a) Sample A

measured by thermal analysis, x-ray
diffraction, and density

183

Code Al A2-1 A3 A4 A5 A6 AT
Tg(°C) 170 176 184 195 200 208 220
Q, 0.3 0.9 2.7 5.2 6.4 7.6 .7
X, 7.2 5.9 5.2 4.8 4.3 - -
(Qr+xr) 7.5 6.8 7.9 10.0 10.7 (7.6) (7.7)
X4(& =1.70) 8.5 8.3 7.9 7.5 7.0 7.6 7.8
(b) S68
Code M31 M32 M33 M34 M35 M36  M37
T(°C) 167 174 180 191 199 208 215
QI. 0.7 0.8 1:7 3.6 5.3 6.0 7.4
X, 7.0 6.4 5.0 5.5 5.1 4.8 5.3
(Qr+x,) T 7.2 7.6 9.1 10.4 10.8 12.7
X 4(f =1.70) 10,0 9.5 9,2 9.0 8.8 9.0 9.0

Finally,

it should be noted

considered the effeets of additives

the discussions have not

such as

liquid stabilizers and

plasticizers, known to influence the crystallinity, on the changes in the

erystallinity index with inereased melt temperature. In practice it may be

difficult to show whether such effects are restricted to the primary or the

secondary crystallinity or to both types of erystallinity,
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4.5 Conelusions

Based on the kineties of acetone absorption at 23°C it has been
shown that a processed PVC sample is least crystalline at 200°C which in
our case corresponds to a die temperature of 210°C in extrusion. The
minimum ecrystallinity or maximum amorphous fraction is shown to be
independent of the processing technique and of formulation, being
substantially the same for samples processed on different extruders and
compression moulded with a wide range of lubricant concentrations. 1t is
suggested that 200°C is a characteristic melt temperature, not only where
the primary particles become the flow units as is well known, but also
where the processed sample is most amorphous as revealed in this study.

The results were confirmed by values of the erystallinity index of
the processed samples caleulated from the density and measured by wide-
angle x-ray diffraction.

in agreement with previous suggestions, it is demonstrated the
thermal analysis measures the secondary crystallinity level of the
processed sample, and it is also shown that WAXD measures the primary
erystallinity level. Both soivent sorption and density respond to the total
{i.e. primary and secondary) erystallinity level. These results are expected
from theoretical considerations but now a quantitative proof is given using
commercial PYC samples processed over a wide range of temperatures
whieh includes the commercial temperature range.

Using the differences between the respective values of the
erystallinity index measured by WAXD and that measured by TA, it is
shown, in agreement with expectation, that at a specifiec melt temperature
the level of fusion measured by the amorphous weight fraction decreases

with increased molecular weight. A sample shown by GPC measurement to
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be of a lower molecular weight is shown not only to have the highest
molecular weight of the range studied but also to be least fused at a
specific melt temperature. The same coneclusion can be made from the
results of thermal analysis, but here quantitative values are obtained for
the differences.

The above conclusions are particularly relevant to the mechanical

properties of the processed sample as discussed in the next chapter.
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Chapter 5
RESULTS AND DISCUSSION

. IMPACT PERFORMANCE OF PROCESSED PVC

Extrudates were tested for impaet strength using an instrumented
tester, the Ceast AFS/MK2 Fractoscope, as described in section 2.8. The
results are included in Figures 5.4 and 5.5 end in Tables 5.1 and 5.2.
Impact strength (IS) values represent the averages of five tests, and error
bars in Figure 5.4 represent deviations from the mean value in relation to

the processing history.

5.1 Variation of the Force-displacement Trace

with Fracture Toughness

The toughness of a given material is a measure of the energy
absorbed before and during the fracture process (section 1.6). The area
under the stress-strain eurve provides a measure of this energy.

The inerease in area with increased toughness is shown by the
Ceast force-displacement curves in Figure 5.1. In a typically brittle
fracture, where the plastic zone at the crack tip is small just before
failure, the overall toughness level of the sample is low, and a single peak
is often observed in the force-displacement plot {Figure 5.1(a)). As the
sample toughness increases with ineregsed melt temperature, the number
of peeks, and, therefore, the area under the curve salso increases (Figures
5.1(b) and (c)).

A typical example of a ductile failure trace is provided by Figure

5.1(c) using sample A4 which corresponds to the maximum IS for the
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samples used in this study. Three peaks are observed, and in some cases
the number can even be higher.

It sppears that the first peak is a measure of the impulse at
impact of the hammer with the sample. For notched specimens {as used in
this study) the impulse leads immediately to the development of & zone of
plastically deformed material resulting from stress concentration at the
crack tip. If this zone is not well developed, the sample yields and
fractures almost simultaneously, and only a2 single peak is recorded. If,
however, the plastic zone is sufficiently developed, the plane stress
condition at the crack tip will elevate the applied stress above the level

203-205 5h4 more than one

necessary for irreversible plastic deformation,
peak will be observed in the force-displacement trace. The number of
subsequent peaks after the first would depend on the volume of the crack
tip plastic zone, and, therefore, on the ductility as well as toughness of the
sample,

It must, however, be noted that g brittle fracture ean also
produce more than one peak if the yield stress is sufficient to resist the
impulse at impact. This effect was observed for most of the low melt
temperature Leistritz samples, for which two peaks could often be found
thcugh the impact energy was generally lower than at higher meit
temperature.

A difference in the pattern of the foree-displacement plot may be
observed with the Ceast as shown in Figure 5,1(d). This figure corresponds

180 ¢ giffers in shape from the

to that which was reported previcusly.
other figures in having peaks whieh appear to be cumulatively superposed.
No immediate explanation can be given at present for this difference

without better knowledge of the electronics of the equipment. Repeated
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measurements showed that the dgifference in shape did not affeet the
absolute values of the impaet energy measured. It wes observed that minor
variations in the mode of calibration and/or equipment set up could
produce quite a wide range of effects on the results obtained from the

Ceast Fractoscope.

5.2 Fracture Surface Macromorphology

Seanning electron micrographs of fracture surfaces of impact test
specimens are shown in Figures 5.2 and 5.3 for sample A and sample S68
respectively.

A clear difference exists between the fracture surfaces of the
sample formulated with lead stabilizer {(sample A) and that formulated with
tin stabilizer (sample S68). In the former, morphological units, on the
order of the primary particles, are observed at melt temperatures in the
region of 180°C {(Figure 5.2). These units become less distinet with
increased temperature. At 200°C & homogeneous surface, devoid of
morphological features, is observed. No morphological units are observed
with sample S68 even at the lowest melt temperature (Figure 5.3).

The micrographs are in general made up of two distinguishable
regions: the dark regions comprising craze patehes and bright regions
forming the walls of these patches from which elongated fibrils of craze
matter can be seen extending in the direction of crack propagation, In
both samples A and 868 the microgrpahs indicate increased eraze-initiated
failure mode with increased fusion level. With sample A, this failure mode
is only made distinct with the disappearance of particulate structure at
200°C, With sample S68 however, where no particulate structure is

discernible, the boundary between craze patches becomes sharper with
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increased melt temperature. The craze patches also show a tendency
towards greater elongation at higher melt temperature. Elongated craze
patches have been associated with the feilure mode of amorphous

polymers, 203-209

5.3 Effects of Material and Processing Variables
onh Impact Strength

5.3.1 Effect of Formulation

Increased lubricant coneentration results in low impaet strength
at a specific melt temperature, this is illustrated for samples A and B in

Figure 5.4 and Table 5.1. The same observation has been made by Gale.206

[t is established that an external lubricant delays fusion,79’206
hence with increased lubricant concentration inter-particle network
formation is reduced and particle-matrix failure enhanced. For notched
test preces {as used here} the plastic zone around the crack tip is less
developed and failure is generally more brittle at eaivalent processing

temperatures than observed for samples with lower lubricant con-

ecentration,

5.3.2 Effect of Extrusion Rate

For the formulations used in this study, extrusion rate makes only
marginal contribution to the impaect strength, and this contribution, in
general, becomes more pronounced at high {shear} rates {Table 5.1).

It is observed that despite excellent screw geometry (see Figure
2.2) and ecntrol devices on the Leistritz, it was difficult to obtain constant

melt temperature with increased screw speed. Although preofile
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temperatures (Table 2.6) were strictly controlled differences can still be
observed in the melt temperature at high speeds (Table 5.1). This effect
obviously masks individual contributions of shear and temperature to
measured impact strength. It is found that melt temperatures are
generally more constant with increased screw speed for the more
lubricated sample B as would normally be expected. Therefore, from the
results of sample B at TB values of 180° and 190°C it ean be concluded
that temperature has greater influence on IS than extrusion rate. The
same effect was found with g-level in Chapter 3.

However, as noted in section 3,1,1.2, there is a clear indication
that changes in the power input during extrusion are reflected in the IS
value of the extrudate. Underlined values for samples A and B in the
respective second periods of Table 5.1 ean be compared to changes in slope
of power vs. serew speed in Figure 3.2, It is found that the IS values at the
speeds where changes in slope occurred correspond to higher values, and in
some cases these values are highest for the series. No explanation can be

offered for this observation at present.

5.3.3 Effect of Extrusion Temperature

A maximum IS value can be observed with inereased melt
temperature as illustrated for sample A in Figure 5.4. It appears, however,
that the maximum value may not be obvious if the shear is below some
minimum value during processing; particularly in the region 185-195°C
where the maximum IS value often occurs, Absence of a clear maximum is
indicated by sample B in Figure 5.4, and in general by the KM samples,

As noted in section 1.6, several authors have studied the impaet

behaviour of processed UPVC. A maximum value with increased melt
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temperature has been widely reported, notably by Benjamin,105*159
Bystédt,l58 Terselius,wo'161 and Menges and Berndsten.17?

Terselius161 has performed an extensive study of the mechanical
properties of UPVC. His work includes tensile tests, and different modes
of impact testing, over a range of test temperatures. He found that the
response of different impact tests to variations in the g-level varies
considerably and demonstrated that falling weight tests (FWIS) at 50%
failure and 0°C is the most sensitive. Long-term embrittlement was shown
to be caused by formation of ereep cracks, and creep crack tendency
shifted to longer times with increased g-level,

Using tensile tests Terselius!61 further showed that elongation at
break decreased at higher g-levels at a test temperature of 60°C. A
transition from ductile to a 'creep crack' mode of {ailure was observed
which also shifted to 'longer times to break' at higher g-levels. This
behaviour was explained on the basis of increased disentanglement
resistance due to increased number of entanglement couplings and
crystalline junctions at higher g-levels. Based on his results this author
proposed tensile testing at 100°C as a potential measure of g-level, FWIS
of both 'polished" and 'unpolished” samples was shown to pass through a
maximum at & melt temperature of 190°C. It was conecluded that
significant changes occur at moderate g-levels which are responsible for a
marked increase in notehed impact strength (NIS)., Tt was suggested that
the dominating changes in morphology are the build up of interparticle
coherent entanglement network.

A brief review of Terselius' works was considered necessary
because of the similarity between his findings and those of the present

study, and the relevance of his conclusions to the observations made here.
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For example, a ¢lear maximum NIS value is shown for sample A in Figure
5.4, and the same is largely true for all the extrudates. Coherent
aggregates are clearly evident in Figures 5.2(a) and (b) which correspond to

the maximum IS values shown in Figure 5.4.

5.3.4 Effect of Molecular Weight

The KM-samples have much lower IS values than the L-samples,
comparable values of the former being only about half of the _latter. A
number of reasons can be put forward for this difference.

It has been shown (section 3.6.3, Table 3.7) that shear level was
lower at the extrusion conditions used on the Krauss Maffei than those used
on the Leistritz. The lower shear values are considered to arise from low
die back pressures in additior to other factors related toc machine
variables, Although, in prineciple, die back pressure is not expected to have
much influence on shear in twin-serew extrusion, this is not exactly the
case in practice; and Gate?%® has shown that die back pressure affects the
melting rate.

It was shown in Chapter 4 (see Table 4.8} that with respect to
primary crystallinity melting (i.e. thermodynamic fusion) the KM samples
are more fused than the L-samples even at equivalent molecular weights,
disregarding sample 871, As noted earlier in this chapter, SEM
micrographs of fracture surfaces of the KM-samples do not show evidence
of particulate struetures even at quite low melt temperatures; these
mierographs also show evidence of more brittle failure, indicated by
relative smoothness of the fracture surfaces,

As noted in section 1.2.1 and in Chapter 4, tin stabilizers have

been found to diffuse into the resin particles and increase both fusion
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rate’? and the crystallinity of the extrudate,2440:79:80 pic the results
obtained in this study are in exeellent agreement with established mode of
action of tin stabilizers (and, maybe, of liquid stabilizers in general).
Increased crystallinity has the effeect of raising the modulus, thereby
lowering the ductility."’g’80 It is obvious, therefore, that reduced IS values
for the KM~samples can be related to a combination of all of the above
factors.

At equivalent processing temperatures IS increases only slightly
with increased molecular weight. However, questions can be raised about
the reliability of the absolute IS values obtained from the Krauss Maffei
extrudates for reasons related to non-optimum shear conditions., S0 there

is need for caution in drawing conclusions based on these samples,

2.4 Dependence of Failure Mechanism on Fusion

In the preceding sections the measured 1S values and SEM fracture
surface micrographs were discussed in the light of the existence or
otherwise of morphological units, the volume of craze matter (indicated by
dark regions) and brittle/ductile failure indicated by the smoothness or
roughness of the fracture surface. In this sectiop an attempt is made to
account for these effects in relation to the melting of the morphological

units,

2.4.1 Formulation with Solid Additives

Comparison of Figures 5.2(a), {b), and (e) with respective IS values

at the same melt temperatures ("l‘B values) in Figure 5.4 shows that

existence of particulate structure at the primary particle level, which
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includes coherent aggregates of these particles, is necessary for high IS
value. It is relevant to restate previous observations to facilitate
comparison with the literature,

At melt temperatures below 200°C there is increased fusion of
the primary particles with increased melt temperature; although evidence
of primary particles can still be found at 195°C (Figure 5.2(b)) the size
cannot be readily quantified. At this level of fusion the fracture surface
shows no elear dark or bright zones. Both Figures 5.2(a) and (b), i.e. where
the primary particles or their (coherent) aggregates still exist in the melt,
correspond to structural states which give rise to the highest impact
resistance with inereased melt temperature, and, therefore, g-level,

It should be recalled that a melt temperature of 200°C was shown
in Chapter 4 to correspond to the maximum amorphous state of the melt.
Figure 5.2(¢) is a miecrograph of the fracture surface for the sample
processed at 200°C melt temperature (Th value). In excellent agreement
with the previous observation a 'homogeneous' bed of material is shown
with no evidence of particulate structures, The impact resistance of the
sample (Figure 5.4) drops with the disappearance of the primary particles
and their aggregates.

The above observations are in very good agreement with the

161 suggests the existence of

literature. As noted previously, Terselius
'interparticular coherent entanglement network' as giving rise to the
maximum IS value, These terms aptly deseribe the structures shown in
Figures 5.2(a) and (b); the melt temperatures (TB values) of 184°C and

195°C respectively give rise to a maximum IS value at precisely 190°C as

found by Terselius,
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Menges and Berndstenw9 found that 'only' the material in which
the impact modifier surrounded 'globules' proved to have the highest
impact strength. At higher melt temperatures where the globular structure
is lost IS value was found to drop. This observation is well illustrated by
relating the micrographs of Figure 5.2 to the respective IS values in Figure
5.4.

From the above a picture of the failure mechanism ean be built up
based on the struceture which corresponds to the highest IS value,

11,84

Available evidence shows that intragranular fusion of

primary particles begins at the lowest melt temperatures, and Summer's
fusion model,28 illustrated in Figure 1.7, indicates that limited inter-
granular fusion occurs at ca, 160°C. Allsopp's model! "7 does suggest that
grain memory can be preserved in the melt up to the critical temperature
region where a change in the flow unit is observed.

It is not unreasonable to consider the grain as an elastie bodv at
its statie equilibrium. Fusion of the primary particles within this body
causes extensive internal stress, and even in the absence of external shear,
if intergranular boundaries are not well lubricated, deformation of the
grain structure to relieve this stress would result in boundary coalescence,
This would result in increased intergranular fusion. Similarly a modulus of
elasticity can be considered for the grain structure, it will have an average
value characteristic of the average size of the grain. And it is not unlikely
that the eritical temperature marking the change in flow units is actually
one where the internal stress field is such that the average value of the
modulus has been exceeded and the grain is deformed irreversibly. The

deformation can be deseribed by the classical theories of viscoelasticity;

persistence of grain boundaries in the melt up to the stage where they
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disappear completely can be well accounted for by viscoelastic models.
Once grain coalescence oceurs, intergranular fusion can begin,

The processed sample will have an optimum deformation
resistance once a minimum level of intergranular fusion (entanglement
network1%1) is achieved. Further increase in fusion will make only small
contributions to the elastic properties of the processed material but will
affect the post yield deformation due to increased resistance to
disentanglement as proposed by Terselius. ! 51

From the above two main reasons can be given for the role of
particulate structures in impact resistance. The first is the well known
effect of 'blunting' of an advancing ecrack tip by increased radius and
subsequent reduction in stress concentration, If the particulate structure
is sufficiently coherent (i,e. where there exists sufficient entanglement
network between the particles), particle surface not only reduces the stress
concentration, the impact energy is also dissipated in elastie deformation,
Where failure ocecurs the failure mode is more ductile, For the same
reasons coherent particulate structures also suppress craze initiation and
mierovoid nueleation,

The second role of particulate structure in impact resistance is
related to additive distribution, Well dispersed additives ean be
accommodated in the interstices between adjacent particles (recall the
distribution of impaet modifiers between globular struetures shown by

179y, Distribution of additive particles in gaps

Menges and Berndsten
between resin particles, or aggregates strongly linked together by
entanglement networks, results in the suppression of 'additive-aided' craze

initiation and mierovoid formation. Reference to Figure 5.2 shows that

additives become more evident (as white spots) with the disappearance of
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the primary particles, indicating that they are now 'released' into the melt
pooal (loss of the globules”g).

In the absence of particulate structures there is freer crack
propagation and additive-matrix interface serves as craze initiation and
mierovoid nucleation sites. A lowering of impact resistance is observed.
The situation is worsened by increased crystallinity at higher melt
temperatures above 200°C (see Chapter 4) as a result of increased
embrittlement at higher vct-y'stauinity.?9’80
These effects account for the maximum or a levelling-off of IS

values with inereased melt temperature widely reported in the literature,

5.4.2 Formulation with Liquid Additives

It is obvious from the gbove what the effect of a liquid, miseible
with the resin, would have on the rate of fusion and the impact strength of
the processed sample.

Wetting of particle surface results in substantial reduction in the
modulus of the grain strueture, and simuitaneous intra- and intergranular
fusion obtains at the least melt temperature. The same effect leads to loss
of primary particle boundaries and a superficial eontinuous melt is
observed at the omnset of fusion. These effects are well ilustrated in
Figure §.3 where no evidence of particle boundaries is apperent at the
lowest melt temperature.

Loss of particle boundaries is literally superficial fusion since
capillary rheometry and thermal analysis Show clearly that the
characteristic structural change still oecurs at the well known temperature
region. This indicates that the modulus of the grain structure is not a

property of the peripheral skin but of the network structure of the
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composite primary particles. Thus despite absence of particle boundaries,
memory of the grain structure is retained in the melt up to the critical
temperature where the modulus of this structure is exceeded and
irreversible deformation results in loss of structure memory. Exactly the
same situation exists for the loss of the primary particle structure,

Although compatible - liquid - induced fusion is only superficial
the loss of particle boundaries causes a dramatie loss of impact resistance
due to free crack propagation, and increased craze initiation and void
nucleation as discussed above. The material fails by a more brittle mode,
embrittlement being enhanced by increased erystallinity.

Increased craze initiation is well illustrated by the existence of
elongated fibrils from walls of craze patehes at much lower temperatures
in Figures 5.3(a) and (b). The reduction in fibrils at higher melt
temperatures illustrated in Figure 5.3(c) is an indication of increased
amorphous fraction (i.e. increased gelation). This is supported by the
parabolic dimples formed by microvoid coalescence characteristic of
failure modes of amorphous polymers,203-20%

An attempt is made in Table 5.2 to ecompare IS values with 'fusion
levels' measured by thermal analysis and by WAXD erystallinity indices, If
IS values are plotted against TA crystallinity indices (TA fusion levels)

curves similar to Figures 5.4 and 5.5 are obtained as would be expected,

5.9 Conelusions

It has been shown that particulate streture in processed PVC is a
prerequisite for high impact performance. The round outlines suppress
craze initiation and mierovoid nucleation by increasing the erack tip radius

and reducing stress concentration through an established mechanism.
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Formulation with liquid additives leads to loss of particle boundaries at the
onset of fusion. In the absence of particulate structures, craze initiation
and mierovoid formation are accelerated. These effects result in relative
embrittlement ('creep crack' failureml) even at higher g-levels, especially
where there is an increase in the crystallinity of the sample, and impact
resistance is drastically reduced.

In the absence of a liquid additive the particulate structure is
preserved up to a melt temperature below 200°C. If the solid additives are
well dispersed, they c¢an be accommodated in interstices between
neighbouring particles. Craze initistion and void nucleation are
suppressed, propagating cracks terminate at particle boundaries and impact
energy is dissipated by resistance to disentenglement of the interparticle
networks.

Maximum impact strength was observed in the region 185-195°C,
i.e. just before the loss of particulate structures. A levelling-off can be
observed if particle memory is preserved, particularly where the shear
level is below a minimum level for obliterating the memory. The maximum
value corresponds precisely to a melt temperature where there is sufficient
entanglement network between coherent particulate structures. These
structure can be (unfused) individual primary particles or their aggregates.

These results confirm observations made in the literature and
provide some proof for features that have long been recognized in the

technology of PVC processing.
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Force-displacement plots from the Ceast

Fractoscope for different failure modes
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(x 1600)

195°C

(x 1500)

Fig. 5.2 Fracture surface SEM micerographs of

sample A at indicated melt tempersatures
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(x 1500)

180°C

(b)

(x 1400)

(e)

(x 1400)

Fig. 5.3 Fracture surface SEM micrographs of sample 568

at indicated melt temperatures
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Table 5.1

Notehed Izod impact strength (NIS/kd.m"™2) of samples A
and B extruded at different rates and temperatures (TB/"C)

205

Extrusion rate (rpm)

10 15 20 25 30 35 40 50
Sample A
TB 179 180 180 183 180 192 190 -
NIS 6.31 6.10 6.87 7.64 6.04 6.25 6.30 -
TB 185 186 186 187 186 188 190 196
NIS e 7.45 7.80 8.01 8.45 9.09 8.36 6.89
'I‘B 191 193 196 198 200 203 206 210
NIS 4,08 4,06 5.84 6.29 4.95 4.62 4.52 4.08
']‘B 205 205 210 213 218 215 215 215
NIS 3.75* 3.659*% 4.26 3.86 3.82 3.56 3.82 3.74
Sample B
TB 178 180 180 180 180 181 181 180
NIS 3.7T8 .77  3.39 372 H.Z21 4.21 4.42 4.90
TB 185 186 187 185 186 188 187 186
NIS 5.36 6.21 8.48 6.41 5.39 6.17 4.70 4.56
TE 192 190 190 190 190 190 180 191
NIS 5.19 4,96 4.29 4.68 4.23 4.48 4.4] 4.77
TH - 195 145 206 210 198 198 198
NIS - 4.29* 4.28*% 3.76 4.52 3.75 3.79 3.97

*  Sample visibly degraded




Table 5.2
Dependence of impaet strength on the erystallinity index
measured by thermal analysis, x-ray diffraction,
and sample density

206

Sample A
e 170 176 184 195 200 208
1S/kd.m ™2 - 7.25  8.88  8.97  7.05 5.67
Q, 0.3 0.9 2.7 5.2 6.4 7.6
X 7.2 5.9 5.2 4.8 4.3 -
Xy 8.5 8.3 7.9 7.5 7.0 7.6
S68

T/ 46 167 174 180 191 199 208
1S/kd.m ™2 - 1.49  1.71  1.40  1.96 3.33
Q, 0.7 0.8 1.7 3.6 5.3 5.1

X 7.0 6.4 5.9 5.5 5.1 4.8

X 10.0 9.5 9.2 9.0 8.8 a9.0

220
4.67

7.7

7.8

215
4.02
4.8
5.3
9.0
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GENERAL CONCLUSIONS

This study has focused mainly on the existence of a distribution of
ordered states as the main structural feature of processed PVC, The
distribution has been shown previously, and found in this study, to be
composed of two block distributions of order made up of what is generally
referred to as primary and secondary ecrystallinities. The secondary
erystallinity is essentially the amorphous phase in which some local order
may be found; and the primary crystallinity is formed by more perfect
erystalline structure, presumably of the chain folded lamellar type. It is
presently an open question whether the secondary crystallinity should be
regarded as a crystalline structure in the usual context. There is little
doubt that this strueture is an intermediate order (paracrystalline). Quite
a lot of attention has been focused on this state of order in the literature

207 may be cited as representing

among whieh the contribution by Statton
the general view.

Whatever attitude is shown to the existence of erystallinity in
PVC, the fact remains that the state of molecular order is of fundamental
importance to the properties of the processed resin in addition to other
factors such as the morphology of the bulk phase. And although the total
erystallinity of the sample, measured by the primary erystallinity level, is
only about 10% by weight fraction, it is observed that small changes in this
value have significant effects on processing behaviour and product

performance. The following conclusions can be drawn from the results of

this study.



The sigmoidal nature of the changes in capillary rheometer
entrance pressure loss with increased fusion level has been shown
here to arise from the effect of lubricant on network formation.
It has been shown that particle breakdown plays little if any roles

in the shape of capillary rheometer fusion curves,

At a specific processing temperature the primary and secondary
erystallinities of the material are inversely, but not prepertenafy,
related. The former can be measured by WAXD and the latter by

thermal analysis.

The processed sample is least erystalline (i.e. most amorphous) if
it is processed at a melt temperature of 200°C. There is
evidence to suggest that a reordering process is responsible for
the minimum in erystallinity. An attempt has been made to

acecount for this observation.

Measured heats of fusion arising from the melting of secondarvy
erystallinity in thermal analysis can be simulated. The simulation
vields a precise measure of the temperature at whieh a change in
the melt flow units oceurred during processing. The results also
vield values of activation energies of 1.0 kd/mol and 2,2 kd/mol
for the breakdown of the grain and primary particle structures
respectively. Fusion levels of 7-8% were found for the maximum
fused state within the limits of processing temperatures, These
values are in good angreement with % (primarv} crvstallinity
measured for the same samples by x-ray diffraction and values

found in the literature for commercial PVC, It was further shown
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that a quantitative estimate of the relative shear level during
processing can be obtained from thermal analysis using the ratio
of the observed to the calculated heat of fusion. This ratio is

found to inerease at higher shear levels,

It was found that notched Izod impaet strength at room
temperature peaks at a melt temperature of about 190°C in
agreement with the literature. In this work, however, an attempt
has been made to account for changes in impact strength by
relating failure mechanism to molecular structure. Scanning
electron mierographs of fracture surfaces showed that the
maximum impact strength occurs just before the minimum
erystallinity at 200°C, A dominant structural feature,
characterised by a coherent aggregate of primary particles, is

shown to give rise to the highest impaecet strength,

The study has highlighted several aspeets of strueture-property
relationships in proecessed PVC. An improved understanding of
this complex relationship has been gained and avenues opened up

for further research.
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SUGGESTIONS FOR FURTHER STUDY

(1) A large amount of data has been generated by the PVC research
group at IPT to suggest that thermal analysis, if exploited, could be a much
more useful tool for monitoring PVC fusion than existing techniques. This
is expected in prineiple. A theoretical support has been attempted in this
study by the development of a model. The scope of the work could be

inereased by performing tests on industrial samples of known formulations.

(2) Two techniques, by no means new, have been used to follow
changes in molecular structure with inereased fusion level: these are
solvent ahsorption and wide-angle x-ray diffraction analysis. More work is

required to establish the results,

(3) It seems that over the vears, attention has focused more on
strueture than on properties. This is understandable since knowledge of the
former is necessary for an understanding of the latter, Both the literature
and results at IPT would suggest that an indepth knowledge of the
strueture has been gained. Attention should now be directed at mechanical
properties of the proeessed material with emphasis on failure mechanisms

as related to molecular structure.

(4) This study has been based on very simple formulations whieh served
the purpose of aeademic interest, bearing little relationship to
technologieal formulations.  Future studies should be more related to
practieal formulations, It will be useful to establish the effeets of yarious
additive types and loadings on thermal analysis, in particular, inorganic

ndditives such as fillers, and others such as pigments and impact modifiers.
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Table 3.1A

Output and power requirement for samples extruded at

different rates using the Leistritz

Extrusion Approx
Sample rate Output power
code (rpm) (kg/hr) (kW)
Sample At
A 1S 10 4.7 0.13
A 28 15 6.5 0.21
A 35 20 8.0 n.28
A 48 25 9.7 0.37
A 585 30 11.2 0.46
A BS 35 13.0 0.51
A TS 40 14.4 0.67
ABS 50  y 0.96
Sample B*
B 18 10 5.0 0.08
B 28 15 6.5 0.13
B 3S 20 8.7 0.20
B 4S8 25 10.1 0.23
B 58 30 11.7 0.27
B 65 35 13.2 0.30
B 7S 40 14.6 0.41
B 88 al 20.9 0.56
+ Die set temp. = 199 + 1°C; melt temp,, TB =198 + 1°C
*  Die set temp. = 200 + 2°C; melt temp,, T, = 190 + 2°C

B
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Table 3.3A
Capillary rheometer pressure at different rates
of extrusion for Leistritz extrudates
Extrusion rate (rpm)
Temp.(°C) 10 15 20 25 30 35 40 50
Pressure/MPa
Sample A (Powder = 19,2)
190 15.7 15,8 171 17.9 19.7 21.0 20.7 =
200 24.3 25.1 25.3 25.3 26.2 24.3 29.1 30.3
210 26.0 25.9 26.2 25.3 25.3 25.2 25.5 24.1
220 31.2 30.1 30.8 30.2 30.3 31.7 J1.5 30.5
Sample B (Powder = 19.5)
190 12.9 12.7 12.8 12.5 12.9 13.8 14.1 14.6
200 18.2 20.3 20.3 20.3 21.0 20.7 211 21.3
210 18.5 20.9 20.7 20,9 21.1 21.0 20.9 21.1
220 - 29.3 28.3 29.8 29.7 29.8 129.5 29.1
Table 3.4A
Capillary rheometer pressure for
compression moulded samples
Powder Mould temperature (°C)
Sample Po 160 170 180 190 200 210 220
Pressure/MPa
SO 132 29.0 34.5 38.5 39.9 45.3 50.0 —
SCa0 13.1 20.1 14.9 R.3 10.9 28.6 30.4 26.9
LO2 12:7 14.6 13.0 10 14.3 20.3 22.4 -
LO5 12.5 = 11.4 12.3 15.0 20.3 28.2 26.7
L.10 11.6 10,8 10.4 .o 15.8 20.6 25.5 -
L15 1,2 10,7 9.5 8.3 15.0 18.1 v.f 1 | -
L30 9.3 7.9 6.7 8.1 14.1 18.3 24.5 -
.45 7.8 5.2 4.3 4.8 11.4 12.3 18.7 ”
L60O 6.5 3.1 3.1 5.2 7.2 14.1 14.1 16.2
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Table 3.5A
Heats of fusion and 'B'-endotherm temperatures for

samples extruded on the Leistritz

Extrusion Endotherm Sample Heat of 'B'-heat
Sample temp. peak area mass fusion "I"B of fusion
code (°C) (em?) (®) ARG (°C)  AH/g)
Sample A
A-1 170 1.0 10.0 0.6 172 1.74
A-2-1 180 2.5 §.0 1.7 175 1.61
A-3 197 7.5 10.0 4.5 185 1.22
A-4 205 12.5 9.6 T2 195 0.48
A=-5 213 15.0 10.0 9.1 202 0.46
A-§ 220 18.0 10.7 10,2 210 0.41
A-7 227 17.9 11.1 10.0 215 -
Sample B
B-1 171 130 11.0 0.6 168 1.06
B-2-1 182 2.9 118 1.3 172 1.51
B-3 197 8.0 10.8 2.8 184 1.35
B-4 207 8.0 10.4 4.6 192 0n.51
B=H 213 10.5 10.0 8.3 168 .56
B-6 218 12.5 10.7 7.0 205 0,33

Tl 210 -

Lo
==
o
=9

B-7 227 1




230

4 S-S T4 4 §s'9 122 80°L 022 £8°L 122 6L°8 122 - 022 18°6 022
80°¢ 602 ¥E"S 01e cg°¢ ele by uié 1) A 01e GL*L OIe 9L°8 802
L9°¢ 102 vy 66l L8°% 00T 2878 102 L8°S 66l 09°9 861 £6°9 861
0L°z 261 1L°¢ 061 86°C 161 SI°¢ 06l Le°¢ 06l BL°F 061 60°S  Yg1
P9° 1  BLI 80°¢ 08I 91°z  6L1 0.°%2 8Ll 06°C¢ €81 10°¢ €81 LL't 281
T oLl 62°1  ZLI BE°1T  1L1 Pl 691 6971 691 pLT L 9Ll A VA
¢S'T 291 - 8s1 6£°0 091 gL°0 86l 6€°0 091 96°0 991 911 191
(3/0)  (D,) (3/r) (0,) (3/r)  (D,) 3/e)  (0,) (3/e)  (2,) 3/0) (0,) (3/0) (D)
(wuy 1 wmy wuay 1 wuy " wuy 9 (wny 9y (wHy 91
St 081 SI1 0Ll €01 201 0S
SATdINVS
sadnjrIadway J[awW JuaIajip
18 papinow uoissaiduiod sa[duivs JoJ UOISN] JO SIRAY PIAIISGO) Vo ¢ a1qu |,



Table 3.7A

Heats of fusion for Krauss Maffei extrudates: AH (J/g)

231

Melt temp. Sample

TB("C) 857 562 S68 S71
161 12

163 1.3

166 1.4 1.0
171 2.7 1.6

173 2.5

174 1.4
180 4.4 3.6 2.2

183 2.6
185 9:8 3.2

191 T el 5.6 3.9
185 58

198 8.0 Tl DD
201 7.8

205 9,2 7.4 6.9
210 8.1

215 8.3 8.1
219 B.2

220 8.5
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Table 4.2A
Equilibrium % weight gain in acetone absorption for
compression moulded samples (see Fig. 4.6)

SO
’I‘B;"‘C 161 171 182 186 198 208 220
% Magy i x 163 168 172 155 140
LO2

'T'B/"(_‘ 166 176 183 190 198 210 -
% Moe * ¥ ¥ 166 170 160 -
LLOS

’I‘B)"’C' 160 169 183 180 199 210 221
% Moe * * * 177 175 166 150
L10

'T“!"t' 159 169 178 190 201 210 221
% Moy * 125 167 180 186 170 160
15

Tﬂf"(.' 160 il 179 191 200 212 220
% Meg . . 148 161 157 148 138
L30

']“H;""(‘ 158 172 180 190 199 210 221
% Mag " 125 148 146 152 142 140
L45

TB/"{' 162 170 179 192 201 209 220
q’l\l"

*  Sample disintegrated before equilibration time
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Table 4.3A
Equilibrium % weight gain in acetone absorption
for KM samples

S57
TB,’"C 151 161 172 181 190 195 209
% Mag . * . * 177 254 299
S62

TB/“C - 162 172 180 191 200 205
% Mog = » 138 180 207 231 256
S68

'I‘B/"C - 172 180 192 200 207 219
% My - b 133 138 152 162 167
S71

Ty/°C 167 174 180 191 199 208 215
% Meg 113 118 127 128 134 137

¥  Sample disintegrated before equilibration time



Table 4.4A

Experimental and normalized erystalline and amorphous

areas of some x-ray diffraction patterns
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Areaj/em?
Experimental Normalized

Sample Total 0. , e o,
P1M 72.5 7.4 61.2 0.102 0.845
P2M 70.5 7.8 58.2 0.110 (.840
P5M a0.0 13.7 74.8 0.130 0.831
S0O1 78.0 10.1 64.0 0.130 0.821
502 74.0 9.1 60.8 0.123 0.821
SQO3 66.0 7.9 54.5 0.114 0.826
SO4 65.0 7.0 54.0 n.108 0.831
S05 47.0 4.3 40.1 0.091 0.854
SO6R 86.5 8.5 73.0 0.098 0.844
sO7 67.5 6.5 57.0 0,006 (1.844
M11 70.0 6.9 58,0 0.080 (1,840
M12 65,8 B2 55.1 Nn.083 N.850
M14 70,0 4.4 64,9 0.063 0.863
M21 82.0 7.8 é3,.7 0.085 0.850
M25 70,2 4.8 60.6 .065 0,865



