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SULTMARY.

The present understanding of the way in which ithermal
higtory affects the structure and mechanical propefﬁiés
of thermoplastics is reviewed, This research expaﬂds
upon previous work by examininrg the effects of moulding
cooling rate on the structure and transient mechanical °
properties of polypropylene. B

A technique is first developed for measuring the”
cooling rate and orystallisation.temperature during com— -
pression moulding polypropylene sheets. The results'.
obteincd for the dependencé of crystallisation temperature
on cooling rate are predicted with good'agreement by an.
extension of the Avrami equation, which is normally used,
to describe the process of isothermal crystallisatiohr'

Measurements of density and the rate of crystallisati
and optical microscopy, indicate that a change in crystail
isation kinetics occurs in polypropylene at a orystailisat
temperature of about 120.500., which results from a coolir
rate of 1OOC/min. in the polypropylene used in thisfrgséax

At crystallisation temperatures above thisg poinﬁ of ¢
in kinetics a sharp increase in the tendency to internal
cracking and subsequent strain whitening is observed follc
tensile testing. A comparison of the effects of moﬁlding
cooling rate with ageing and annealing on fthe material's
modulus prior to this state of cracking suggests that the

.state of relaxation of the non—crystalline phase is ?élati
‘more important than the content and perfection of the’

crystalline phase. .
The deformation mode within thick tensile test ﬁieéeg

is compared with that in sectiors of material which aﬁeas
thinner than their constituent spherulites. The comparat
ductile behaviour of such thin films is explained in term:



ProQuest Number: 10646177

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction isdependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

uest

ProQuest 10646177

Published by ProQuest LLO (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLO.

ProQuest LLO.

789 East Eisenhower Parkway
P.Q. Box 1346

Ann Arbor, M 48106- 1346



of the effect of film thnickness on the development of -
structural complex stressing and the reorientation rates
of the units of structure, . .

Using a technique for measuring the amount of 1ight
transmitted through the plastic during tensile testing,. -
the process of opacity is traced as starting at about 2°/o
strain in all samples and reaching a maximum rate of chanée
duripg the yielding of the specimen, The beginning of
opacity is interpreted as the point at which the crystallihé
phase 19 either reorientated or disrupted and a point
between this and the yield point is constructed as a measure
of the onset of permanent éracking. Faster moulding'¢odlin
rates are shown in this way to improve the material'é resist
ance to the onset of cracking in the range of cooling rates’
faster than about 100°C/min.

Stress relaxation tests show that whilst some small
differences in the relaxation rate exist between sampiés
of varying thermal history in the strain range below about
20/0. these differences diminish and become negligible in
the strain range above 20/0 and prior to the commencement of
gross cracking. fhese results are considered.to extend
the dynamic relaxation results previously reported, '

From considerations of the results of the deformation ‘
mode in thick and thin sectioned material, it i1s concluded
that the moulding cooling rate will influence the modulus
and ductility of thin sections of material to a much larger
extent than the relatively thick sections used in the ténsilg
tests carried out in this work. M
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1, INTRODUCTION,

Plastics, because of ftheir resistance to corrosion
and mouldability, are finding increasing usage in load
bearing and impact withstanding applications such as
piping, conteiners,; and casings.

Crystalline polymers are a class of thermoplastics
(plastics which may be heat—softened many times without
chemical change) with mechanical properties that make
them useful in numerous applications of the above type.
Their mechanical behaviour is, howover, complicated by
being time dependent at room temperature and by being
strongly dependent on temperature and detailed structure.

This research is a study of how thermal history
affects the structure and mechanical properties of
polypropylene at approximately room temperature.

Polypropylene is one of the polyolefin group of
crystalline polymers which has already established itself
as an engineering design material and has certain advantages
over similar plastics which may be listed as followsj

a) a relatively high melting point,

b) resistance to environmental stress cracking,

c) low density and relatively cheap cost,

d) a very favourable combination of relatively high
modulus with great ductility.

A comparison with similer properties of other thermo—
plastics has been given by Kresser (1).

Its convenience as a research material is also
governed by the fact that its structure is readily visible
in the optical microscope.

The structure of the material is, however, quite complex

and in the following pages a survey of the important



structural features common to this class of plastics

which determine their practical usefulness, will be

given, Sections 1.2 and 1.3 survey the effects of thermal
history on structure and mechanical properties respectively,
with particular reference to polypropylene, and section 1.4
surveys the problem of relating mechanical properties to

structure.



1.1, The General Structure of Crystalline Polymers

HMost physical properties of crystalline polymers
depend strongly on their detailed morphology which
may be varied basically by the structure of the molecule,
the sample's thermal history, and mechanical treatment
during moulding

A sunmary of the most important variables may be
made as follows;

1) Variables in the hands of the polymer producer

a) the degree of polymerisation i.e. molecular
weight or length of molecular chain,

b) the distribution of molecular weight or
polydispersity, commonly measured as the
ratio of the weight to number average
molecular weights MW/Mn .

¢) the crystallisable fraction of the polymer,
d) the stereoregularity within individual
molecules, '
e) copolymerisation with other polymers,
f) addgtives such as antioxidants, and Ll
nucleating agents.
ii) Variables in the hands of the fabricator
a) the melt condition,
b) flow during moulding,
c) the rate of cooling of the polymer after
or during moulding,
d) the pressure of the mould.
iii) Variables in the hands of the design engineer
a) working temperature,
b) working environment,
c) state of stress and of strain,
d) duration of stress or strain.



The polypropylene (hence Iforward abbreviated to.
PP) molecule shown in Fig. 1.1 comprises a carbon
chain with a methyl group (CHB) attached at every other
carbon atom,

Since every other carbon atom in a PP molecule
possesses an asymmetric centre, the stereoregularity
of the molecule as a whole and the distribution of
stereoregularity govern the configuration adopted by
the molecular chain, Isotactic molecules in which
the methyl group tacks on to the chain, consistantly
by the same bond permit the molecule to arrangé itself
into a compact helical chain which can pack very dosely
with similar nelghbouring chains to form part of a
crystalline array. Atactic molecules in whih the methyl
group tacks on at lrregular bond sites have a random
oonfigd@tion and are incapable of close packing and
crystaiiine order. It is further possible for mixed
stereoregularity within a single molecule to occuxr
which leads to structures of intermediate order,

The length of such molecullr chains chiefly @ffects
long time mechanical properties by controlling the
amount of cooperative movements within the structure
through chain entanglement and'connectiviity'between
crystalline units. The dependence of PP's mechanical
properties on.molecular weight (MVW) and stereoregularity
have been reported by several authors(2)(3)(4)(5).

Keller (6) 1cd the way to the present understanding
of crystalline structure in polymers when in 1957 he
showed that single crystals of polyethylene (hereafter
abbreviated to PE) grown in solution, comprised flat
lozenge shaped plates or crystallités typically about
100 & thick and several hundred & in lateral dimensions.
His discovery that the molecular chains within these



crystals were perpendicular to their faces, despite a
molecular chain length of many thousands of £, led to
the postulation of a folded chain morphology as shown
in Fig. 1.2.

The packing of the parallel molecular stems within
the body of these crystals has since been characterised
for many polymers and the results are listed in a

L (D)

In the case of polyproFylene the more usual crystal

recent review’ on polymer morphology by Gei

modification is monoclinic and is shown in Fig, 1, 3.

An apparently hexagonal modification (9) is
also seen much less frequently and appears to be favoured
by rapid cooling.

Detailed theories have been proposed to predict the

rate of chain folding during crystallisation and are

(10).

in crystallisation temperature is to increase the fold

summarised by Price The major effect of an increase
period such that thicker crystals result, Inevitably,
it must be concluded that the most eq%iligg;um config—

for em
uration of the long chain molecules is/tobalign themselves
fully throughout their length into extended chain crystals,

Such crystals have recently been observed (1)

in poly—
ethylene which had been bulk crystallised: their occurence
i1s enhanced by crystallisation at elevated temperatures
under high pressures,

Crystallisation in the bulk yields a much more
complex structure comprising spherically symmetric
crystalline aggregates of radiating fibrils, known as
'spherulites'. Shown in Fig. 1.4 are two-dimensional
spherulites of PP grown between glass slides at 12500 in
the laboratory. A process of small-angle branching is
characteristic of this growth(lz) and enables the

fibrils to fill the spherulitic volume whilst retaining

“\6‘



a degree of preferential crystallographic orientation
along a radius. Historically th%sgyowth habit has
‘ 13

been recognised for mary years y and has been recently

(14 to be typical of many multi—component systems

shown
having preferentially crystallisable species in a relative—
ly viscous melt,

In spherulites i1t has been possible to determine
the or%igfation of the crystallographic axes(?%)optical

means and by microbeam ¥—ray techniques.

Observations have indicated that the molecular chain axis
(c—axis) is, on average, tangentially orientated (perp—
endicular to the radius) in many polymers. The consequent
optical anisotropy of the radiating fibril leads to the
appearance of a dark Maltese Cross (seen faintly in Fig. 1.4)
when spherulites are observed between crossed polarised
light, the arms of the cross being parallel to the vibrat—
ional directions of the polarised light. A concentric
banded appearance may also be observed undefliimilar lighting

conditions for some polymers, including PP under
certain conditions of aystallisation, and this has been
shown (15) to be due to the regular twisting of radial
fibrils forming a helical type of structure along the
radius.

In the case of PP different results for the orientation
" of the molecular axis with respect to the spherulite radius
(values are quoted as 90° and ~10° (18). 68° to 70° (9)
or 65° to 71° (19)) have delayed a strictly defined mor—
phology of this polymer's most typical spherulitic growth
habit, see section 3.1. It seems probable, however,
that helic¢al twisting may be a feature common to all

(20)

the effect is reinforced by cooperative twisting in neigh—

spherulite.. fibrils y but it is only discernible when
bouring fiprils.

Electron microscopy has shown that the radiating
fibrils comprise thickly packed lamellae, For a



detailed survey of spherulitic ﬁorphology in polymers
the reader is referred to Geill7) (Chapter IV).

Palmer and Cobbold (21) have succeeded in separating
lamellate structure from bulk crystallised polyethylene
by an acid attack technique which preferentially attacks
disordered regions. They confirm that the molecular
chain axis is approximately normal to the layer surface
of the lamellar debris. The folded chain concept developed
for single crystals grown in solution, has therefore been
invoked to explain the lamellate structure in spherulites,
and the normal model assumed for spherulitic morphology
is shown inFig. 1.5.

It should be emphasised that the above model is
probably an over simplification of the true sphnerulitic
morphology. Peterlin and Meinel (22) have found that
the weight loss following acid attack treatments of PE
single crystals are not explicable on the grounds of a
simple minimum energy chain folded surface,of the type
proposed by Basset, Prank and Keller(23> ¢ but one
comprising more voluminous folding.

Less favourable crystallisation conditions in the
bulk may well lead to a compromise lamellate structure
in which there is greater'conneotivitf between lamellae
due to shared molecules?% Acid attack treatments on
bulk crystallised PP have shown that whereas a lamellate

, 24 . .
appearance may be resolved . the occurbnce of tie
'molecules ' would appear to be more prevalent in this polymer

than in PE, due to the greater difficulty of separating
these 1amellae§25)This concept is further supported in
the case of PP by the difficulty with which poor single
crystals can be grown (26)(27) from the most
favourable conditions, compared with PE, Rénby et 51(26)
attribute this difficulty to the properties of the PP

2 usually called tie molecules-
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molecular chain., These chains are much more restricted
in their packing together to form a crystalline lattice,
since the chain can take on RH or LH helices which are
not identical. Therefore, when a PP chain folds back

to crystallise it has to select the proper site on the
lattice surface according to how the chain adopts a

new helical twist after looping. It may therefore be
true to say that the chain folded structure is not
typical of PP under normal commercial crystallisation
conditions, and there is also good reason to believe that
under such crystallisation conditions a significant
amount of intermediately ordered matecrial is formed, see
section 1.2. Further recent morphological studies by
Padden and Keith (18)

light on the complexit¥ o§ %he)most typical PP . spherulite,
28 22

see section 3.1, have thrown some
The same authors have considered in

great detail how the fibriller growth habit develops,

using PP extensively as a model, by the segregation of
"impurity' species at the growth front, comprising lower
molecular weight chains (rejection by fractionation), and
non—crystallisable molecules (rejection by incompatibility).
During growth, therefore, less crystallisable material is
pushed into regions between lamellae and ahead of the

growth front. Ssecondary crystallisation, controlled
chiefly by diffusion, may then proceed in inter-lamellar
regions as far as steric hindgrﬁhoe and the impediment

of neighbouring lamellae allows, Due to MW fractionation
it also seems likely that lower MW material will be pushed
to the outer circumference of the spherulite. In extreme
cases of dilution with non crystallisable species this can
lead to spherulites which do not meet one another, Despite
the importance of inter—spherulitic bonding in determining
mechanical properties, see section 13,1little is known about

the state of morphological' connectivity in these regions.



In order to explain the overall toughness of crystalline
polymers it has long been appreciated (29) (30) that
a significant amount of‘connectivity'must exist between
the crystalline layers, otherwise it would have been
possible for deformation to occur largely in amorphous
regions without a great deal of contribution from crystalline
lamellae, other than in the role of a 'solid' filler.

Since this time some striking examples of bundled tie

ana” spherulites
mo}ecules betwee?3%%mellaq/have been observed in bulk
crystallised PE v and have been reported to occur
between mechanically separated lamellae of bulk crystallised
PP(BQ) )

It may be considered in the light of these observations,
that crystalline lamellae behave as relatively stiff cross—
linking platforms which give skeletal reinforcement to
relatively flexible regions, whilst at the same time being

arranged as spherulitic aggregates,
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1.2, The Effects of Thermal History on Morphology

The detailed effects of thermal history on the
bulk morphology of crystalline polymers are as yet
limited by the incomplete understanding of their
basic structure.

Increasing the crystallisation temperaiture increases
the ratio of spherulitic growth rate to nucleation rate
so that fewer and larger spherulites grow. Whilst this
is a generally appreciated fact no correlations of
spherulite size against crystallisation temperature in PP
have been found by the author. More C?T%?Hly measurements

)

The melt condition is also importeant in controlling

are made of nucleation and growth rate.

the content of retained crystalline embryos w?ic act

as heterogeneous nuclei during crystallisation3gnd can

to a large extent affect the number and size of
spherulites(35) (36). It has been proposed (37) that
the PP molecule is particularly inflexible in the melt and .
that this could lead to a relatively high degree of melt
order compared with other polyolefins (38). It is,
therefore; not surprising to find that the melting point
of PP 1s somewhat 11l defined, values being quoted in the

L(39)

literature varying from 149°C for low MW materia
up to 18900 for well annealed samples (40) . A second
order transition at a temperature 30°¢ higher than this
normal range of melt temperatures has also been reported.(4l)
Hence the melt condition has considerable effect on the
subsequent nucleation density and hence spherulite size
in this polymer, More favourable crystallisation condi—
tions which accompany a raised temperature or duration of
crystallisation lead to an increased percentage of the
crystalline content. This may be attributed to —

1) a longer time allowed for completion of

crystallisation.



i1) an increase in the average thickness of

(42)(24) at the expense of density-

(43)

lamellae
deficient surface layers

iii) to an improvement in perfection of the crystalline
state arising from more efficient segregation of
"impurity' species, Keith (44) also suggests
that there are a greater number of dislocations
within PE crystals grown at a faster rate,

It is, however, apparent from the data of Hock(24)
for bulk crystallised PP, shown in table 1.1,, that there
is little change in the absolute degree of crystallinity,
compared with lamellar thickness, following extremes of
crystallisation conditions in this polymer, X—ray
studies following annealing treatments on PP have also
(45)(46)

occurs during annealing, involves more of an increase in

shown that the reordering of molecules that

the size and perfection of crystalline areas rather than
their quantity, whilst dynamic mechanical tests on PP (47)
have indicated that the state of this perfection is inferior
to that resulting from an isothermal crystallisation which
produces the same overall density. -

TABLE 1.1
Property Quench cooled Isothermal Crystallisation
in ice water Temperature ~C.

———— 125 145 161

) lamellar height & 80 105 158 210
inter lamellar
thiclmess & 40 48 68 95
ratio a/b 2.0 2.1 1.9 1.8
crystallinity by '
X—ray diffraction A 55 . 62 64 68

melting temperature
v 173 173 174 176



(45)(48=53) ¢

a state of intermediately ordered material between the

Numerous reporvs have been made

purely crystalline and amorphous states in PP, the
occurence of which 1s enhanced by increasing the cooling
rate fron ?he)melt and by exte?sign of & sample either by
52 45

extruding or cold drawing . It is suggested
that this state is either a smebtic configuration

(48)

due to RH and LH helices being randomly placed with
respect to each other to give 2 pseudo-hexagonal structure,

(50) (45

crystal lattice is considered to be deformed or disordered.

or a para—crystalline configuration in which the

Material of intermediate order in PP; as induced by

(53)
removed by heating for half an hour at 85°¢C. On the

rapid quenching, has been found to be essentially
other hand, where its presence was induced by cold
drawing, it has been found ‘4?) that for half-hour heat
treatments its presence starts to diminish following a
7000 annegling and reaches half conversion following a
110°¢ annealing.

Wyckoff (45) gives the following mechanism for the
increase of crystallite size following annealing. At
low annealing temperatures (TAgfllOOC) the initidl small
increase in crystallite size might be at the expense of
material of intermediate order, but at higher annealing
temperatures (TA3§13OOC) the large increase oObserved
must be due to a conversion of small crystallites,
having an unstable fold period at the annealing temp-
erature, to larger crystallites.

The ability for inter—lamellar links to form in
PE as found by Keith, Padden and Vadimsky ‘3+) would
appear to depend on the average length of the chain

lame}lae .
mo_leoules and the dis"tanoe separa'ting .\he relationshlp



they find for the ability for a tie molecule of PE of
molecular welight Mw to bridge i_distanoe d,

i ¥ 20 KJE %, if epplied to PP under the crystallisation
conditions in table 1.1, would predict the possibility
of a great many inter—lamellar links, This desirable
situation, aided by the sllective folding required of the
PP molecule during crystallisation, as already mentioned,
fits in with Hock's ¢29)
lamellae in PP have morphological individuality but are

conclusion that crystalline

parts of a coherent system in which the amorphous
component is not conspicuous.

Ageing at room temperature has been considgred by
Keith and Padden (22) to involve slow diffusion--controlled
crystallisation in inter—-lamellar regions, Sasaguri.,
Hoshino and Stein (54) find that birefringence changes
upon ageing of PP suggest an increase in tangentially
orientated crystalline molecules which have a considerable
restricting effect on crystallite mobility.

The effect of 'impurity' concentration and the
crystallisation temperature on the spherulite compactness
and coarseness respectively have been examined by Keith
and Padden(28). They find that the most important para—
meter determining these texture effects is the quantity
& = D/G, where D is the diffusion coefficient for impurity
in the melt, and G is the radial growthysf a spherulite.
The bulk of their results show that ascrystallisation
temperature and hence 8§ is decreased, the cross scction
of fibers have dimensions reasonably comparable with an
estimated value of &, and that the incidence of non—
crystallographic brarhing of fibrils is increased. This
latter result they attribute to & becoming more comparable
with the gizes of disordered regiongdbn lamellate surfaces.
A gtrict application of this useful concept is, however,

hampered by the detailed knowledge required of the diffusion

¥ In PP this relationship becomes d @'10M;?ﬁ.



- L4 =

rates of the impurity species,

Prolonged heat treatments of PP of the order of days
at 130°C produce cracking at both spherulite boundaries
(55)(56)

The former crack location has been attributed to
thermal decomposition of the molecﬁles in the vicinity
of the spherulite boundary., whilst the radial cracking
has been attributed to fangential stresses set up within
the spherulite (particularly near its boundary) by internal

(55)

and radial cracking

density changes accompanying an increase in crystallinity.
Kavafian'2!) finds a similar embrittlement of spherulite
boundaries in PE,

At higher crystallisation temperatures (T09;13OOC),
however, the most likely cause of interspherulite weakness
is not due to degr@ﬁation but due to the enhanced diffusion a{
conditions during crystallisation which might permit non— |
crystallisable species to become lodged between spherulites
‘(58), rather than the physical separation of spheruiltes
by voids, Samples of bulk crystallised PP at T 25125 °c.
were found by Hock(ZS) to separate into spherulltes in the
earliexr stages of an acid attack examination, supporting
the concept of a moxre 'porous' acid acoe%&ble structure N
in these regions. During orystalllsatlon of PP films
between glass slides at TC = 125 C, Barish (59) observed
some very occasional minor voiding between spherulites
after about 4 mins,, which he attributes to spherulite
contraction during crystallisation (cf. Fig. 1.4 crystallised
at 12500 for l% hours in which there is gross voiding
- between some spherulites and some radial cracking near
one boundary of gﬁggﬁéruliteﬂ . Whether or not such a
voided condition would e present in a moulded product
following the same crystallisation temperature conditions

would depend on



a) the effect of adhesion to the glass slides and
the effect of differential thermal contraction
during cooling, in inducing cracking in the
observations made above,

and

b) the effect of moulding pressure in preventing
gross voiding following secondary and tertiary
crystallisation (60)(61).

From this survey it i1s seen that improvement in
crystallisation conditions affects the size of spherulites
and of the crystalline regions within them, the degree
of crystallinity in PP is varied to a %gsggréggﬁent.

More extreme heat treatments affect the perfection of crys—
talline regions and the type of bonding between spherulites.
Ageing at' room temperatures enables secondary crystallisation
to proceed in inder—lamellar regions. I+t is also concluded
that the non—crystalline component may exist partly as
lattice defects witiin the lamellae, and partly as inter—

lamellar layers rather than agisolated amorphous regions,



1,3 Previous Studies of the Effects of Thermal History
on Mechanical Behaviour,

The importance of thermal history in determining
the mechanical properties of PP was illustrated most
dramatically by Keith and Padden (17) who found that
following a very thorough prolonged crystallisation at
a high crystallisation temperature, individual spherulites
could be separated by hand.

This thermal “reatment represents an extreme which
is not generally encountered under commercial moulding
conditions, but illustrates a general tendency to weakness
at specific regions in thermoplastics which may be related
to their structure. In this context it has been found
that PP shows a tendency to earlier and more pronounced
weakness at spherulite boundaries (59)(63) than other

(64)

thermoplastics such as nylon v polychlortrifluore—

thylene(65) and yolyethylene 56 in which cracking is shared

between spherulite boundaries and across spherulites.
In some cases (65)(66) cracking within spherulites is
identifiable ag taking a route between the radiating
fibrils.,  Discrelt) heat treatments such as those used
in the above observations probably cause cracking due to
structural contraction during secondary crystallisation,
rather than thermal degrqdation, as ocutlined in section
1.2,

Where crystallisation conditions are such that
spherulites of PP are separated by an amorphous phase
"Barish (59) has shown that a very large increase in duct—
ility and fall in yield stress results. Under more corn—
ventional moulding cycles in PE, however, McCrum and
Morris (67) have shown that inter—spherulite slip is

ﬁnlikely, and the same condition might be expected for PP

o
when conventially moulded.

i

by



Following normal moulding cooling rates and in
the absence of inter—spherulitic cracking mechanical
properties generally depend on the degree of crystallinity,
increases in crystallinity producing a tendency to become
less ductile but increasing the modulus.

For a non—linear stress—strain curve the modulus
may be measured as elther a tangent to the curve (tangent
modulus) or as the mtio of stress to strain (secant
modulus) at any chosen point. For time dependent
materials both the time (or strain rate) and strain
at which the modulus is measured has to be stated. A
relaxation test in which a strain is applied at zero
time and held constant thereafter gives a relaxation
modulus which is d&fined as the relaxation stress divided
by the applied strain; again both the strain and time
at which the modulus is measured should be stated. A
strict comparison of modulus values guoted in the liter—
ature is made difficult by the fact that frequently either
the type of modulus quoted or the strain and time at which
1t was measured are not specified.

In PP increase in crystallinity where it has been
induced by d the chenges in orystallisation conditions )
age of Specimen(68)v or by annealing treatments ﬁ46) showe
the expected 'normal' tendency towards loss in ductility
and increase in modulus,

However, Wyckoff (45), testing cold-drawn PP samples
at a strain rate of 100 Yo /minute following a series of
annealing treatments, has shown that these tendencies in
mechanical properties may be reversed as the annealing
treatment becomes more thorough; - the turning point for
his results appears following annealing for 30 mins. at
TAS;lOOOC. This is attributed to a gross melting and

reorganisation of the smrcture at Th§;10000ﬂ4ggsu1ting



in a release of prestress and molecular entanglements in
the anorphous region, thereby weakening the overall structre.
Turley and Keskkula<46)g however, gowed a 'normal'’
trend in.mechanical properties following annealing compress—
ion moulded PP samples more thoroughly than Wyckoff's treat—
ment; they used 60 mins., at T;2160°C., but tested their
samples at a lower strain-rate of about 1OO/o/min.
These inconsistent mechanical properties are difficult f
t0 reconcile purely by the explanation given hy Wyckoff, and
it would therefore appear that the point of reversal in the
'normal' trend for modulus must depend at least in the case
of PP, on the strain—rate as well as the annealing treatment)
a more thorough annealing treatment and increase in strain
rate both producing a tendency to crack and hence weaken
the overall modulus where this is measured beyond the
t%@shold of cracking, A similar dependence for the strength —
of annealed PP samples on the test strain—rate has been

(70) 1(59)

reported elsewhere “y and Baris has demonstrated,

for example, that increase in strain—rate produces a tend—

ency to brittle failure between spheru%%tfg of PP. Hall(BO)
e

has however shown that PP's strain to/is almost completely
ingensitive to strain—rate, and small scale cracking in
crystalline polymers may be accepted as part of their normal

(104)  ich that an increase in duot—

visco—elastic response
ility is still possible where samples undergo microscopic
cracking.

(71)

niin, , show an increase in tensile modulus and decrease in

Results reported for PE using a strain—rate of 25°/o/
yield strain following the annealing of a guench cooled
specinmen, ‘

Generally, because spherulite_size is an easily observed
measure of cooling rate during moulding, many polymers'
mechanical properties are related to this feature(72) rather

than the detailed changes wkich also occur in the finer
morphology. . A relationship between



spherulite size and mechenical properties quite apart
from more ¢tailed morphological changes, does appear
valid where the thickness of the test piece is of the
same order as the spnerulite diameter(73)q and under
such conditions 1t has been shown that a non—spherulitic
structure, induced by more rapid cooling, heralds a fall
in relaxation modulus.

It would, however, appear that in normal sections
of material and at low strain—rates, spherulite size in
PP would become of less importance compared with changes
in the finer morphology, dut at fast strain—rates both
spherulite size and fine morphology, particulacly at
spherulite boundaries, may influence mechanical properties.

Other than the strain—rate effects already mentioned,
there is little catalogued information on the effect of
thermal history on the time dependence of thermoplastics
in general, and PP in particular. One of the most complete
examinations bearing on this subject has been published
as a series of articles entitled 'Creep in Thermoplastics'
by Turner (74 - 77). In this work annealed and quench-
cooled PP samples gave results which appeared on a plot
of isochronous log (stress) verus log (strain) as parallel
lines, at least up to about 10/O strain; thereby showing
that the shape of the stress—strain response of these
polymers which is a measure of thelr non—linearity is
independent of the internal state of the material, It is
suggested (74) that the properties of polymers of inter—
mediate thermal history may be obtained by interpolating
between these two extremes of treatment.

Prolonged creep tests plotted as log (strain) versus

(74)(75) '

which Turner interprets as an interaction of the awystallites

log (time) show sharp decrease in creep rate
with the rubbery amorphou: region,and calls this a pseudo—
equilibrium zZone by analogy with the equilibrium zone in -
cross—linked rubbers in which strain ceases. However,



since no true ‘'equilibrium’' behaviour exhibits after
prolonged tests (on PZ) it must be assumed that instead of
the crystalline lamellae arresting further deformation
(¢cf. cross—links in vulcanised rubber) they proceed to
deform themselves as outlined in section 1.4. As far
as prediciing long term mechanical behaviour (i.e. an
isochronous stress—strain curve at long times) it would
appear safe, at present, to extrapolate these 'linearised’
creep curves over considerable time spans, providea the
overall strains do not exceed values of the order lo/o.
The type of structural change occuring during ageing

(54)

hes been shown by birefringence tests to restrict

the mobility of the crystalline phase. A similar effect

(78 to occur only in the

has been found by Flocke
temperature range 0 — 9OOC. It is interesting to note
that this upper temperature fits in with the limit of

(53)

discussed, The gffect of annealing and ageing on the

stability of partially ordered material as already

visco—elgastic résponse of crystalline polymers has been

(75)

that annealing translates the creerp curve along the time

shown by Turner (69) to be essentially different in
axis, but ageing translates it along the strain axis,
No rational explanation for this difference, which was
demonstrated in PE, has yet come to light.

Dynamic mechanical tests, which measure the in—phase
and out—of—phase deformational respomses of polymers to
an applied alternating stress: are capable of detecting
transitions in the mobility of polymer chains or their
segments in the temperature range below thelr melting
point. Crystalline polymers are typified as having a
number (usually three) transition maxima, 0,

The lower temperatﬁre maxima, occurring at ~220%K
and ~ 280°K in PP, are generally attributed (79) to
segmental motion of a short or longer length of chain
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respectively, in the amorphous regions, The high temp—
. i Orr =
erature meximum occurring at ~370°K is interpretated as

(50)
(47)

or movement of lamellar surfaces or inter—lamellar regions .

(78)

a large increase in mobility of the amorphous phase with

elther a liberation or reorientetion within ordered regions

Using this technique Flocke has demonstrated

increase in atactic content of PP, a? w§uld be expected.
47

Iiiller (50) and Passaglio and Martin rind temperasure
shifts in the maximum occurring at 280°K when samples

of PP are prepared at decreasing cdoling rates, which they
respectively attribute to either a decrease in constraint
on the amorphous phase, or to an improvement in segregation
of atactic molecules,

FProm the above description of the effect of thermal
history on mechanical properties it is seen that at slow
rates of deformation and in the absence of inter—spherulitic
voiding all the structural components take part in deform—
ation and. contribute to the overall mechanical properties,
Under these conditions,crystallisation conditions which
favour an increase in crystalline content increase.

the sample% moé;&gﬁgggd decrease its ductility. Subsequent
thermal history/ which may extend from ageing at room temp—
eratures to annealing treatments control the modulus

without greatly changing the crystalline content due to

their effect on crystalline size and perfection and the

.....

. -
———

state of relaxation in non crﬂﬁ%@lline regions. The
effect of ageing on ductilility has not been reported.
Under crystallisation or annealing conditions which
produce'inteﬂ—spherulite voiding, or at strain—rates wnich
exceed the rate of relaxation of the crystalline phase,
cracking may occur between or within spherulites, thereby

~lowering the nodulus. At high strain rates, spherulite
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3 . - . - . ” v ‘
size might also becone a factecr in affecting the compatpbil— 5/
ity forces between sphexu. lies. These considerations

show that there exists a complicated interplay between

strein—rete and thermal history.
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Ll.4. Relating Mechanical Properties to Structure

The deformation response of the spherulite is
complicated because of the radiating symmetry of the
spherulite, the anisotropy of the radiating unit, the
efficliency of connection between spherulites and the
varying time dependent response to sitress of all the
verious elementsbf structure. Numerous review articles
have been given on general structural interpstations of
the mechanical properties of polycrystalline polymers,
(11)(81—83).

A general theory relating crystal orientation and
birefringence of polymers to spherulite deformaition
has been proposed by Sasaguri, Hoshino, and Stein (54).
Using this theory they have shown that at short times

and small strains the earliest deformation mode comprises

a transformation of the spherulite shape to an ellipsoid,
with the internal structure of the spherulite subjected
to the type of transformation shown in Fig. 1.6,

Deformation up to this point is largely concentrated into

non—crystalline regions. At longer times, and largexr

strains, this is followed by & time dependent orientation

of the molecular axis (o—-axis) towards the extension direction

which may be characterised by a compliance, Similar
results for PP have been obtained by Samuels(84).

Light scattering experiments(BS) also confirm that
the deformation mode of PE spherulites is a two stage
process in whih changes in light scattering following
spherulite deformation pggéédéfthe birefringence changes
which follow with reorientation of the awystals,

Stein (B1) g
of the crystals within the spherulites as,

as listed the possible rearrangements

{‘ LN S o "-2(’



a) rhysical rotation of crystals,

b) unfolding of folded chain crystals,

c) recrystallisation

&) dislocation migration, slip, and twisting

vwithin the crystals;

e) Tormation of 'tilted chain' type crysteals,
) crystal structure transition,

g) deformation of the crystel lattice,

h) chenge in the degree of crystallinity

Vhilst a well established theoxy (86) based on entropy
changes has been developed for the elasticity of a system
of randomly coiled cross—linked molecules as are found
in vulcanised rubbers, a similarly satisfying theory for
multiphase polymers cannot yet be evolved because of

a) the complexity and incomplete comprehension of

their structure,
and b) the lack of a simple mathemetical fremework to
describe a system comprising a phase whose elasticity
depends on its entropy (randomness), and a phase whose
elasticity is determined by the potential of its lattice.

The situation is further complicéated by the knowledge
that the polymeric crystalline phase must house re§ions of

misfit i.e. dislocations (87), and slip planes

similar
to metal crystals, The crystals themselves have, therefors,
all the ingredients of an elastic/plastic deformation model,
Electron microscopy, see Geil (7)chapter VII, has further
shown that shearing of lamellae over one another is a
typical deformation response, Other more complex
deformation modes have been proposed (67) to take into
account the effect of a periodic keying of lamellae

which are cooperatively twisted around each other. This
sort of texture effect may explain why in PE, which frequen—
tly displays the banded appearance assoclated with cooper—

ative twistins, it has been found (62) that the radiating
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fibrils themselves are drawn out into alligned molecules h (
N . . 0 .
at fairly low strains (~5 /O)z In PP, which only rarely
17)

displays a banded appearance deformation may be
concentreted into inter—ribrillar regioms up to considerably
higher strainsk62) (~30°/0) prior to the drawing out
process, '

A simple model in which the overall visco—elas

.

tic
response of the spherulite oomposiﬁéis considered as a
combination of two different visco—elastic mechanisms
has been proposed by Matsuoka (89)(82). In this model,
shown in Fig. 1.7a for tension in the vertical direction,
the two mechanisms comprise an a stress propagation
route linking essentially crystalline regions, and a §
route linking a sandwiched structure of slternate crystalline
and quasi—amorphous layers connected in series. This
model essentially differentiates vetween the mechanical
behaviour of the polar and equatorial regions of the
spherulite, as defined by the extension direction.

The concept of this model proves useful in explaining
some of the mechanical properties of these polymers. The
B route would be expected to display many of the properties
of & highly cross—linked rubber but with movement of the
rubbery phase being hindered by the bonded lamellae,.

Such a system has a typical long time modulus (90)
of from 1O7dyne/cm2 .+ compared with an observed overall
modulus for J}rstalline polymers of about logdyne/cm2 in
the long time range 91). It must be concluded that the
miich stiffer a stress route serves to bolster the overall
modulus and that the two mechanisms act in parallel as

shown in Fig. 1.7b for which,

. B A, B

= & (
Eoverall a Kg ¥ . B (1)
0 0
where %L and é@ are the fractional areas operated on by

© o eacn mechanisn,
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Pilms of uriaxiaily crystellised polybutene, in which
the fibriller growth habit of spnerulites was made to
grov predc:iﬁﬁntly in one direction, have been used by
Sasaguri, Yamade and Stein (952) to demonstrate the greater
deformapnility and lower modulus oi a B stress route which
is perpendicular to the fibrils, when compared with the
response of an a stress route which is parallel to the
fibrils, Their results show, however, that the stiffness
of the [ response is only about half of thea response over
the three decades of time for which measurements were made
on this polymer. By substituting this ratio of modulil
Ea=2E8 into equation (1), it would thenm appear that fox
any reasonable values for Ad/AO and AB/AO the values obtained
for Ea and 2E8 are of a similar order of magnitude to the
observed modulus of lOgdyne/sz. This deduction would
mean that the response of the § visco-elastic - mechanism
is by no means comparable with a heavily cross—linked
filled rubber system, and suggesis that either a) the gquasi~-
amorphous layers are far from being random in configuration
or that the ‘random' PP chain is much stiffer than a rubber
chain, or/and b) the lamellae themselves in the equatorial
reglons participate considerably in the deformation, These
respective conclusions would agree with the findings of
Hock(ZB) on PP and lMcCrum and Ilorris (67) on PE,

Some success in relating this ~equilvalent model method
to dynamic rheo—optical properties of crystalline polymers
has been reported by Takayanagi, Uemura and Minamizg3).
uwgilng a similar model shovn in Fig. 1,8,

In this model the overall modulus is related to the
modulus of its component phases by the more complex
relationsinip shown below, ‘

= Q + 1 ~—

B
overall R Rr — ——(2)
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in which E1 and E2 are the moculi of the crystalline
regions and disordered regions respectively, A and o
define the dispersion oI the amorphous phase with respect
to the stress direction.

Theoretically derived moduli in the chain axial
direction of several crystalline polymers have been
reported (94) to be of the order 1.5 x 101° dyne/cmz.
cmplrically determined values (95) agree qulte well
with this figure for PE (2.4 x 1012 dyne/omz) and other
polymers in which the bond angle in the carbon chain gives
them a zig—zag configuration, but show PP, which has a
helic¢al molecular chain counfiguration, to have a lower
modulus of about 4.2 x 1Olldyne/cm2. Nevertheless,
these values exceed the observed elastic modulus of
crystalline polymers by at least a factor of 10, because in
the stiffest o .. ress route, stresses are applied principally
to the weaker Van der Waal bonding forces between molecular
stems of lamellae, see Fig. 1l.7c.

The conventi picture of polymer crystals acting as
relatively non—-deformable cross—linking points in a
rubber~like lattice, has been the starting point for a
number of attemps to predict the modulus of crystalline

(96)

uses this model directly and produces a theory valid at

polymers in terms of molecular constants etec. Beuche

small strains by which he is enabled to use the theory

of equilibrium rubber elasticity applied to the inter—
crystallite regions. Becker 97) has combined this theory
with the Mooney—Rivlin theory to extend the modulus
predicted to larger deformations (€20°/ ).  Other
theories have further modified the gaussian network
treatment through either an introduction of an appropriate
correction for the filler action of the crystallites (111?
or by taking into account the action of crystallisation in



- 28 -

in straining the cuasi—amorphous chains whose ends are °
embedded in more than one growing crystal (98),

All these approaches neglect deformation of the
crystalline phase and should therefore strictly only
aprly to short time/small strain responses of the type
used in dynamic mechanical testing. In any normal type
of transient test some deformation of the cryvstelline

7
ij)makes agreement

(98)

better agreemengnis obtained by using an adjustable parameter

phase must occur which, in some cases,
fail by a factor between 5 and 10. In other approaches

which unintentiflly includes the deformebility of the
crystalline phase. Because deformation in the crystalline
phase 1s neglected all of these derived moduli have a
similar form in which the expression, equation (3), for
rubber elasticity is comspicuous in one form or another,

_ pRT
G =y (3)

where G = shear modulus
= density of the amorphous phase
= the gas constant

O

the absolute témperature

et
¥
{

= the numbher average chain molecular weight

between crosslinks,

For a derivation of this equation the reader is referred
to Chaps. III and IV of Ref, (86)

The difficulties of extending such approaches into
the realms of time dependence has inevitably led to a more
empirical approach,

Mathematical models comprising arrays of Hf‘ean Springs c\/
and Newtonian dashpots are fi_. zently used to dzgoribe the
response of polymeric systems T0 stress, strain and time,
although it is difficult to interpret their strict relat—

lonship with moxrphological I. .3Jures. The most general



arrangement of springs and dashpots which can represent
both creep and relaxation venaviour is shown in Fig, 1,9f

These simple models lead to solutions involving terms
of the form e}cp(—t/'c)v see Appendix I, where t is time
measured after the imposition of either a prescribed stress i/
or strain function; and T depends on the modulus and
viscosity ol the model elements. 7 is ceglleda either a
relaxation or retardation time according as either strain
or stress is the prescribed Iunction. To closely
approximate to the visco—elasitic response of polymers
requires a large number of model elements which in the
limit leads to a continuous relaxation or retardatio:
spectrum,

Little morphological meaning can be assigned to the
values of springx@qghgﬁggggt constaents in models comprising
discret& numbers since their values are not uniquely
determined by simple visco-elastic tests. The continuous
relaxation spectrum has, however, been given some morphol—
ogical meaning by extensions to Rouse:s (99) theory for
relaxation in dilute solutions of amorphous polymers, but
has to date been assigned little significance for crystalline
polymers,

Whilst a combination of these elements is capable of
simulating the approximate visco—elastic response of
crystalline polymers it is subject to the following limit—
ations,

i) no single model can predict the response to stresses,

strains or times which exceed the rather ill-—defined

bounds of linear viscec—elastic behaviour. A

normally accepted strain 1limit of about lo/o (91)(100)
is often vroposed, but long term recovery (101)
and relaxatio lgggeriments suggest that non—

iinearity is almost always present to some degree.

¥  gEE APPEND(Y T



- 30 —

ii) The response to complex stress (or strain) .
histories cannot be accurately predicted by a
(101) gue to the

above noted non—~linearity effects,.

Boltzman superposition law,

iii) Any long time experiments may have superimposed
on their response the effects of a time-dependent
change in structure,

The difficulties of incorporating'non—linear effects

into such models has led to empirical equations such as

(103) creep equation (4). Turner (69) has

Findley!s
correlated the effect of d&nsity in PE on the constants
in Findley's equation, but again no morphological

interpretation is capable for such results,

€ = A sinh Bo + K sinh Do - - (4)

From this review it can be seen that the intricacies (/
of the deformation behaviour of the crystalline phase have
made a strict relationship between structure and mechanical
properties impossible at this stage. '

———

% where A, By K and D are corstants.
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1.5, Conclusions,

Tris survey has shown that whilst thermal history
is known to affect the structure and mechanical properties
of PP, emongst other crystalline polymers, its treatment
on a quantitive basis is lackiag. Ak /

One of the most importent thermal history variables |
from the practical point of view is the rate of cooling
from the melt during moulding. This can control the
initial modulus and ductility of the material, depending
on the use to whicn the plastic is to be put.

Previous workers find that moulding cooling rates
are so variable within a single moulding or from a
sequence of nmouldings that e fairly thorough annealing
treatment is given to samples in order to obtain repetitive
and meaningful data for mechanical properties which may
not be tYpioal of the normally unannealed plastic, Ageing
is an unavoidable history variable and yet little has been
published on its effect on the transient mechanical
properties of PP, Again owing to the variability of mould—
ing conditions tne annealing treatments used to obtain rep—
etitive results for mechanical properties largely remove
the effects of age as & variable in laboratory testing,
Annealing treatments are seldom used in practice but may
become important where PP components are welded together.

The experiments undertaken were, therefore, based on
the effects of moulding cooling rate and age on the transient
rnechanical properties of PP. Annealing treatments were
used principally to elucidate the importance of some
structural features in determining mechanical properties,
Where possible these properties will be related to the
structure of PP as revealed by optical microscopy and
density measurements, |
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The results of these tests should establish both
useful practical data and some more systematic inter—
pretation of the effects of mouldinz conditions on
structure and mechanical properties,

It is not intended to apply any of the existing
theories for prediction of either modulus oxr time

dependence as varied by structure because of the consider—

able uncertainty as to the detailed morvnology of PP
and because of the inapplicability of existing theories
to testing procedures which must involve participation
of the crystalline phase,
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1,6, Lateriz=l Used in this Ee

n

ezsrch,

e poiypropylene nomopolymer used in this rescarcn
was 'Propathene' G.P,E, 33, normally used for general
extrusion and blow noulding purroses.

TR N . s o4 " ~

his material was supplied in sheet form by I.C.1.
(Hyae Division) as required by the moulding apparatus
at hand 1n the laboratory ,see sccilon 2,21, and is

characterised as follows.

lielt i Normal LG & Tives ‘/
*low W Density  Antioxi—~  Extrusion Nucleating .
Index g/ml dant and  adddtives  agents L
: thermnal ’
heat stab—
iliser
0.3 1-1.5x%10° 0,505 0%, stearate none
0.1-0.25%/0 lubricant
0,2-0.4"/0
A .f
# The strict type and quantity of such addgtives are L

trade secrets.
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2, DZVELOPLIND CF APPARATUS FOR RICCORDING COOLIXNG RARE
AND CRYSTALLISANTON LPERATURE DURING MOULDING
POLYPROPYLENE SHEZDS,

t‘J

4 SR . ~ o P I S N - ~ TR,
banderd Compression culding Procedure,

(RS
e
[@)]

3

he normal laboratory moulding procedure for producing
&

+

a compression moulded sheet Ffrom polypropylene (P2) stariiag
witn granules of plastic is as follows, The granules are
first made to coalf esce by neutwng und shearing them with v
contra-rotating rollors into a oreouu “sheet. Several of

_L

theseuorepea Sﬂebtb sufficient to give the reguired thick—
ness, are then trlmm d to it the moulding Iframe. Polished
facing ploetes are placed either side of the plastic to give
a good surface finish,and a light reteining pressure appiied
to the sandwiched systenm comprising a) plastic within a
metal frame in the middle, with b) facing plates, and c)
neating and cooling plattens at elther side.

The plattens are brougnt to a temperature of about 200°¢
and held at this temperature for 5 minutes, whilst applying
a light retaining presszure, This pressure is then built

LD Lo 7
~about 20 tons/in“.  This breathing process is designed to
release any trapped air pockets. A further 2 mins, are
spent at the platten temperature of 200°C., to allow nominally

o

complete melting, priocr to flushing the cooling coils with an

up over about 30 secs. in a series of stages or dbumps to
br

a2ir/water mixture to dbring the plastic to a handling temperat—
R D o t s : .
ure of about 307 — 407C. witain about 10 wins., representing

a cooling rate of approximately 15 C/mln
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2.2 bBxperimentel Moulding Apparatus

2,21 Technique and Apparatus for Recording Cooling Rate and

Crystallisation Temperature during Moulding.

An early feaqﬁ%ility study was undertaken to find if
the crystallisation temperature within a moulded polymer
could ve resolved by a thermocouple and continuous e.m. T,
recordexr, Iron/constantan thermocouples, chosen for <she
size of their e.m,f, response, were first embedded into Iin.
diameter plugs of polypropylene (PP) which were moulded from
granules in a leboratory mounting press. The e.,m.f, from
these thermocouples was displayed on a Kent Mk, III single
channel continuous recorder. Tests at varying cooling rates
from the melt confirmed that under suiltable conditions the
e.m, £, response gave a clear indication of the process of
crystallisation,

The shape of the e.m.f. versus time trace showed that
the exothermic process of crystallisation takes place over
a temperature range of the order of 12°¢,, a temperature
range comparable with DDA results(68) . During this period
of resolvable crystallisation, a maximum in the exotherm
exists, appearing as a plateau or inflection in the curve,
The point at which this occurs corresponds to a peak in the
exotnermic curve of a DTA experiment and is the result of
a maximum in the rate of crystallisation within the polymer,
This point of maximum crystallisation rate was chosen as;
and 1s hereafter defined as, the crystallisation temperature
(TC) for the moulded polymer.

For this crystallisation point to be clearly indicated
the polymer had to e in intimate contact with the thermo—
couple, Due to the low thermal conductivity of polymeric
materials, tenperature gradients between the surface and
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interior make it difficult to mould thick sections straight
from granules without trapping air pockets. The design

of & steel frame which would adnit properly sheathed thermo—-
couples into a moulded sheet made 1t necessary to have a
frame talckness of 0.2 ins. Because of the necessity of
prior shearing of +the polymer nibs into creped’sheets to
obtain a homogeneous moulded sheet of plastic of this thick—
ness,1t was declded to eliminate the compacting problem by
melting and remoulding ready-made sheets 0.25 ins, thick
which were supplied by ICI (Hyde division).

PP sheets of this thickness could be remoulded down to
the 0.2 ins. frame thickness; allowing for the excess material
to (a) f£ill chamnels which were cut for the thermocouples,
and (b) produce a slight flash of extrudate between the frame
and facing Sheets. The experimental arrangement 1s shown
in Fig. 2.1.

The flash of extruded plastic acts as a seal for the
retention of a pressure on the bulk of the sheet by the

plattens, Fig, 2.2 shows the results of an inadequate
pressure during moulding on a finished PP sheet in which
gas has come out of solution from the polymer, Plastic

was prevented from leaking through the thermocouple access
noles by using a thicker refractory sheath inside the frame,
wnich under pressure butted against the inside edge of the
frame to make a pressure sealjsee Fig. 2.3, The thicker
sheath also served to support the thermocouple in the approx—
imate gentre of the sheet thickness,

A recommended temperature — pressure moulding cycle for
these sheets was obtained by consultation with ICI (Plastics
Division ., Welwyn Garden City). This involved applying
pressure during the melting cycle at the softening temperature
of PP, which is at about 140°C., and during the cooling cycle

maintaining a moulding pressure of about 2 tons/in®,



The lateral dimensions of the moulded sheet were .
cnosen so that four tensile test pieces of a modified
ASTM specification shape, as described in section 4.2,
could be machined out, Thisy in conjunction with the
requirement of admitting thermocouples into the sheet,
determined the final moulded sheet dimensions of 8 ins,
X 5 ins, x 0,2 ins. The lateral area of 40 in2 of
polymer meant a deadweight load of 80 tons was required
to produce the recommended 2 'torls/in2 noulding pressure,
These considerations led to the adoption of a 200 ton
concrete press waich, as 1s shown in Fig. 2.4, was easily
adapted to mould thermoplastic sheets.

Two heating plattens were made to specification by
Eltron Electric Elements Ltd., each comprising a
1 kilowatt heating element cast into an aluminium block
measuring 1l ins. x 8 ins. x 1 in, A variac was used
to control the voltage supply to the heating plattens.

Two cooling plattens of the same dimensions were
each made in two parts to permit the machining of cooling
channels, and were bolted together with a copper gasket
and sealing paste to prevent leakage. The shape of the
cooling channels was chosen to produce as uniform a cooling
rate across the platten face as possible, and in operation
the plattens were arranged so that a contra flow of coolant
was applied at either side of the moulded sheet, as shown
in Pig. 2.5, It was found that this arrangement, together
with a device for distributing coolant at equal rates to

both plattens, see section 2.24, produced fairly uwniform

cooling rates across the plastic sheet, A strict definit—
ion of the cooling rate during moulding is given in section
2.41.

Variation in the cooling rate was achieved by —
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a) inserting heat shields of sindanyo. steel,
or the heating platten itself, between the
cooling plattens and the plastic
b) varying the rate of flow of coolant, and
sometimes simultaneously adjusting the
voltage to the heating plattens ;
c) using water or compressed air as the coolant
d) lowering the voltage to the heating plattens
by hand
To measure discregﬁhcies in cooling rate and resulting
TC across each 8 ins. x 5 ins. sheet, three thermocouples
were inserted into the positions shown in Fig. 2.9 which
form part of a grid matrix within the frame.

2,22 Calibration and Errors in the Temperature Measuring

System.

To obtain sufficient accuracy in converting from the
e.m.f. of the iron/constantan thermocouples as recorded
on the Kent recorder into temperatures, the thermocouple
wire was calibrated and the Kent recorder!s accuracy and
resolution were checked.

Calibration of the thermocouple wire was carried out
against an NPL calibratedf%ggfggghce thermometer, Three
thermocouples, from the same reel of wire, were tested
simultaneously using an'ice in water cold junction as a
zero degree centigrade reference. ’The greatest difference
between e.m.f. readings of these thermocouples was found to
be equal to .01l mV, This was taken to be representative
of the error which was assumed to hold for the remainder of
the wire which was taken from the same reel throughout this
work, |

The Kent recorder was made to read the e.m.f. supplied
to a Tinsley Vernier Potentiometer, which showed that over
the selection of mV ranges used, the poorest agreement was

4

§
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in error by .C05 mV, wnilst the resolution of the instrument
appeared to be ,001 mV,

Aaccunmulating the errors from the thermocouple calibrat—
ion and the recorder made the greatest possible error equal
to £ 0,015 mV, Assuming the approximation that for Iron/
constantan 1 mV corresponds to 20.0°¢ throughout 1ts range.
(an approximation which will slightly over—estimate the
error at temperatures in the range where crystallisation
takes place in PP)gthe temperatures recorded in this way
may be in overall error by o O.BOC.

2.23 Moulding Procedure.

The thermocouple wires were first threaded througn
the frame, sheathed, and spot welded in situ) the other
end of these wires was taken via an ice in water cold
junction to a three way switch and then connected to a
mobile Kent recorder.

The as.received plastic sheet was trimmed to fit
into the frame and had three channels cut into it to take
the thermocouples. Facing plates of polished aluminium
were placed either side of the sheet which was then inserted
between the selected arrangement of cooling and heating
plattens. A light retaining pressure equal to l/lo ton/in2
(4 tons on the ram) was applied to the plastic during heating
until the plastic reached 14000 at which the pressure was built
up to 1.5 tons/in2 (60 tons on the ram). Heating was cont—
inued until the plastic reached 24OOC.v a procedure which was
found to produce the required thoroughness of melting, see

section 2.32,
Before starting the selected cooling vprocedure the ram

load was raised to 80 tons and held at this value during
cooling. This was adopted as a standard procedure for

producing a nominal pressure on the plastic sheet of 2 tons/inz,
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Tne actual pressure on the plastic sheet 1s imprecise, since
it depends on the surface area of extrudate which also
supports the ram load. However, this pressure was taken
to be virstually constant from one moulding to another.

Throughout this moulding cycle the e.m.f., from the
thermocouples was tracked on the Kent continuous recorder.
During the cooling c¢ycle a chart speed was selected which
would best indicate the crystallisation point according to
cooling rate,and a careful tracking of the response of all
three thermocouples was made. Affer each moulding the
thermocouples and sheaths were left embedded in the plastic
and the wires had to be cut and new thermocouples made up
as before for the next moulding. A completed moulded
sheet with thermocouples embedded yé shown in PFig. 2.6.

/ .

2.24 Evaluation of Apparatus.

Before proceeding with the main experimental
programme, a few moulding runs were carried out at various
cooling rates to test the performance of the apparatus.

At slow cooling rates, using compressed air for the
coolant, a very uniform cooling was obtained and a variation
in crystallisation temperature of not more than 0.5°C was
measured across the sheet, The resultant sheet was also
perfectly flat.

At the fastest cooling rates, in which the cooling
blocks were immediate to the plastic and water coolant at
the fastest rate was used, large discrepgncies in cooling
rate (73°C/min to 102°C/min) and resultent T_ (114.7°C to
110.3°0) were recorded, The resultant sheet was also
seriously distorted to an extent which would have made
""uniaxial' tensile.testing of the finished tensiléxpiece
meaningless. ;

Microscopy of a fast-cooled sheet showed a marked



asymmetry in the distribution of spherulite size through
the thickness direction of the sheet, as would result from
a considerable difference in the cooling rate applied at
elther face of the sheet, This would induce an asymmetric
density distribution through the thickness direction, which
would result in the distorted shape of the sheet.

A simple device, shown in Fig. 2.7, was therefore desi-—
gned to distribute ccolant at equal rates to either side of
thie sheet. The resulting improvement in the flatness of
quench-cocoled sheets is shown in Fig. 2.8.

Where cooling was faster than about 40°C/min. a small
degree of distortion in the moulding sheet was an unavoid—
able consequence of using faster cooling rates than are
recommended for thermoplastic sheets of 0.2 ins. thickness)
a normal injection moulding would typically limit cooling
rates for this thickness to about 25°C/min.

The thickness of the sheets was, therefore, not a
conpletely independent variable in determining the effects
of cooling rate in the mould on subseguent mechanical prope—
rties for comparisons on a general basis, bﬁt was a factor
predetermined by the requirement for facilitating the
repeated induction of thermocouples through the moulding
frame,

There is o limit, for example, to how fast the interior
of a thick sheet can be cooled, which is determined by the
early solidification and insulating qualities of the sheet
faces. Allowance for this was maede in this moulding
apparatus by recording the cooling rate as it occurred within
the central zone of the sheet,rather than by relating it to
the cooling rate of the plattens themselves. Once, therefore,
the sheet faces are machined off, the structure remaining
should be typical of the recorded cooling rate applied at
the plattens to a thinner section of material, This does

not, however, remove the consequences of quench cooling &



thick sectlon in relation to slight distortions, as can
still be seen in Fig., 2.8,

The limit €o wnich machining-off of faces was taken
wag dictated by (a) its usefuliness in reducing the T,
spread in the remaining thickness of material to a level
no more than is expected in the lateral direction of the
sheet, and (b) the dangers of concentrating too much 'work
neat' into the material during machining. These aspects
are dealt with more fully in the section 4,2. which deals
with the scatter in thermal history on each tensile test
piece,

These preliminery experiments showed that the limit
of cooling rate obtainable at the centre of the sheet
with this apparatus was of the order of 15000/min.

The presence of the three thermocouples was deslrable
in order to have a recoxrd of the distribution of thermal
history applied to each sheet in the lateral direction,
and enabled a fairly accurate interpolation for each tensile
test piece where this was necessary. A typical record
and interpolation ig shown in Fig. 2.9 : for one of the fast—
est cooled gsheets.



2.3 Choice of Melt Conditions

The selection of a suiltable melt treatment which will
eliminate all traces of prior crystalline structure is an
importaﬁ?@onsiderakion in any detailed study of the elfects
of thermal history on structure and mechanical properties

in polymeric material.
2.31L Theoretical Aspects.

The most important parameters determining a polymer!s
morphology and dégree of crystallinity are the overall
nucleation rate ﬁ v and the spherulite growth rate G.
Mandelkern(lOS)has shown that the isothermal process of
crystallisation of homopolymers in bulk can, with certain
assumptions which do not affect the present discussion,
be expressed by the equation,

L;&(M) = i f&..i\'\f.qg.‘té" (1) -
~ Xso S Xw \f)c.
where, Xt = the crystallised fraction at time +,
¥ = theegilbrium crystalline fraction,
XW = the mass fraction of the system which
eventually becomes transformed,

Pp v Pg = the densities of the polymeric liqud
and completely crystalline polymer,
respectively,

ﬁ = ‘the nucleation rate,
G = the crystallisation growth rate.

The right hand side of this equation has the form
wkstn. in which ks 18 a crystallisation rate constant which
embodies the nucleation rate and growth rate terms, and n

is an integer.

P!
) o far %L Pd,(%
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An illustration of the relative temperature dependence
of the homogeneous nucleation rate and the spherulite growth
rate for PP is shown in Tig. 2,10.

Any uamelted crystalline .
embryos which remain during
cocolirng a polymer from the

‘ : \\ % melt become seeds fgg)heteroﬁ

I \ 1 geneous nucleation

N \ C The presence of an increased
\\ _ number of heterogeneous nucleil
\:f\\‘ tends to increase the overall

nucleation rate whilst the
T——e T

] ) spherulite growth rate is
Fi@. 2.10 relatively unchanged(68)(53) -
This has the effect of moving the nucleation rate curve
further to the right of the gpherulitic growth rate curve,
thus increasing the crystallisation rate constant ks at any
chosen temperature.

For moulded polymer sheets to be consistent on a compa— -7
rative basis it would be sufficient to produce the same |
melt conditions for each moulding run. .

There are, however, slight variations in the heating
time within the polymer sheet according to variations in
the thermal mass of material between the heating plattens
and the polyner, this being a requirement of the procedure
for varying the cooling rate. This produces a variable
melt treatment liable to leave the molten polymer with a

A1LLerenbnt of unmelted crystalline embryos, and hence produce
sheets of differing nucleation rate not necessarily associated
with the cooling rate and TC. Thus any correlation of the
final structural or mechanical properties against the cooling

rate, TC v or densgity would also represent a function of



melt conditions and prior thermal history.

In view of these considerations and the hope to
utilise typical kinetic crystallisation data from the
literature for predicting the TC following various cooling
rates, 1t was required to produce a similar melt heving the

minimum of heterogeneous nuclei.
2.32 Procedure for Finding True Melt Conditions.

The effect of the density of heterogeneous nuclei on
the crystallisation rate provides a fairly straightforward
test cepable of determining®melt condition which is sufficient
to melt out all the crystalline =  material without proceed—
ing to a stage of thermal or oxidation deg:ﬁﬁation. the
products of which will again increase the éontent of hetero—
geneous nuclel, |

This test involves systematically varying the melt
conditions and either measuring the crystallisation temperat—
ure T following a standard cooling rate, usually on DTA
apparatus F34), i - or calculating the crystallisation rate
constant k_. following isothermal crystallisation at a
standard temperature, from either DTA or dilatometry

testst LOT)(208) o inimum value of either T or k|
corresponds to the optimum melting conditions. Detailed
studies have been made to find these melt conditions in

PP (34)(106-108) y but results differ markedly, e.g.

Grifitn and REnby(*°9)  fing a melt temperature of 180°(

held for 20 mins. is adequate, whilst Marker et al. 107)

find a melt temperature of 19000 held for 30 mins. is
inadequate; 1t must be concluded that factors such as steric
regularity, stabilizing and antioxidant addﬁ%ives, as well

as molecular weight (MVW) and polydispersitf (MW/Mn) are
playing an active part (110)

In choosing a melt condition for the moulding procedure

in this research two factors had to be considered.

A

L/
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i) Melting is carried out at a moulding pressure.of
approximately 1.5 tons/in2(= 229 atmospheres) which will

call for a more thorough melt treatment than in the
literature references quoted above.

ii) The upper temperature should be limited by considerations
of thermal and oxidation degredation.

111) has shown

Research by Davis, Tobias and Peterli(
that negligible thermal degradation in PP procceds at a
temperature of 25000 held fSr a time far in excess of normal
melting times.  Falkail33)  has found that unstabilised
PP suffered negliglble chaﬁge in MW following heating for
30 minsg. at ZOOOC. On the basis of these results a max—
imum melt temperature of 240°C was chosen for the stabilised
PP sample used in this research and two moulding runs were
completed to test if this produced the required melt
condition. Both tests were made in the slow cooling range
where compressed air coolant could be used to obtain repeat—
able cooling rates, thelr temperature — time curves in the
melt are shown in Fig, 2.11. The first moulding (A) was
made a typical one approximating to the minimum melt
procedure encountered in the moulding programme. In the
second moulding (B), the polymer was held at 250°C for 15
mins. , a melt procedure far in excess of the maximum in the
moulding programme, The results are shown in table 2.1 over
and shown in IFig. 2,12 designated ainﬁest B. They sow
that the normal melt procedure used the production: of PP
sheets was adequate, whilst the procedure used in sheet (B)
demonstrated slight signs of contamination by degraded

products. o
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SHEET Avergge Cooling Rate Average Tc
C/min,
A | 9.3 121.0
B 10.5 121.5
Teble 2.1

A further cause of abnormal crystallisation is the
p?eéence of cracks and flow liées which a?t Eflgyff%gﬁen—
elties and produce a type of line nucleation
(11) Examples of this were found to occur in moulded
plugs of PP where melt conditions (= 210°C for 30 secs.)
were inadequate to produce coailescenoe between granules,
see section 5.24. Since during the softening stages of
the sheet,there is a flow close to the thermocouple due to
the collapse of the sheet to fill the channels made for the
thermocouples, it must be concluded that this source of
heterogeneous nucleation is also eliminated by the standard
melting procedure. This was later confirmed by microscopy
of sections taken very close to thermocouples,
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2.4 Results for Crystellisation Temperature versus Cooling
Rate., Pig, 2,12,

2.41 A Strict Definition of Cooling Rate.

The cooling rate C was selectea as a tangent to the
temperature — time curve at +t he melting point Tm of the
polymer at nominal moulding pressure of 2 tons/inz. The
approximate Tm at this pressure was arrived at by taking
the T as found during the heating cycle (heating rate %

5 C/mln) from the latent heat exchange point, and adjusting
this value (= 168°C) as shown below to allow for the
pressure of 2 tons/in2 used during the cooling cycle, %ﬁiﬁ
on the effect of pressure on the T of homopolymers, to be
2°C, making T, = 170°C at 2 tons/ln

It is 11ke1y that the value of 168°C is below the
equilibrium melting temperature, since this should be con—

adjustment was assessed from the data of Baer and Kardos

sidered to be representative of the corresponding temperature

for the hypothetically perfect maoroscopic crystal. The
assignment of T for a given polymer thenfore requires that Cﬁ/
the fusion procebs be carried out very slowly s0 that the

most perfectly ordered crystalline-structures are developed,

This condition did not prevail during the heating cycle of

a moulding run. Since a range of T _ wvalues are guoted for

PP from 149°C for low MW materia1(31 ¢ up to 189°¢ for

(40) y Or even higher<4l) , and since

well annealed samples
the value of Tm= 170°C is not accurate, it seemed undesirable
to relate the TO found in these experiments to a degree of
supercooling (= T, - TC). I+ is shown in section 2.5 that
the value of TC predicted from typical crystallisation data
for PP was relatively insensitive to quite large changes

in the choice of T . An optimum heating rate for T
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; : . : 0 .
determination in PP would appear to be about 1°C/min.
(114) o X o range

/Since cooling rates in this temperature wePe almost
linear, cooling ratves were defined as a tangent to the
. . 0
temperature — time curve at 1707C.

2,42 Assessment of Errors in TC and Cooling Rate.

The errors in the measurement of temperature using
iron/constantan thermocouples and the Kent recorder have
already been discussed in section 2.15, where it was
concluded that the maximum error in temperature measurement
was — 0.300.

In slow-cooled sheets, where the maximum in the rate
of crystallisation produces a well defined plabeaun in the
e.m,f, — time curve, the accuracy of determination of Tc
is the same as that of the temperature measuring system,.
However, at faster cooling rates, greater than about
20°C/min. , this plateau tended to become more of an inflect—
ion.despite the use of faster recording spceds. This
represents a significant change in the 'dwell time' during
crystallisation and is dizussed in section 3.D. At the
fastest cooling rates possible with this apparatus, a
resolution error for TC of £ O.BOC made the overall error
in TC in this zone & 0.8°C.

The effect on TC of any slight variation: in moulding
pressure due to the variable area of extrudate was shown
to be completely negligible in the light of the experiment
in section 2.56 in which a sheet was moulded at a greatly
reduced pressure.

In the fastest . cooled sheets an increase in the cooling
rate was observed snortly before the crystallisation point,
see Fig, 2.13) making it difficult to decide at which point
to measure the cooling rate responsible for the observed

T..
c



This was only seen in those sheets where cooling was achieved
by passing water coolant at the maximum rate through the
cooling coils. when these were separated from the polymer

by the minimum thermal barrier equal to O, 25ins, of
alminium, In particular, since this irregularity in

coo ling rate was not found when compressed air was the coolant
with the cooling coils in the same position) it was con—
cluded that the effect was due to the initial conversion of
water coolant to steam during the first 30 secs. of cooling
changing to a more efficient single phase water cooling when
the exit temperature fell below 100°¢, Where a greater
thermal barrier of metal was present between the cooling
platten and the polymer, this effect could not be detected
within the polymer,

In view of the indecisive cooling rate in the most
raplid range, 1t was chosen to retain the cooling rate as
defined at 170°C as that responsible for crystallisation
throughout this programme,

It is suggested that these sources of error combined
to produce the greater scatter in the results shown towards
faster cooling rates, in Fig, 2.12,

fLG, 2,13



2.5 Trecretical Prediction oS tie Crvstaullisation
e

Temverature 25 a result of varving the Cooling

2,51 Introduction to the Theoretical Concept.

In general the isothermal crystallisation of bulk
polymers nas been found to fit 'hi following type of
relatlionship proposed by Avrami for the kinetics
o0f phase change for a random distridbution of nuclei.

.
X, = X, [l.w-exp C—kstn)j - (2)

where Xt = the crystallised fraction at time t,
X, = the eqilbrium crystalline fraction,
ks = a8 rate constant which depends on the
nucleation rate and growth rate,
n = a constant, the wvalue of which depends
on the type of nucleation and growth

mechanism as shown in table 2,2 below.

TABLE 2.2
Growth Homogeneous Heterogeneous
Nucleation Nucleation
three—dimasional 4 3<ng4
two—-dimensional 3 2Ln <3
one—dimensional 2 ‘ l<ng?

This equation is a more general form of equation (1)
already mentioned in section 2.31, in that it can describe
the progress of any of the crystallisation mechanismSin a
temperature and time range where the characteristic kinetics
of phase change remain the same. The assumption of an
isokinetic range makes the exporent n a constant, as stated
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coove, independent of temperature and time, whilst ks
renains a function of temperature alone,

The prediction of T+ as defined throughout this work,
during a constant cooling rate obtains from an extrapolétion
of the Avrami equation (2) to a condition of monotonic
change in temperature, and the calculation of the time at
whicn a maximum occurs in the crystallisation rate, This
is a valld procedure if isokinetic conditions are assumed
to prevalil during the temperature and time field covered
during the stages of cooling priox to the TO.

2,52 The Value of the Avrami Exponent n and the Crystallis—
ation Rate Constant ks for polypropylene,

Polypropylene is generally found to be a well-behaved
polymer for the simple application for the Avrami equation. .
This can be seen from the bulk of the resuylts for

169) (107(3?)(116)

isothermal crystallisation kinetics of PP
(117) wnich support The requirement of an isokinetic
zone whicn spans the temperature range of 121.5°¢ to 156.0°C
for which readings are available. A tenperature-dependent
cnange in kinetics hag. however, been reported by Magill

to occur at about 115 C, This change, which is within

the Tc range covered by these experiments, was neglected

for the purposes of a prediction of TO during constant
cooling priacipally because of doubt as to the precise
kinetics of crystallisation at these relativeély low tempera—
tures. For example, Magill plots his data with values of

n equal to 2,0 and 4.0 with no apparent reduction in the
scatter of values for log k versus T.

Recently, Hoshino et a1(58) have reported that the
Avrami exponent n for PP is also time dependent as a result
of the onset of secondary crystallisation, They find that
the primary spherulitic growth process is describable by



by an Avranl equation with n = 3.9. Secondary crystallis—
ation is also describable by an Avrami equation with n = 1.8,
Accordin: to Keith and Padaeﬁ 3ne former is a process of
growth ol primary radial flbers to form spherulites, the
latter is one of crystallisation of the material between
radial fibers. Hoshino et alls work also indicates that
polymer samples of different tacticity are likely to have
changes in n due to the effect of tacticity on the ratio

of primary to secondary growth process,

Thus salthough the yalue of n has been shown to be
substantially independent ol temperature and time (where
measurements are commonly for the early stages of crystall—
isation)the precise value of n found varies between 2.5
and 4.0 with the most commonly guoted value equal to 3
as would, according to the findings of Hoshino et al,
befit the earlier stages of crystallisation, It is
obvious that this variation in values reflects principally
the possibility of differing amounts of inherent hetero—
geneous nuclel, the development of mixed crystallisation
kinetics coupled with variations in sample tacticity, and
also the difficulty of determining the best values of the
dependent variables ks and n because of the insensitivity
of the plot of

1n [:m (\Xa‘“ Xt)]
- . versus lnt

normally used to find n.

Aside from considerations of the type of crystallisat—
ion mechanism (i.e. the value assigned n), there is evidence
that the size and distribution of molecular welgntlnfluence
the rate of crystallisation i.e, ks. It hmgﬁoeen fgund
that the rate of crystallisation in PP 1ncreas¢s with

(118)(106) (24 )

increase in molecular weight (W) However,
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other results(llo>
crystallisation as il\7 is raised, while polydispersity

show a vendency to decrease the rate of

(MW/Mn) is unchanged, A decrease in crystallisation
rate witn increase in MY has also been found for O%Kﬁ
(o) ({o7)

(61) Other available data for PP

ethylene _
see table 2.3:-shows no clear tendency for the dependence
of crystallisation rate on LV, These results suggest
the domigﬁnce of one or other of the effects of kinetic or
thermodynamic motivationy the former of which would predict
that crystallisation rate decreases as MW is increased due
to the action of entanglements, whilst the latter would
predict the opposite due to the effects of the number of
chain ends on the concentration of crystallisable species,
The results for log kS versus temperature

available from the literature are
shown in Fig. 2.14 and are tabulated with other relevant
data in table 2.3.° In all cases but one, “10) | tne
data published was in a tabulated form which enabled the
fitting of a 'least—squares' straight line by a standard
curve fitting computer programme, A general similarity
in results can be seen in Fig. 2.I4. and has been commented
on by Limbert and Baer(llg) v who have also observed the
surprising degree of similarity in the results of various
investigations on PP even where samples used- -were of quite
different origin.

2.53 The Temperature Dependence of log ks.

A review of crystallisation kinetics for polymers by
Mandelkern (105) shows that for a surface nucleation and
two dimensional growth mechanismn,

Tm

log k_ = ‘constant' — ¢
1

W————
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whilst for a three-dimensional nucleation and growth

mechanisn,
2
T

N m
log X, = 'constant' - c, 4)

S
2
T(Tm—T)

where cq and c, are constants, Tm is the equilibrium
melting point, and T is the crystallisation temperature,
The 'constant' in ecuations (3) and (4) has the form
(A — B/T) where A and B are consbtants. Falkail33)
has shown that variations in % are negligible compared with
variations in the second temperature dependent term in the
normal crystallisation temperature range for PP,

c.g. for 122 <1, < 145°¢,
B/T varies by a factor 1.07

1] m — 2
cy &m/Lng T) varies by a factor 1.8

Therefore to a first approximation the expression

(A - %) behaves as a constant in this range of temperatures.

Thus by a plot of log 3 (or log N or log @) versus

TW\ -J-Tm\ . . .
=y and 2 ¢ it might be expected that the
Liﬂmu T) T(Tm D)

better correlation and hence the dominant crystallisation
mechanism would show up as a better straight line fit to
experimentally determined data,

This procedure suffers the disadvantage that the
resulting plots are very sensitive to the value assigned
Tm’ This situation is complicated by the change in
apparent M.P. a¢companying changes in crystallisation
temperature (119)(33) | Palkai has shown that the amount
of suoercooling based on this variable M.P., predicts a
tter temperature dependence for log G as in equations
)

o
(3) and (4) than the assumption of a constant equilibrium
T
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Other attempts a2t delineating the domingdnt crystallis— L/
ation mechanism for P? ) vased on a constant
value of Tm' show no clear graphical preference of fit for
the alternative mechanisms.,

A more detailed analysis was therefore undertaken,
using the data of Falkai, to calculate a comparative value
for the correlation of log ksplotted against a base of
(i) T, and (ii) T..

o ) Y AO .
.L(_Lm T) L(.Lm

m

=

)

and to compare this with the correlation against
sSpe

(iii) T, The latter has the advantage of not cifying

Tm '
A non—dimensional correlation coefficient was calculated

to measure the goodness of fit betwcen the experimental data
and a 'leasit—squares' straight line fitted to the data using
a standard curve fitting computer programme,

A suitable correlation coefficient is<-20)

i —
oL <x = w)(y — Ylj
]

S x — %)= (y - y)2

in which,

(x — X) = the distance between the data point and
the 'best fit' linear relationship in
the X—direction

(y — 7) = the same distance in the Y—direction.

When the value of r is unityq there is a perfect linear
relationship between the variables x and y; and when zero,
there is no linear relationship between the variables,

The following results for the dependence of'loglgs on
the various functions of temperature were obtained,

(i) log ks as a function of T'w r = 1,0000

mm . m
L(Lm T)




(i1) 1loz k, as a function of 1.0000

N
(]
I

(1i1) log k. as a function of T r = 0,9999

I% therefore appears that both a two dimensional and
three dimensional nucleation and growth mechanism is
equally favoured for this data. This fact may explain
the most commonly found Avrami exponent equal to 3,0
wnich is the only value common to both a two and three
dimensional growth mechanism, see Table 2.2.

Result (iii) shows thet the commonly used present—
ation of log ks as being linearly dependent on T is
reasonavble, and this simplified type of dependence, which
does not require the specification of Tm' was used in the
following section 2.54

2,54, Theory and Results derived from Typical Kinetic Data,

The assumption that isokinetic conditions prevail
during the temperature end time field covered during
the steges of cooling prior to T, in the Avrami equation (2)
meens that,

a) the exponent n equals a constant

b) k_ remains a function of temperature alone

X, = Xwil —~ exp(-—-ks"tn):é (2)

This assumption and the assumption that log ks is

well represented by a linear function of temperature (T)
enables the definition of the crystallisation rate—temp—
erature relationship by the equation

log &k = A — m(T — 110) | (5)

where 4 is the intercepv at an arbitrarily
) 0 . .
chosen temperature = 1107C, and w is the gradient of the

log ks-4.T line, as illustrated in TIig, 2.15., over.



Assuming that the cooling rate ¢ applied to the

Fig., 2.16., the temperature—time dependence during
mouldin: becones

T =T — ¢t (6)

where T is an approximate value for the equilibrium

Ty

Substituting equation (6) into (5) gives,
&)

o .
log ks = A —m L(; — 110) — ct |

R § N | (7)
i.e, ks = exp~l2,303A-— Q.BOBHIL(T — 110) -o§i}
Equation (7) revresents the time dependence of ks for
the particular cooling cycle applied to the polymer,
The rate of crystallisation at any time t, from
equation (2), becomes
ax [ .0 d 1] (8a)
! _ ol 1 n s T a
T = X, exp( kb )i,t Tt k. nt j
where, from equation (7)
dks 4 4
it = 2,303 mcks (8b)
A A
A B
EFFECT OF
CRYSTALLISATION.
log kg T
m ¥
\\
- L
Ho ' T t



VE"-L — §- 21 . c1
S5 5 2 exp(-t v |67 S552 4 ong™ S58 4 g n(ne1) "8
at °° L4t at
~ 2k 0?7 gus — £ disy "= xon %P0 2 (92)
at Qv J
where,from equation (7)
25,
"k (2,303 mc)zks (9D)
at°
i . d . R 1 L axt o
Lﬁe turning points in the wvalue of T3 are glven
when g = 0,
at
this cceurs when
1) X, exp(—kstn) = 0, d.e, when t —» oo
ii) k, = 0, i,e, when t —» ~ oo

" (unreal solution)
iii) when t = O

(th at t = 0 and t =<omust be minimum

The wvalues of
ones by simple reasoning, and hence for Kt to be a contin—
uous function, there should exist a third real root for
the RHS. of (%9a) corresponding to a maximum in the
crystvalliisation rate.

A computer pfogramme was written to find the second
real root © (the other real root being t = 0) for the

equation
n a%k dk n—2 on-1 dk
Lz s + ont?t Sy 4 ksn(n—l)t — 2k_nt S
ate at at
on  dk 0 2 on-2 ~ 0
—% ( ) — ks.n "

at r

! . 3
wvihere k_ = exp{2.303A — 2.303 m&T—llO) —-cﬁj}
N L
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This requires the specification of wvalues for .the

k3

congtents n, A, m, T an

Al e man

ne Iirst three constants

jo )

Cs

| Sl

ation and values for

J‘

define the kinetics of crystal

o

is
these are shown agalnst thelr respective authors in Table
(D

5
2o 30 The last two constents define the moulding conditi~—

ons. .
Heving found ©, which equeals the time at which dXt

..._—_._..

at
is a meximum, T, is arrived at by using equation (6),

1, =T of —— (62)

A grapnical representation of the dependence of the

quantities ty, ¢; and t 1is shown in Xig, 2,17.

4.k,
at

Some theoretically derived results for TC venﬁs
cooling rate, as found for the typical kinetic data for
PP are shown as full lines in Fig. 2.12. In 211 these
curves the value taken for T was 170°C, which was the
reasonable estimate for the Tm of the experimental PP
at the moulding pressure used in this programme. Since
this value of T is likely to differ Irom the equilibrium
- Ty for the PP types used in table 2, 3 “it became necessary
to find what effect variations in T have on the value of
TC.

The irnfluence of the value given T on the curve for

TO versus cooling rate was tested for the data of Marker
et al. It was found that varying T between 165°C and
185 C changed the T at any chosen cooling rate by a
maximum of 1.6 C.i See Pig. 2.12, It was thus shown
that this procedure for predicting TC is relatively insens—
itive to the value chosen for the Tm of the polymer.

N see Appendix II and bheside Fig. 2.12.



2,55 Discussion oi Theoretvical Results,

1, Trne shape of all the curves predicted by the
foregeing theory agrees very well with the trend of the
experimentally determined points., The kinetic data
which predicts the best fit is that of liarker et a1(107)
This can be explained on the grounds that

a) the PP type used by Marker et &l is very similar

to the one used in this work(lZl)
b) Marker et al give results which show that their
kinetic data are practically unaltered in the
range of wmelt index (1I) 1.05 to 0.11 which
covers the NI of 0.3 for this experimental
material,
¢) Very similar melt conditions were used.
It should be noted that the additional kinetic results

(33)

of Ialkai given in Table 2.3T‘where more thorough
melting conditions were used, predict a log kéw T line,
(shown as & dashed line in Fig, 2.14),very clcse to
that of Marker et al.

The other kinetic results give poorer agreement probably
because of the factors sited in section 2.52.

2, There 1s a general agreement between the Tc versus
cooling rute results derived from kinetic date at atmos—
pheric pressure and the exverimental results which are for
a nominal pressure of Qtons/inz. The conclusions drawn
from this result are stated and expanded in section 2.56.

3. The general agreement between theory and experiment
Justifies the assumptions ¢l an isokinetic zone in which the
temperature dependence of ks is described by a straight
line on a log ks — T ploty din particular these results show

M see Appendix II



that any change ol kinetics that might occur does rnot .make
the theoretical agreecment on this basis any less accurate.

.4, This procedure for predicting TC does not rely on
accurate date for the equilibrium Tm of the polymer, e.g.
. ~ . . -+ O . " . .

an estimate of Tm to within — 5°C is capable of predicting

R &
TC to viithin ~ 05400.

2,56 A note on the Effect of Pressure on the Crystallisation

Temperature,

One of the features noted from the general agreement
between theory and experiment is the apparent applicability
of kinetic data at a nominally atmospheric pressure to the
kinetics of phase change at a nominal pressure of 2tons/in2
(305 atmospheres).

oince there is a paucity of results for the dependence
of TC on cooling rate it seemed wathwhile to carry out a
single test to elucidate the effect of pressure on these
results, A sheet was therefore moulded using a reduced
nominal pressure of % ton/in2 (76 atmospheres) during the
cooling cycle. The results for this sheet, designated
as test !C', are shown on Pig. 2,12 with the rest of the
results, and are given in Tadble 2.4. Again a slow cooling
was chosen in order that differences would not be masked
by larger experimental errors,

TABLE 2.4
Nominal Pressure Cooling Rate To
During Crystallisation o o
( ATI) C/min. C/min )
305 10.5 120,52
76 10.5 119.3
(c)

1(P) 10.5 108.5
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(&) +taken from a mean curve fitted to the data at
slow cooling rates.
(b) pressure within the capsule of a DTA instrument.

read from the graph of Beck and Ledbetterﬂ68)

The conclusions drawn from the applicability of the
appropriate kinetic data at atmospheric pressure to the
dose prediction of results for TC at 305 atmospheres and
the very small fall in TC caused by the above change in
moulding pressure are that

a) Within the resolution of this test the kinetics

of crystallisation for PP are practically unaffected
by pressure on an absolute temperature scale,

b) their dependence on the degree of supercooling

(Tm - Tc) 1SPHEEEG in a direction and by an
amount approximately equal to the effect of pressure
on the eguilibrium T,

This conclusion means that the slight fall in TC
recorded in the above test should be deducible from a
knowledge of the effect of pressure on Tm for PP, and the
subsequent small effect of changes in Tm on the value of
To predicted from the typical kinetic data at atmospheric
pressure,

The results of Baer and Kardos(BS)
Tm of about 12°F 1°C¢ for the change in pressure 305 atmos—

show a drop in

pheres to 76 atmospheres for FP. Using the results for
the effect of T on TC this change in Tm would produce a
fall in T, equal to 1°¢. which compares well with the
fall of 1.2°C. found for this reduced pressure moulding.
The only other results which were found giving the T
versus coolimg rate for PP at atmospheric pressure are
those of Beck and Ledbetter. As can be seen in Fig. 2.12
their curve covers only a limited reange of cooling rates and

C
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has a level much lower than the results of this work,
This difference is not explicable on the grounds of &
pressure effect alone and it is concluded that their PP
sample must have a particularly low log ks - T curve,
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2.6 Conclusions

1) This moulding programme showed that for this PP
a change in cooling rate from 1,2°C/min. to 140°C/min.
produced an overall change in crystallisation temperature
of 17.3°C, It is necessary, therefore, if meaningful
results are to be obtained, to use an accurate apparatus
for measuring temperatures and cooling rates, such as was
developed in this programme for recording the thermal
history of moulded PP sheets.,

2) It is possible to predict the variation of Tc
with cooling rate for a crystalline polymer where a simple
isokinetic application of the Avrami equation is possible,
by using the appropriate data for the crystallisation rate
constant and its dependence on temperatﬁre. Where accurate
predictions are to be made from available kinetic data
- taken from other work, great care should be taken to observe
the compatability of materials, melt, and moulding conditions.
The effect of moulding pressure on To can be calculated.

This important extension of the Avrami equation would
also enable the effects of nucleating agents or melt con—
ditions on Tc during constant cooling to be predicted where
their influence  on isothermal crystallisation kinetics is
known.,

3) Any change in crystallisation kinetics within the
temperature — time field covered by these results for PP
does not produce an observable change in the trend of the
experimentél results for TC versus cooling rate; mor does
it vitiate the agreement in trend obtained by assuming an
isokinetic application of the Avrami equation covering the
same temperature — time field.

It follows, therefore, that where crystallisation rate
data is available in a limited temperature range a good
agreement with experimental results is still obtained in



the case of PP by extrapolating into the TC range covered
by the faster cooling rates,

4) Within the resolution of this test, it appears that
the sole effect of pressure on the crystallisation kinetics
of PP is to shift their dependence on the degree of super—
cooling (Tm.— TC) in a direction and by an aﬁbunt approx—
imately equal to the effect of pressure on the equilibrium
T,
~5) Values calculated for the correlation of log k, as

a function of T v and Tvir 5 fail to discern
— —
Tm(Tm T) Tm(Tm T)

" the preferred crystallisation mechanism for one of the most
complete sets of kinetic data found for PP, This is
consistent with the proposal that the commonly found value
of Avrami exponent equal to 3, represents the results of an
observation of both primary and secondary crystallisation
processes by most authors during isothermal orystallisation
studies, A value of 3 was present in the kinetic results
which gave the best prediction for Tc versus cooling‘rate
for the PP used in this work.
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inlet

PIG. 2.6

outlet

Airtight vessel

1) Prior to using coolant
distribution device
in Pig. 2.7 C=70°C/min
2) After using coolant
distribution device
in Pig. 2.7 C=100°C/min
3)

C=4-0~C/min.
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TEMPERATURE RANGE COVERED
BY CEACH REFEREINCE.

EXTRAPOLATION.

I

—

CRYSTALLISATION TEMPERATURE RANGE
COVERED IN MOULDING PROGRAMME,
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11O 120 30
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FIG. 214, VALUES OF LOG ks VERSUS CRYSTALLISATION
TEMPERATURE, TAKEN FROM THE LITERATURE.
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3. THE EFFECT OF MOULDING CONDITIONS ON THE STRUCTURE OF,
POLYPROPYLENE,

In chapter 2 the method of preparing compression
moulded sheets of PP of known cooling rate and
crystallisation temperature (TO) was described.

This chapter describes the observations made on the
gpherulitic structure and density of gsamples taken from
the above sheets.

3.1l. The Structure of Polypropylene Spherulites.

Polypropylene is unusual, though not uniqgue, in its
ability to grow more than one kind of spherulite. Four
distinct types have been identified and are characterised
as follows. »

type I, consists of monoclinic crystals, has weak

' positive birefringencgﬁ growé below about
134°C, amd melts at 168°¢,

type II,consists of monoclinic crystals, has weak

negative birefringence; grows above about
138°C, and melts at 168°C,

type IIT,consists of hexagonal crystals, has strong

negative birefringence, appears to be able to
grow sporadically throughout the normal
crystallisation temperature range but is
reported(17) to be favoured by rapid cooling
rates, melts at about 150°¢,

‘type IV, consists of hexagonal crystals, has a banded

..appearance, grows sporadically in the range
128° — 132°C., and melts at about 150°C,

# birefringence =1, — ntwhere n., and npare the radial and
tangential refractive indices
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A recently published examination by Padden and Keitn(18)

of the detailed structure of the most common spherulite
types I, II suggests that the radiating fibrils which
can be seen in the optical microscope comprise 'fronds'
which have the growth habit described below and shown
in Fig. 3.1.

a) 'radially directed leader lamellae' made up of
chain folded molecules, and having the a—axis
orientated radially, grow out into the melt until
they impinge on similar lamellae from neighbouring
spherulites,

b) primary branched lamellae grow oubtward from and
over the radial leader lamellae almost simultan—
eously and have an orientation almost at right
angles to the parent lamellae, their c—axis making
an angle of about 90° with that of their parent
lamellae,

c) a very few secondary lamellae having the same
orientation as the radial leaders may grow. on the
primary branched lamellae.

This morphology means that the molecular chain (c—axis)
is orientated both tangentially as in units (a) and (¢),
and approximately radially as in unit (b).

As was pointed out in section 1,1, a more strictly
defined morphology of these structures is not possible
at present because of the different values found for the
angle made by the molecular chains with the radius in
type I,II spherulites. No detailed knowledge of the
growth habit of type III or IV spherulites is known
to the author except that these appear to have a
simplified morphology, similar to PE Spherulﬁﬁ%%%§¥l
that they comprise purely radiating lamellae
having the molecular chain (oc-axis) tangential and
with the possibility of cooperative twisting along a -
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radius, They may easily be distinguished from the
normal type I, II spherulites by their bright appearance,
‘gsee Filg. 3.2..



3.2 Iiicroscopy of Samples with varying TC

Direct observation of the structure of the samples
was limited to the optical microscope. FPor this work
the equipment used was a Leitz base sledge microtome
and a Vickers projection microscope.

Liquid nitrogen was used as an aid to microtoming.
The }ightly scored film surfaces of specimens microtomed
for observation were optically occluded by oiling to a
glass slide with dimethyl phthalate (n°°= 1,515), the
refractive index of PP has been reported 17) to be
1.5..0. The structure was then viewed thrcugh crossed
polarised light,

Changes in the cooling rate through the thickness
direction of these fairly thick plastic sheets inevitably
complicates observations of a typical structure, Observ—
ation of spherulite size and type was therefore made only
near the sheet centre which should approximate to the
position of the thermocouple head which was supported by
~its refractory sheath in this position,

—~

3.21 Spherulite Sigze

Spherulite diameters were measured on a selected
range of samples in two orthogonal directions to eliminate
the influence of any strain induced orientation from either
moulding or microtoming. The results are given as the
mean of ten measurements(gﬁyfach sample against respective
values of Tc in table 3.14 -and are shown together with the
scatter in measured diameters in Fig. 3.3.
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TABLE 3

.1

Mean

Spherulite

Dia,

(em) x 10

. 220
. 303
. 326
. 438
. 615
. 836
. 979
1.071
1.172

2



-T2 —

A scatter in the measured diameteis follows from
(i) nucleation which is sporadic in time and space,
(ii) any difference in cooling rate within the plane at
which observations were made, and (iii) the measurement
of spherulite dimensions at a section not through the
centre of the spherulite.

3.22 Spherulite Type.

Broadly speaking microscopic observation in tramsmitted ld/
polarised light showed that the rate of occunmence of type
III spherulites varied unsystematically with cooling rate
from the melt, Whilst in a fixed area scanned by the
microscope their number appeared to increase in faster
cooled shests, after the increase in number of spherulites
was taken into account, the rate at which they occurred
per 100 spherulites was found to vary unsystematically.
within the range 0.09 to 0.86,

Equation (1) relates the overall density p, to the
densities of the amorphous phase Py and the monoclinic

. and the hexagonal crystalline phases, Py and py
respectively. :

Py = (1 — X)pa + X[}l - H)pm + th] —(1)

where X = the crystalline fraction
and H = the fraction of the total crystalline
phase which has a hexagonal structure.
...'-: n zg" d3
WLd
where ﬁ type I1II spherulites of diamfer d
are observed in a scanned area W x L.
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Using typical values for
X = 0.6, Py = 0.850, Py = 0.936, Py = 0.880
(see page 514 Ref. (7))
the maximum change in overall density resulting from the
variable concentration of hexagonal crystals was fouhd to
be = 0.0001 g/mL.

All the other spherulites seen apart from this were of
type I,IT, No type 1V spherulites were clearly observed,
Co0ling rates were apparently not sufficiently high
to produce the non—spherulitic structure which has been
observed in samples gquenched rapidly in dry ice—acetone,,
see page 20 of Geil (7). |



3.3 Density as a Measure of Crystallinity \

Whilst density or specific volume is valuable as
a simple index of local configurational structure its
relationship with the content of crystalline phage in
crystallisable polymers can only be inferred by a
provortioning similar to equation (1), of the respect—
ive densities for two phases normally assumed to be
perfectly crystalline and perfectly amorphous, The
occurrence of a class of material of intermediate order,
which has been identified in PP, makes any method used
to determine crystalline content give a di}ferent result
(lzggccording to whether the results interpret partially
ordered material as being crystalline (density measurement)
or non—crystalline (X—ray diffraction).' Thus the
percentage of crystallinity inferred by density measure—
ment is often found to be higher than that measured by

(52)

X—ray diffraction v although the density is more or

less a linear function of the X—ray-determined crystallinity

under normal crystallisation conditions.(4o>
Density measurements made in this work were not,

therefore, converted into absolute values of percentage

crystallinity.



3.4 HMeasurement of Density in Samples with varying

Crystallisation Temperature.

3,41 Experimental Procedure and Errors.

Densities were measured using the density — gradient
column method, in accordance with ASTM D — 1505 - 57T,
Columns were bullt with either an alcohol and distilled
water mixture or an isopropanol and diethylene glycol
mixture. The latter was found to remain stable for far
longer but suffered the disadvantage of being more
viscous,which meant a longer time had to be allowed for a
sample under test 0 reach an equilibrium level. S0
that measurements of density could be found at short times
a calibration curve was plotted of the distance of a test
piece above the equilibrium level for the first 48 hours
of immersion.

The only other experimental drawbacks to this method
for measuring the density of a moderate number of test
pieces at once were the occasional attachment of one test
piece to another and the occunénce of entrained air against
test pieces where these had any inward cut in their identi-
fying profile. These drawbacks were largely avoided by
limiting the number of test pieces in the column at any
one time and by washing them thoroughly in a sample of
the column mixture before Ttesting. ‘

All densities were measured at 23.0 iQ.loc as the
average of four test pieces taken from each sample.
Densities measured in this way were tracked for about 60
days from the time of moulding.

The scatter in height of any one sample in the column
made the accuracy of the density determination vary from
L 0.00025 g/ml in fast cooled sheetsy, to — 0,00015 g/ml
in slow cooled sheets. Extremes of ooolinglrate produced

T —
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a total change in density of only 0.006 g/ml, which meant
that even with this degree of accuracy of density deter—
mination an error of approximately x 4 O/o was inevitable

where propeties were correlated against density,
3.42 Results,

The results are shown as density versus time in
hours for the experimentally available range of T,
in Pig. 3.4.

An isochronous plot of density against Tc at ages
of 240 hours (10 days) and 1440 hours (60 days) is shown
in Figs. 3.6 and 3.7 respectively. Results are shown
with a chain line indicating the limits of scatter
which are attributed to errors in measuring TC, as
described in section 2.42% and with scatter lines which
indicate the spread in density from any one sample,

An increase in the scatter of the results as shown in
Figs. 3.6 and 3.7 towards the range of fast cooling
follows from the reduced accuracy with which T could

be determined %hls range, and the increase in scatter .of
sample density in fast cooled sheets.

A change in the density of samples taken from differ—
ent sheets i1s also possible due to the imprecision of '

moulding pfessure. Pressure during crystallisation has
been held to affect the quantity of void space
which is likely to develop during secondary and tertiary
crystallisation, Because of the standardised procedure

used in moulding and the small fluctuation expected in
mould pressure, this cause of scatter was neglected,

The curves obtained for density versus T show &
significant change in density dependenoe on T for
temperatures either side of T =120.5 °c. with an abnormally

large scatter in sample densmty at this temperature. ‘The



plot of density versus both age and-’l‘C which resulted from -
this work together with the mcord of TC from the three
thermocouples embedded in each sheet, enabled a fairly
accurate interpolation of the density for each tensile

test plece to be made where necessary. The acouraoy of
this determination was reduced as the cooling rates of the
sheets increased, '

3043,  Lxisting Theoretical Predioctions of Crystallinity
as varied by age and TC.

Collins123 has used a relationship of the form
shown in equation (2) to fit the progress of crystallinity
in PE with age up to times for which crystallinity equals
the maximum allowed by structural impediments.

& 1log t . exp(Cz/T) (2)

where Xt = the aoystallinity at time %

X, = A+ C

A, Cl.C2 = constants
T = absolute temperature

The form of temperature dependence of this equation
suggests that the process of secondary crystallisation
is diffusion controlled. For a fixed temperature, therefore,
o plot of density to a base of log % should appear as '
linear.

Some typical results from section 3,42 were plotted
to a base of log t (hours) in PFig, 3.5 and confirm the
applicability of the form of equation (1), +to PP.

 Collins did not extend his study to examine the effect

on his results of the degree of initial cooling rate of the
sample. From Fig, 3.5 it can be seen that the values of
the rate quantity , Clexp(Cz/T). vary by very little and

show only a slight tendency to faster diffusion rates
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in the fastest cooled sheets, r
’ In Fig. 3.5 the slopes of lines for test B*and test
¢ of the last chapter do, however, show respectively
that the melt condition and pressure of moulding may control
subsequent diffusion rates for age induced crystallisation
to a larger extent than the cooling rate, The increased
slope for test B is explained by the slight degree of
thermal dequaation which was indicated in the T, results
for this sample, see section 2.32. Thermal degradation Q.
would be expected to reduce the average chain length of the
material and hence increase 1ts self-~diffusion rate.
No specific values for the slopes of the density
versus log (time) lines were calculated because of the
size of cumulative errors resulting from TC and density
determinations. The change in slope after a time of the
order 700 hours in several of the samples may be due to the
onset of structural impediments to further increase in
crystallinity, but because of ity irregular disposition
between samples of varying cooling rates ‘it 1s. - more
likely to result from density test pleces coming into
close contact with the wa%%zof the dnsity column.
4

ship of the form shown in equation (3) for the dependence

Krigbaum and Uematsu have developed a relation—

of the equilibrium crystallinity in PP on isothermal
crystallisation temperature, Their results, which cover
the limited temperature range of 1370 156°¢, give good
agreement with this relationship.

(1-%x)"%=x 0 . (3)
where X = equilibrium or final crystallinity

K = a constant

T = absolute temperature.

= this sample was thermally degréded. see ([, 46

2.
» moulded at a reduced pressure, see p, 62
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The results of section 3,42 show, however, that a
continuous function of this kind is incapable of accurately
predicting the final crystellinity where the temperature
is below about 120.5°C,, where there are some indications

of a change in crystallisation kinetics,
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3.5 Discussion,

As 1s to be expected, both spherulite size and

density increase as T is raised, There is; however,

a marked increase in spherullte diameter at a T of about

120,5 °¢ and a Jump in density at the(sa?e p01nt Some
68

results on PP by Beck and Ledbetter
varied by the addition of nucleating agents, are too

where TC was

scattered to show any apparent discontinuity in the way
density depends on TC.

No other reference has been found to this sharp
increase in density in PP, (12 ilmllar discontinuity
a 5

= 85°C and in polyethylene terephthalate

to occur in PE at
(126)

has, however, been reporte

The observed variation in the content of hexagonal
crystals las already been shown to be incapable of producing

a density change of more than ,0002 g/mL, The observation
that type III spherulites occurred under all mouldﬁgg)
g

conditions does not agree with Putili and Sabbioni
who pinpoint a Tc = 120°C as being the threshold for

the growth of type III spherulites in PP during constant
cooling from the melt, The same authors also report

that a maximum in both the overall rate of crystallisation
(ks) and spherulite growth rate (G) is attained at about this

(17) of G, however,

same point, Isothermal observations
do not show a maximum at this temperature.

As an indication of & possible change in crystallisation
kinetics, a measurement of the 'dwell time' during
crystallisation was made for a selection of crystallisation
results from Chapter 2, Dwell time was defined arbirrarily
as the time in minutes spent in passing from (T +1) C. to
(TC —1) °c. * The results are shown in Fig, 3. 3. As in

Magill's (116)results on the induction time for crystallisation,

% and may be regarded as a measure of crystallisation rate.



— 81 —

a change in aystallisation kinetics is indicated to occur
at a temperature of ebout 12000., by a large change in the
dwell time in this region,

In answer to the question, what Woulﬁﬁhe effects of
a learge change in crystallisation rate be on morphology,
it is interesting to scan the available literature on
the subject of PP morphology as varied by TC. There
seems strong reason to believe that a crystallisation
temparature above 120°¢ is regquired before crystallinity
and crystallite size acquires a maximum<128). Recent
success in growing single crystals of PP (27) also
confirms that prolonged crystallisation above 120°¢ is
required to produce well defined lamellar crystals,
and a tendency to the development of numeroug fibrils
at equally prolonged crystallisation below this temperaturé
range. It is tempting, therefore, to conclude that the
occurrence of an intermediately ordered state in PP begins
to disappear where the TC is above a temperature in this
range. Although from Hock,s (25) results on acid-attacked
samples crystallised at Tébl2500‘ this would not appear
to make PP lamellae any easier to separate, this might
be attributed to the structre of interleaved lamellae of
types (a) and (b) proposed by Padden and Keith 187,

Where intermediately ordered material has been produced
by rapid cooling, it has been found (53) to be essentially
removed by heating for half an hour at 85°C, and it might
therefore be deduced that structure of this type is not
favoured at higher temperatures than about 9OOC. It is
difficult to be specific about the temperature at which it
will not occury¥ as a r_esult of crystallisation during
constant cooling because of the difference in time gscale
allowed for completion of crystallisation between a sample

being constantly cooled and one being heated for half an
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hour, In this context, it is worth noting that the cooling
rate during moulding was maintained down to at least 70°¢
and this constitutes a moderate annealing treatment in
slow cooled samples.

It is concluded that the large increase in dwell time
which occurs at this point in PP, and which indicates
a change in crystallisation kinetics, together with the
decrease in cooling rate, will enhance the more rapid
development of perfectly ordered crystalline lamellae
sufficiently to increase the sample density.

In Chapter 2 it was shown that test C which involved
moulding at a reduced pressure produced an overall fall
in T  of abdout 1.2°C (table 2.4). It would appear from
the dwell time for test C in Fig. 3.3 that there is an
approximate translation by the same temperature shift of
the dwell time curve, indicating a change in TC with Jlittle
or no change in crystallisation kinetics, The density of
this sample is, nevertheless, greater than a sample having
the same dwell time, which would follow from the lower
degree of supercooling (Tm— TC) at which this sample
crystallised due to the effect of pressure on Tm‘
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3.6 Conclusions.

1) A discontinuity of sample density and spherulite
size has been found to occur where T 2120,5°C, It is
concluded, from measurements of dwell time during
crystallisation, that this is the result of a change in
crystallisation kinetics for T % 120.5°C, |

2) The change in dwell time is such as to enhance
the rapid development of a greater portion of ordered
material at slower cooling rates. It is implied by
this that there may be a significant loss of intermediately
ordered material in the range of TC above 120, 5°¢,

3) The changes in induction time which should also
accompany more rapid crystallisation at Tcﬁil20.500
do not appear to affect the continuity of the results
obtained for TC versus cooling rate in Chapter 2. Nor
does this change in crystallisation kinetics appear to
affect the agreement in trend between the theory developed
in Chapter 2 to predict TC versus cooling rate, which was
based on the assumption of an isokinetic zone during the
temperature~time field prior to crystallisation,
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4, TENSILE TESTING OF SAMPLES WITH VARIED THERMAL HISTORY.
WA=
Constant strain rate tests omn tensile;pieces machined
from the sheets prepared in the moulding ﬁfogramme were
chosen as exploratory mechanical tests of the effects of
cooling rate, age and annealing on the stress—strain
behaviour of PP,

4,1 Thermal History of Samples Tegted.,

Samples having various cooling rates covered a range
of ages, as shown in table 4,la, but two tests were
completed on'samples of different age having the same
preparation, as shown in table 4,1b, t0 elucidate the

effect of age. Annealing treatments given to samples
are shown in table 4.1c,

Ageing was carried out in a controlled temperature
room held at 23 X 29,

Annealing was carried out in air, in an oven, and
cooling from the annealing temperature was at the natural
rate of the oven, which required approximately 3 hours
to c001,/50°C,



4,2 Tensgile Test Piece. .

The tensile test piece used throughout mechanical
testing was based on that recommended in ASTM D 638 — 58T,
but with a modified length overall and radius of fillet,
which gave a gy@%e length of 6.0 cm,, and a test cross— ETF{/,
gsectional area of about 0,48 omg, see Fig. 4.1. |
Jigs were made to support the plastic rigidly during
" machining. The first step was to mill off ,025 ins.
from both faces of a strip of #eplastic using a jig which
held the strip clamped under blocks at either side. A
.025 ins. backing strip was inserted for machining the
reverse face. The second step was to machine out the
tensile test shape for which a rigid fully supporting jig
was used, see Pig, 4.2. This comprised two metal profiles,
the free one of which was located on pins passing through
the plastic strip in the grip area, and was clamped down
to sandwich the plastic.
Throughout machining a jet of compressed air was
played onto the cutting edge to prevent a form of annealing
due to work heat at the surfaces, Machining off the
moulded sheet faces was f?ig)to be desirable in ordexr to
columnar growth structure which is normally found against
moulded sheet faces.

prevent spurious results from the non typical

Inevitably, as discussed in section 2.24, there was
a change in cooling rate, and hence structure, through
the thickness direction of moulded sheets. However, it
was found that there was only a relatively emall change
in structure after about .015 minsg, from the sheet faces,
After machining down to the tensile test thickness
(=0.15 ins.) by removing .025 ins. from both faces, the
overall change in thermal history in the thickness directions
as inferred by a comparison of the mean spherulite diameter



at the face with that at the centre was found to be.
typically of the order of a 2°¢. change in TC for fast
and slow cooled sheets alike, These results showed

that thermal history wvariations in the thickness
direction were of a slightly greater order than might

be expected along the g@@ge length due to lateral changes
in cooling rate during moulding as discussed in section
2. 24,

An overall tolerance in thermal history of
about 1 % 1°C. has, therefore, to be allowed in all as-—
moulded tensile test pieces.

By comparing the stress—strain results from an as—
machined tensile piece with the results from a tensile
plece: which had its faces polished smooth with diamond
paste, it was found that the machine marks, which had a
depth of about .00l ins.,, had no measurable effect on
mechanical properties, A light transmittence test,
(see section 5.52) which was done simultaneously, also
confirmed that machine marks had no influence on the
internal rupture properties of samples. '

!

ufo
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4.3, Apvaratus and Test Procedure.

A1l mechanical tests were carried out on an Instron
tensile tester for which a constant temperature test cabinet

was made,
4,31, Constant Temperature Test Cabinet.

A temperature-controlled cabinet was designed and
built to fit into the test frame of the Instron, A
description of the working features of the cabinet is
given in Appendix III . Pig, 4.4 shows how the
cabinet on its urolley fitted into the Instron.

The only adap/xon required of the Instron was to
make up extension pieces to take the grips into the
cabinet, these had compression springs inserted at all
joints to hold them tight against their pins to minimise
movement when loading specimens..ﬂ? The grip extension
pleces utilised the universal joint‘whioh was already
coupled to the load cell during use. A spacing ring
was also required to 1ift the high capacity load cell,
when this was used, to bring the top grip to a working
position inside the cabinet; this can be seen on top
of the Instron in Fig. 4.4.

' The level of temperature fluctuations attained

within the test area of the cabinet was of the order

£ 0,1%. A standard test temperature of 24.0°C. was

ugsed throughout mechanical testing. This temperature

was monitored from three calibrated thermocouples along

the ggﬁée length on the same Kent recorder that was b
used in the sheet moulding programme,

Since the temperature control did not incorporate
a cooling element, cooling being by conduction through
the cabinet walls, some care was found - -‘necessary ‘

N osee Mg, 4,11



in maintaining this temperature on very hot days.

The above noted temperature fluctuation. (8T) within
the cabinet is related to the tolerance on the measured
load (8Fy) at any time t by equation (1)

1
8F, = B, (¢ 8T, g)‘ /R: A (1)

where Et = modulus at time t
¢ = coefficient of linear expansion of the plastic
L, = gauge length
A = cross sectional area

Substituting the value for ¢ (=11x107° 1) for the
C
PP used in this research and a typical short time value

for Et as obtained in the relaxation tests described in
Chapter 6 (=1,20 x 104 %ﬁg—). to give the most pessimistic
tolerance in load measurement,

=*0.63 x 1001 Kem.

Errors from this can be added to the reading error
on a 0 — 100 Kgm span (& 0,1Kgm), to make the total
error in load measurement = — 0.16 Kgm,

The temperature fluctuation cycle Waﬁgﬁgﬁiﬁﬁed as
gufficiently frequent as not to affect the relaxation
rate of the specimen,

4,32, Strain Megsurment.

An optical observation system was used to follow the
movement of gauge marks through the double glazed door
of the cabinet, This comprised . a Swift Utllex Vernier
Measuring Microscope which was specially adapted by the
manufacturers to have two microscopes mounted on separate
sliding carriages, see Iig. 4.5. Each microscope was
fitted with a 100 m.m. objective and a X10 Filar micrometexr
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eyepiebe. The microscope carriages slide freely over
a central steel rod which is spring—loaded, via a thrust
bearing, against a Moore and Wright micrometer screw,
fitted with a drum reading to 0,000l ins., which is
mounted on one end of the casting. When both sliding
carriages are locked to this central rod their movement
can be activated through a distance of 1.0 ins. and
measured by the micrometer drum, Their positions on the
dentral rod can be measured to the nearest 0,001 ins. by
using a less accurate Ve rnier Scale set into the casting.

Several methods of applying gauge marks to the
specimen were tried and the best found to be the use of a
thin strip of opaque_céllotape which had a razor score along
its centre, Since the strain of the underlying material
is homogeneous in the direction of extension the central
score mark should represent the true displacement of the
material, The gauge marks were illuminated by two 4.5 V
bulbs supplied by a Farnell stabilised power pack, A
stublilised source of light close to the specimen was
necessary for the accurate measurement of transmitted light
through specimens duriﬁgaﬁgg%%%glas described in Chapter 6.

fo obtain sufficient stability in operation the Utilex
was slotted and bolted into a removable frame which was
itself bolted onto the Instron, as can be seen in Figs. 4.4
and 4.5, The Utilex with its frame was made easily remove—
ble for ease of access to the cabinet.

In operation the gauge length (%9 was measured on
the Vernier Scale by the movement required of a single
microscope carriage to make the hair line of the eyeplece
meet the gauge marks, This was done with the tensile
test piece held at the no-load condition between the
grips, and gave a reading error of + 0,002 ins. for lo'
Extensions were then measured by first locking both

microscope carriages to the central rod and arranging for
the adjustable hair lines of each eyepiece to meet their.
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respective gabge marks in the no—load condition,
After extensioh the movement of the micrometer drum required
to make each hair line meet its mspective mark measures the
change in length of the gauge (81l) with a maximum
reading error of X 0.0004 ins.

It is to be noted that strict parallel alignment
of the axis of the measuring system with the tensile
axis of the test pékce is not a prerequisite for the
correct measurement of the ratio 5l/lo where both L
and 81 are measured with a consistant axis,

The greatest error in the measurement of strainfvith
this equipment was for the smallest strain of 0.250/0
used in stress relaxation tests, see Chapter 6.
and equals (0.25 s 0.017)0/0. The measurement error in
5.0°/0 strain is (5.0 ¥ 0.0022)°%/0,

Advantages of an optical observation system for gsirain

Measurement.

The advantages of this system are chiefly dictated

by the disadvantages of alternative strain measuring ‘

equipment, These briefly are.

1. No encumbrance on the test piece.

2. Speed of setting up for a test.

3, No reinforcement of the relatively low modulus
plastic by the attachment of linear transducers,

4. No stress concentration or contact problems between
nife edges and sample or pin holes through the
specimen.

5. Measurement of gauge length and extension with one
set up, no alignment problems.

6. Could be used at any test temperature on the sample.
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Disadvantages,

1. Low accuracy at small strains.

2, Long time (about 2 mins.) to take an accurate

reading of strain,

3. No averaging out of bending strains.

4. No possibility of automatic feed back to regulate

cross—head displacement.

These disadvantages are minimised where relaxation
tests are involved and the strains used are greatexr than
0.0025, at which the percentage error is — 7 /

rela atlon
The advantages are greatest where man,ftests are

envisaged.
4,33 Experimental Errors,

The accuracy of the Instron cross—head speeds in
their slowest range was tested using the Swift Utilex
Vernier Measuring Microscope and was found to have the
following tolerances,

Nomlnal Tolerance

c/H speed mlﬁ + (°/o)
0.1 0.2
0.05 2

The strain rate(t)resulting from a cross—head speed
of 0.1 cm/'min. was measured over the gauge length using
three 'dummy' specimens machined from the as received
plastic sheets and the strain measuring equipment already
described, A small but continuous increase in E over
the gauge length was noted, see Fig 4,6, The increase
in & was attributed to . . . load cell, coupling and
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and machine deflections and some early embedding of the
plastic into the grip faces. Sine the £ shows an increase
during testing, the progress of extended material to areas
outside the radius fillet can be reasonably discounted.

The manufacturer's claim for deflections of their high
capacity load cell, the couplings and machine is about
0,0015 ins / 100 Kgm. The 100 Kgm. point is marked

on Fig, 4.6 and shows that the deflections due to the

grip extension pieces and embedding in the grips is of the
order 0.055 ins/100 Kgn.

A relaxation test carried out on another 'dummy’
gpecimen ghowed . that elastic machine deflections were
of the order 0.0025 ins/100 Kgm., and it was concluded
that a relatively large amount of cross—head displacement
was used in embedding of the plastic into the grip faces.

Using a standard cross—head speed of 0.1 cm/min., the
change in € from the beginning of a test to the point of
specimen’ yielding was repeatedly found to be 0.975+ 0,15%°/0/
min,, as shown in Fig. 4.6. Tests at x % and x 2 of this
cross—head speed, see Fig. 5J3 showed that the greatest
0/o error in the load reading resulting from the strain-
rate sensitivity of the material and the above deviations
from constant & was + 1,7°/0.  Added to this there was
a load measuring error of X0,16 Kgm, as detailed igtrain
.section 4, 31. In plotting all results the true 7/, as
given by Fig. 4.6. was used,

Striclly speaking, it was not possible to measure the
initial € of the test piece with the Utilex measuring micro—
scope, Errors arising from iniﬁal large variations in & L/
were expected owing to a) the emb;dding of the relatively
gsoft plastic into the grip faces) b) the very slight
curvature of some tensile test p@ﬁces resulting from the LT
quench cooling, as detailed in section 2,24) and c¢) any

i
.Y



slackness in the links between the awoss—head drive screws.
and the tensile test piece on the one hand and the load
cell and links on the other hand.

The scatter in thermal history within the tested length
of material, as estimated in section 4.2, will further serve

to produce a scatter in results.ik

4,34, Test Procedure.

After inserting a tensile test piece into the Instron
jaws, the cabinet was closed and the heating circuit switched
o, During heating of the cabinet the cross—head height
was adjusted to take up expansion of the test piece. Once
the temperature within the test area of the cabinet had
reached 24.000.. about 10 mins. were allowed for equili—
bration of the sample, This could be tracked on the most
accurate load scale of the Instron as a small expansion
load which diminished 1to negligible proportions after about
5 minutes, |

A e.g., the scatter in density found in section 3.41 varies
between = ,00015 and * ,00025 g/ml for slow to fast
cooled sheets



4.4 Results.

Stresses throughout this work are &fined as the
measured load over the initial cross—sectional area
of the test piece,

The results of stress versus strain for the constant
test conditions of 24.0°C and t = 0.975°/0/min. are shown
in FMig. 4,8 as far as the yield point of each specimen.

The stress to reach a predetermined strain is a
measure of the secant modulus of the material, Values
for this modulus derived from the curves in Fig. 4.8 are
‘given in Pigs., 4.8c and 4,8a for strains of 5°/o and
10°/0 respectively.

Many more additional results were available at
smaller strains from the ramp part of the strain function
imposed during the stress relaxation tests described in
Chapter ©. Since the same standard & and test temperature
were used, results from this rampstrain region were used
together with those obtained in this Chapter to obtain
a more complete picture of the effects of cooling rate
and age on modulusg,

The data from whih the effects of cooling rate on

modulus was compiled are given in tables 4.2 and 4,3 for
two different age bands of samples. The effect of ége
induced density changes on the material modulus was
found to be quite large, especially at higher strains,
It was therefore found necessary to plot the results for
samples differing by a fairly small age band,in order to
correlate modulus changes against the effects of cooling
rate,

The effects of cooling rate on modulus are shown in
Figs. 4.9 and 4.10, as a solid line and a chain dotted line
for the data of tables 4.2 and 4.3 respectively. More
results were availdble at the lowest strains plétted in



Fig, 4.9, This alone could agccount for the greater
scatter in results, but early discrgPthies in & from
one sample to another as outlined in section 4.33 might
also contribute to a larger scatter. Results for
specimens taken from test B of Chapter 2 which has
‘shown signs of thermal degrﬁdationgare shown as sample
8A. 'i

Table 4,4 gives the data from which the effect of
sample age was determined, Results for this data are
shown in Figs, 4.9 and 4.10 as a chain line,

The data for annealed samples 19 from Chapter 6 is

given in table 6,1lc. Results for this data are shown
in Fig. %.10 joined with a dotted line,
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4.5 Discussion.

f

To aid in interpretation, the o — & curves of 'as

samples
moulded‘ samples and annealed/are presented separately

in Figs. 4.8a and 4.8b respectively.
4,51, Strain to Yield,

The strain to yield shown in Fig. 4.8a has a tendency
to decrease as the moulding cooling rate is reduced or age
of specimen increases, This trend agrees with the normal
trend in mechanical properties with increase in crystalline
content, as outlined in the introduction, section 1.3,

- Its cause may be due to either

a) the effect of crystalline content on the microscopic

£ in amorphous regions

b) a weakening of bonding between spherulites or

between crystalline regions.

Prior to testing no voiding was visible between spherulites
in any 'as moulded' sheets although spherulite boundaries ‘
became more well-defined towards the slow cooling rates.

The first cause (a) may be tested by assuming the
worst condition in which all déeformation is concentrated
into the amorphous phase, see Appendix TV .  fthe total
change in the strain rate in amorphous regions éa found for
the overall change in sample density in table 4.,la varies
from 2,17 x £ to 2,28 x E.

Results obtained for £ sensitivity on samples of
identical thermal history, see Fig 5.13, show that a change
in £ from 0.48%/0/min. to 1.89°/0/min. produced a total
change in strain to yield from 12.0%0 to 11.2°%/o. :

This relatively low susceptﬁbility of yield strain to \/
imposed 3 agrees with a more thdrough investigation by Hallﬁao)



who varied the E applied to orienfated PP filaments in
the range 1.98°/o0/min, to 29.4 x 10° °/o/min., and found
a change in yield strain of approximately 25%/o0 to 18%/o.

Cause (b) seems, therefore the more likely mechanism
and is discussed further following microscopy of the
extended structure as detailggiédehapter 5e

The increased gtrain to/Tollowing annealing treatments
shown in Fig. 4.8b may result from an increase in the - state
of relaxation in amorphous regions following gross melting
and rorganisation of the structure as proposed by Wyckoff 45
and Miller (50). The ability for an annealing treatment
to melt and reorganise structure depends on the ratio TA/TC
where TA and'TC are the annealing temperature and crystall—
isation temperature of the structure respectively, such that
at TA/TC>»1. a melt and mordering is possible.,  Since |
the wcorded T, is representative of the majority of the
material the increase in Strain‘tQ/%%g%% from sample 1B
to 5A to 1A would follow from the increase in the ratio of
TA/TC in the same order, and agrees with the above authors'
interpretation.

Phese interpretations of the cause for slower cooling
rates or age reducing ductility whilst annealing treatments

selectively weaken one part of the structure compared with
enother part, (e.g. spherulite boundaries compared with
spherulite interiors), such that during testing the weaker
regigns fail prematurely due to strain concentration.
Annealing might then be considered to weaken the whole
structure so that no one region prématurely fails and
ductility is improved,

)

improve ductility are consistent if the former treatments “/
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4,52, Modulus.

The stress to reach a prescribed strain is a measure
of the secant modulus of the material. These modulil
at strains of 0,5%0, 1.5°/0, 5°/0 and 10°/0, are
plotted in Figs. 4.9, 4.10, 4.8c and 4.8d respectively,
More readings were available at the lowest strain
of 0.5%0 (Fig. 4.9). These show the degree of scatter
obtained in results for modulus, following from errors

as outlined in section 4. 33, A fairly well.defined trend
in modulus was nevertheless found for the mean wvalues
indicated in Figs. 4.9 and 4.10, The increased scatter

in slow cooled sample 15 is of interest in the light of
the results of Beck and Ledbetter (68) reproduced in
Fig. 4.7, These show an increased scatter for samples
having TCS:IlSOC and a peak in the lower modulus limit
(added as a dashed line) at this point., This may
indicate a tendency to embrittlement where Ty is in the
tange TC§:12O.500 in this msearch where the abrupt
increase in density was noted to occur in Chapter 3.
The rate of modulus increase with density (the slope of
the lines in Figs. 4.9, 4.10) following changes in
cooling rate or ammealing was found to be essentially
the same at low strains (0,5°/0) but at slightly higher
strains (1.50/0) ageing appeared to be much more efficient
in its ability to increase modulus.

These observations may be interpreted structurdly
as indicating that ageing produces relatively little
change in crystalline content, but has a tendency to
make the bonding between wystalline regiomns less flexible.
Slower cooling rates, however, increase the crystalline
content by a relatively larger amount and may produce
.a tendency to more flexible bonding between crystalline

regions,



. The near coincidence of the lines for modulus changes
depending on cooling rate for two age groups up to 905
hours in Figs. 4.9 and 4.10, and the general agreement
in trend for samples varying in age from 6 to 695 hours
in Figs. 4.8c and d suggest that the beneficial effects of
ageing may not be found until sample age exceeds at least-
1000 hours, see for example, sampe 4 in Figs. 4.8c and d.

Yhe lower modulus of sample 8A in both Figs. 4.9 and
4.10 is probably due to its thermal degredation (loss in
molecular wéight) during moulding. |

Following annealing treatments occasional voids between
spherulites were observed in sample 5A and explain the anom-
ﬁlous post-anneal density found in this sample. In the 1/
'faster cooled samples which were annealed, sample 1 of this
chapter and sample 19 of Chapter 6, volding may have been
present but could not be identified in the optical micro—
scope owing to the small size of the structure.

Sample 5A shows a particularly low modulus value in
Pigs. 4.10, 4.8c and d which is probably due to this
volding and the comparative ease of separation of spherulites,
The lower moduli found for all the annealed samples at the €
used in these tests would follow from the overall structural
weakening already discussed in section 4,51. In the case
of sample 19, annealed as in table 6,1lc, greater control
of the ratio TA/TC was possible, and the time of annealing
t, was varied.  The results in Fig. 4.10 for TA/TCﬂil.

Joined with a dotted line, show the progress of the modulus
toward a limit or maximum with increase in the annealing
time, For TA/Td>l the modulus was lower. Oxidation
attack can be ruled out for the results on samples 19a — d
all of which were annealed in an inert atmosphere.

The small range of densities capable of being covered
with these results and their gcatter did not permit a
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critical examination of the applicability of existing
empirical equationélgg)(l3%%1ating modulus to sample
density in PE regardless of thermal history or cryst—
allisable fraction, see equation (2)

log (modulus) = A + B p (2)

where A and B are constants , p = density

Reding(l3%bs pointed out some limitations to this
gimple relationship where segmental mobility of molecular
chains is changed independently of density.

The above results confirm quite clearly that density
alone ighot a sound basis on which to compare mechanical
properties particularly at strains greater than about 10/0.
At this level of strain the mobility of large segments
of molecular chains is unlikely to be the same for
differently cooled, annealed, or aged samples as has been

demonstrated,
A

modulus Aga} y
AT &c}l,l.\ y

~

’
/ /
/
/ \
MouLpiNng CoNPIMoNS
ok Ace. AT £ 2 1%

-

density

FIG, 4,12

Equation (2) predicts a tendency in the modulus — density
relationship of the type shown in Fig. 4,12 to be due to
ageing at strains above approximately }O/o. Moulding
-eooling rates and annealing treatmentsféppear more
inclined to produce a different modulus — density relation—
ship ~as =~ . shown in Fig., 4.12 and might be better déscr—
ibed by an equation of the type proposed by Becker(97)
equation (3)

¥ and ageing at e 17%
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= B (t, g
’ 7 {1 ! : e.g(x)]’~} (3)

where E_ (t.x) is the modulus of the amorphous phase
at time t and for crystalline fraction x

Purther discussion of the morphological implications
of these stress—stmn tests is deferred until after the
results of microscopy on the extended tensile test pieces,
gsee Chapter 5,



4.6 Conclusions.

1) The rate of modulus increase following from either slower
moulding cooling rates or ageing was found to be essentially
the same at small strains ( < 1%0). At slightly higher
strains ageing appears to have a more beneficial effect on
modulus than reducing the cooling rate. For the test
conditions applied here (T = 24.000. £ = 0.9750/o/min) all
the annealing treatments produced samples having a lower
modulus, particularly where voiding occuq?d following «4%
annealing. The fall in the ability of these various '
thermal history treatments to increase modulus going from
ageing, to slower moulding cooling rates, to annealing,
strongly suggests that the state of relaxation in the non—
crystalline phase is as important a factor as the degree

of crystallinity in the absence of inter—spherulitic voiding.
2) The small changes in strain to yield may also be related
to the state of relaxation in the non—crystalline wmgions

and probably also the comparative moduli of spherulite
boundaries and spherulite interiors,. At slower cooling
rates a condition of inbalance may be produced which so
stiffens the spherulite interiors compared with spherulite
boundaries that earlier cracking between spherulites occurs
as a result of sbrain concentration in these regions.

3) The effects of annealing treatments can be related to

the amount of polymer melted and reordered i.e. related

to the ratio of ammealing to crystallisation temperature
TA/TC. and the duration of annealing. The improvement in
modulus obtainable by eannealing is limited by the progressive
gtate of relaxation of the non—crystalline.phase and the
eventual voiding of spherulite boundaries,



TABLE 4.1la

E——

Sample ) C : “Agé— ! o
(°Cc/min) (gﬁ) | Prior to | (g/m1)
' Test i
R ,_.__! . o] ,w( IIr%.) S A
1 155 110,4 | 23 . .9029
2 106 111.8 | 192 9048
3 51 114.3 i 575 . 9055
4 9.3 121,0 | 2610 . 9066
5 1.4 124,8 | 695 . 9082
TABLE 4,1b
Sample C T i —~~Aééw pM j
(°c/min) OC . Prior to| (g/ml)
! (°C) 1 Test -
e (Hrs) i
| 6A 96 112.8 ¢ 6 | .9035 |
| 6B : 96 112.8 . 192 i 9047
TABLE 4.lc
_ l I ; -
Semple | ¢ T, Py T, /T by Py
(Y¢/min) (%0) (g/ml) (90) (Hrs., ). (8/m1)‘
14 164 110, 0 .9038 125 | 1,135 3 . 9089
1B 155 110. 4 .9042 100 | .905 19 . 9060
5A 1.4 125.0 | .9084 118 | 4945 5 .9082

C=cooliné?I%idensity at time of test, pl=preanneal density,

p2=post anneal density.



TABLE 4.2.

The effect of cooling rate —(Age 274575 hours)
:Sample—; ACoolingw—m—_&”-*EwﬁéemmiDensit;ﬂ_»m- AVLrage“ CMM
gate OO | Hrs. (g/m13 Stress at Ef@)
C/min) C ! gtralns o
i ! 05/ L/O
9 127 109.6 | 322 L0042 | 61,1 133.5
10 119 110.9 | 274 .9040 | 58,9 130.9
12 73 113,1 ; 524 . 9052 62.8 139.,1 |
; b { f
3 § 51 114.3 1 575 E . 9055 | 64,6 138,060
4 . 8.3 120.5 | 521 | .9065 | 68.3 144.8
84 | 10.5 121,5 | 274 | 9071 | 67.6  141.8 |
TABLE 4, 3
The effect of cooling rate-—(Age 695 — 905 hours)_
i ééﬁﬁieﬁi_ Cooliﬁéﬂﬁ_- T . .! Age Denslt __-.Averaé;mmmmﬂﬁ*I
Rate OL | Hrs. (g/ml¥ Stress at J%%é)
(Y¢/min) ¢ g}galni R
13 24 116.3 ; 905 . 9060 65,6 142,3
, .
7 15 118.9 , 768 . 9060 64.8 141,7
5 1,4 124.8 | 695 . 9082 72.4 150.0
15 1.3 125.7 ! 875 i 9085 T72.2 153 3
TABLE 4.4
The effect of age —(Coollng rate 96—106 C/mrn)
Sample.|' Cooling T “i Age ! Density | Average L
ate. o ¢ Hrs. (g/ml¥ Stress at %%a)
(¥C/min) C gjgalni /6 :
i ! i
A 96. 112.8 6 . 9035 54.9 118.,0
6B 96 112,8 | 192 | .9047 59,7 131.5 |
2 106 111.8 f 192 .9048 63.0 134, 2 i
16 102 111.5 1 4450 . 9052 64,1 148,0 |

#4Thermal]y degraded sample By, from Chap. 2, see page 46,



l i - i ) “‘ |
Sample | C T, I 04 VA by Py |
| (°¢/min) | (g/ml) o (Hrs.) 1 (g/ml)
| - (Po) | (“c) i
194 : 116 109.4 ¢+ .9035 | 106.0| .968 0.5 .9049
195 | 116 | 109.4 | .9035 | 105.9) 968 2 | .9055
19¢ . 116 109. 4 .9035 | 105.9 .968 1.0 . 9058 !
19D 116 109.4 l .9035 | 112,01 1,022 2 | .9059
C = cooling rate

Pq= preanneal density

P o= post anneal density

TA and TC = annealing and crystallisation temperature
ta = the duration of annealing
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5. OBSERVATIONS ON THE COURSE OF DEFORMATION OF
POLYPROPYLENE UNDER VARIOUS STRESS SYSTELS.

5.1. Microscopy of tensile test pieces from Chapter 4

5.11, Strain Whitening,

Tensile test pieces from the tests described in
Chapter 4 having all been subjected to the same strain
of 15°/0 showed clear signs of strain whitening. A
measure of the overall chage in whiteness or opacity
from samples 2,4,5,1A, and 5A is shown in transmitted
light negatives of the actual test pieces in Fig. 5.1.
There is a marked tendency for &creased whitening as the
specimen's cooling rate is increased, whilst the annealed
gpecimens. 1A and 5A showed very pronounced whitening.,
Annealed specimen 1B had a degree of whiteness between
that of samples 4 and 5. For convenience the table of rel-—
eyant  thermal histories is reproduced at the end of this chapter.

5.12., Microscopy of Tensile Test Pieces.

After several stress—strain tests had been completed
on samples which covered a range of thermal histories, pieces
were microtomed from near the centre of the gauge length and
the middle of the test piece to observe the deformed struct—
ure, In order that the effect of tensile testing on the
microstructure -was not confused with possible microtome
damage all samples were microtomed in a direction at 45°
to the tensile axis of prior extension and liquid nitrogen
was used as a coolant to minimise orientation of the
structure. Since microtomed films would reveal a relaxed
structure they were mounted under light tension along their
tensile axis to simulate their condition in the tensile
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test piece.

Cracking between spherulites was observed in relaxed
films, but under this light tensioning many more cracks
were revealed within spherulites., It therefore became
necessary to ensure that this cracking did not occur
as a direct result of the mounting procedure, This
was ascertained using two films, one from an unstrained
sample, the other from a prestrained tensile test piece,
which were mounted side by side and tensioned by the
gsame amount, The former showed no cracking whatsoever,
whilst the latter showed a typical cracking pattern.

This was later confirmed by extending microtomed films
uniaxially up to high strains which still produced no
tendency to cracking, see section 5.2,

A degree of cracking was noted to occur in all
the tensile samples tested, but the anount of cracks varied,
becoming most dominant in slow cooled and annealed samples,
and barely traceable in the fastest co%ﬁ%&fﬁmggﬁg%ulites
Examples of the type of cracking foundhre shown in Figs.
5.2 a — d.

In type I, II spherulites cracks were always perpendicular
to the spherulite radius and positioned along the polar
axis of the spherulite as defined by the extension direction
see Figs., 5.2a,b, and c respectively.

In type III spherulites cracking was nearly always
radial and positioned in the equatorial plane of the
spherulite, as shown arrowed in Fig, 5.2d and c.

A count of the number of interspherulite 'cracks'
per cm, in the stretched direction for samples covering the
range of cooling rates and annealing treatments gave the
results shown in table 5.1 over, Results for the rapidly
cooled samples must be regarded as very approximate due to
the small
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size of the structure and the difficulty of clearly
resolving the difference between a crack and a well
defined spherulite boundary.

TABLE 5.1,

Sample Number of inter—spherulite
cracks per cm, in the
extended direction.

1 ¢ = 155°C/min ~ O
2 " 106 u 6
4 " 9.3 w 15
5 " 1.4 w 80
54 Ta/1.= 945 20
1A n 1.135 ~ 35
1B " . 905 ~ 20

Occasionally a drawing out of the structure was seen
as a shadow within '~ spherulites in the same position
as cracks would have occurred, shown arrowed in Fig. 5, 2e;
or between spherulites, shown arrowed in PFig, 5.2f. The
latter figure also shows how voiding can develop during
drawing out, appearing as dark spots of unpolarised light.
This is probably the cause of the dark spots which
dominate the polar axis in many spherulites, see for example
Figs. 5.2f and d. TFig. 5,2e also shows a void between
spherulites.
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5.13 Discussion.

The above observations of the deformed spherulite
matrix for samples of varying moulded cooling rates
and annealing treatments as detailed in tables 4.la and
¢ show that
a) Strain whitening varies according to the cooling
rate used in sample preparation becoming more

gevere as cooling rates are reduced. A large
increase in whitening appears between samples
4 and 5.

and

b) The degree of strain whitening varies in the same
order as the number of inter—spherulitic cracks in
'as moulded' test pieces and sample 1B, In annealed
samples 1A and 5A however, a larger degree of strain
whitening occurs in the presence of a lesser degree
of inter—spherulitic cracking. This greater white—
ness is attributed to an additional amount of
cracking within spherulites.In sample 1B. the
value of ©,/T, = 0.905 would appear to have been
too low to produce a gross tendency to cracking
within the spherulite,

It is not expected that the crystallisation conditions
which prevall during the moulding programme produce voids
between PP gpherulites in the 'as moulded' condition,

These were neither observed prior to testing nor does the
continued upward trend in increase in density with increased
Ty in ﬁigs. 3.6 and 3.7 indicate their presence.

The above results for 'as moulded' samples, therefore,
suggest that either

i) spherulite boundaries may be weakened compared

with spherulite interiors by an internal stress

on the boundary following from an increase in



crystallinity of the spherulite interior during
secondary crystallisation,
ii)the bonding between spherulites becomes inferior as
TC is raised,
or/and
iii)increased spherulite size induces larger compatébility
forces between spherulites which are in themselves
unable to relax faster than the applied strajn—rate.
Electron microscopy on PE has shown for example; that
the number of inter—spherulite links may be considerably
reduced at higher crystallisation temperatures which tends
to support postulate (ii). However, samples 4 and 5 having
Tc's of 121.0 and 124.800 respectively, have moulding condi—
tions which place tem either side of the discontinuity for
both sample density and changed crystallisation kinetics
found in Chapter 3. Sample 4 is in fact the sample having
the highest TC but still lying on the low density part of
the curve to the left of the discontinuity in Figs., 3.6 or
3.7. The difference in average spherulite diameter between
samples 4 and 5 is about 0.9 x 102 cm, to 1,15 x 1072 cm.
(see FPig. 3.3 for spherulite dia, versus Ty) and it is 1%
that this change in itself has very little effect on inter—
spherulite compatibility forces during extension, The
sudden increase in density in sample 5 would affect the
internal stress on spherulite boundaries, and as concluded
in Chapter 3, the accompanying change in crystallisation
kinetics may involve a loss of intermediately ordered
material which may well comprise the sort of tie molecule
bundles found by Keith, Padden and Vadimsky (31) to link
crystalline areas and spherulites with one another, _ It is
concluded, thexfore, that postulates (i) and (ii) are more
important and contribute to the large increase in the degree
of cracking going from sample 4 to sample 5.

The effect of moulding cooling rate would therefore .
appear to primarily affect the readiness of spherulite

L/
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boundaries to crack,. Weakening within the spherulite, .
whilst it probably occurs also,especially at TCT112lOC.
does not appear to be on the same scale as that found
following the annealing treftments where there is evidence
to suggest that some inter—spherulitic cracking gives way
to cracking within the spherulite.

In the case of annealed samples 1A and 5A the ob—
servations made confirm the idea put forward in Chapter
4 that these weaken both spherulite boundaries and
spherulite interiors, The fact that thelr ability to
embrittle the spherulite interior follows where TA/TC ff
0.91, (the annealing treatment given to 1B, EI.‘A/‘I.‘C = 0.905)
suggests that the cause 1s associated with a gross reorder—
ing of the fine structure which may involve conversion of
partially ordered regions into more ordered regions and
melting and recrystallisation of smaller crystalline
regions, It has been previously suggested (45)(50) that
such structural changes leave the inter—crystalline regions
in a more relaxed state, and thereby improve ductility.
‘hig mechanism would, however, primarily affect the B stress

propagation route, see Figs. 1l.7a, b and c reproduced below.
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Microscopy has shown here.that the.cracking is
largely concentrated into the polar regions of the
spherulite which comprise the a stress propagation route.
It is therefore suggested that since the a and B stress routes
are comnected in parallel, see Fig. 1l.7b, the weakening in
one such route which will throw greater stress onto the
other is sufficient under the present test conditions
to produce an increased tendency to crack in the other
route. The overall ductility of the material may thus
be increased whilst at the same time producing an earlier
tendency to microscopic cracking within the spherulite.
The fact that cracking still occurs within spherulites of
annealed specimens shows that predominantly the spherulite
boundaries must still be bonded at least as well as their
interiors. In this context it might be concluded that
cracking between spherulites may be chiefly the cause of
the slightly d&ecreasing strain to yield in 'as moulded'
test pieces, but that cracking of the kind found within
spherulites does not lead to this slightly premature yield—
ing.
| It is important to note that in crystalline polymers
cracking which involves a drawing out of molecules into
an aligned state at the crack root (104)(66) may be part
of their normal visco—elastic response at strains greater
than about 2°/0. Relaxed microtomed films showed that
lhe cracking which was within the spherulites was recover—
able to the extent that these cracks collapsed, but that
cracking (or separation) between spherulites was substantially
non recoveragble, It appears likely, therefore, that cracking
wilithin spherulites involves a process of locglised drawing
of the above type which may help reseal {the crack during
redovery but that rupture between spherulites may start
earlier and proceed beyond this to0 a stage of complete

separation,
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A study of straii whitening in PE by Bettelheim and-
Stein(132) has shown that it is the direct result of a
process of voiding which accompanies drawing out of the
structuré. Submicroscopic holes created in this way have
a different refractive index to the parent polymer and cause
turbidity and 1light scattering. The game authors also
showed that the density of the matrix outwith the holes
is very slightly reduced, probably due to a change in the
unit cell, following extension. Similar results for
both strain whitening and the production of a change in
the ordering of the crystalline phase have been previously
found (45) in PP, In this mspect it is interestiing to
(85) on PE
has shown that long after the spherulite has recovered its

note that a low—angle light scattering study

shape during recovery, considerable macroscopic strains
remain in the overall specimen.

Biaxial tension has been shown by Geil (7) (Chapter
VII, part 3) to produce voiding between drawn out fibers
as was found in the centre of the tensile test pieces in
this work, see Fig. 5.2f, Others (133) have shown how
imposing a biaxial stress can produce premature failure
in lower M.W. samples of PE. Since a biaxial stress was
not imposed during tensile testing as in Chapter 4, the
voiding and orécking observed might develop as the result
of more complex stresses induced at the microscopic level, or
possibly because of lack of bonding between structural
units. This factor is examined further by testing thin
films in which complex stressing of this kind does not
develop, see section 5, 2.
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5. 2. Uniaxial extension of microtomed films,

5.2l. Introduction,

In order to follow the deformation behaviour of the
spherulitic matrix it was proposed to extend thin
microtomed films taken from the sheets of moulded plastic,

Microtomed films have an advantage over films grown
between glass slides for the purpose of extension because
they do not have the natural constrictions of film
thickness at spherulite boundaries which have been found
(63)(134)in grown films, Ihe presence of stress con—
centration between spherulites would lead to spurious
results in assessing the response of a bulk spherulitic
matrix to extension, Moreover, microtomed films can be
taken from a block of material for which measurements
of crystallisation temperature can be made at fast cooling
rates. Up to the present most examinations of the
extended spherulitic matrix have b een on samples crystallised
under artificial conditions comprising high crystallisation
temperature and the constraint of two parallel surfaces
to produce two dimemnsional spheruliles. Spherulitic
structures grovn under such constraining conditions appear
liable to abnormal nucleation(llz)(%ﬁﬂinmw'even have a
morphology different from the bulk grown structure, as
evidenced by the variation of spherulitic growth rate
with film thickness, (135)

- Any study of the deformation behaviour of thin films
must, however, be regarded as an approximation to the process
of deformation in a three dimensional matrix since morphol—
ogical connections out of the film's plane are eliminated.

Microtoming does, however, have the disadvantage of
producing surface damage and orientation of the film,



A measure of the typical size of surface indentation
was agsessed from an electron micrograph of a replica
of the film surface. Both types of microtome damage
could be identified as:
a) broad parallel scores of regular undulations
about 0.25xld_5 cm, deep and occurring with
a frequency of about 0. 66x10 *em.
and b) a drawn out structure parallel with the micro—
toming direction. The degﬁh £ material orientated
in this way has been found by birefringence
measurements to be of the order of several hundred
k.
The effect of suface 'notches' on the maximum stress
Ohn of an elastic isotropic material is related to the
applied stress 0t the depth of the notch ¢ and its root

radius r by the equation, 1)

oy = 0g [1+ 2(3)%] w

The geometry of the notch on the microtomed film

surface is shown in Tig, The ratio ©/r ¥ ,05,

= 25 % IO'SCM >

!
| =2
S S e
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The fact that r>>c for the type of damage (a), makes
stress concentration negligible,

The greatest fraction of orientated material from the
source of damage (b) would be about 20/0 of the thickness
of a 10u thick film, as was used in this work, and this
type of microtome damage was also neglected.
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The effects of both types of damage were minimised
by microtoming at 45° to the direction of subsequent
extension and by using liquid nitrogen as a coolant
during microtoming,

5.22., Apparatus and Procedure,

A jig for extending microtomed films was made which
would bolt onto the observation stage of the Vickers
Projection Microscope. This jig, which is shown in
Mg, 5.4, comprised a fixed anvil and a sliding anvil
both of which engaged via tongue and groove into a brass
frame. The fixed anvil was held by a pin whilst the
sliding anvil could be actuated against a compression
spring by turning a wing nut, outside the frame, which
engagea on a screw threaded rod joining the sliding
anvil,

The microtomed film was made up into a small tensile
test specimen by reinforcing with cellotape a length of
the film at either end outside the extended length. The
film width was trimmed to make the overall dimensions of
tested material™ 0, 6x0,15x10 o, The film ends thus
reinforced with cellotape were held in grips which were
rotated through 90O and slotted into each anvil, Crude
gauge marks of thin opaque cellotape strips were used,
enabling identification against & hair line of two points
on the film the separation of which could be measured on
the microk§meter which racked the microscope observation
stage parallel with the direction of extension,

1t was ascertained that overall strains measured
for the film in this manner tended to underestimate the
microscopic strain of the centre of the film and over—
estimate strains near the ends of the film due to the

‘ . t film_ends |
effects of lateral reinforcement/on local straing.
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Another method was used for assessing the macroscopic |
strain by noting }he change in orientation of the surface
score marks (%%%%) which can be relsted to the strain (see

appendix V ) by equation (2)

_ {tanY'— 1
€x =\ Tany - (2)

< The derivation of equation 2 requires
~>"the assunption that there is no change

in volume or thinning of the film

during extension; and consequently
this method was found to break down
poderate 0
a¥ strains of the order 10%/o.
An average strain from these two methods was used
in measuring the development of drawing out of the structure

at €>10%0 .
5.23. Results.

A drawing out of the structure in lines perpendicular
to the direction of extension, of the kind frequently
described in the literature,(see, for example, Gei1(7)
chapter VII. part 3)was seen to occur for the whole range
of moulding preparations and annealing treatments used in
this work, A single exception was found in a sample
which hgd been moulded incorrectly from granules) this
is described in section 5.24. Line drawing of this
kind became detectable at strainsg of the order 8°/o and
took routes regardless of the spherulite matrix: an
example of this is shown at a strain of 300/0 in Fig.
5.6a. With increased extension the lines of drawing moved
to meet each other as can be seen in the RHS of Fig. 5.6a.
until the whole structure was drawn out as in Fig. 5.6p,f
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which is at abeut 250°/0 strain. At these high strains,
the spherulitic form could still be seen faintly.

At no time was the process of drawing seen to @evelop
into cracking of the kind found in tensile test pieces,
Weakness between spherulites in very slow cooled samples
appeared only at high strains, and then took the form of
a separation parallel with the strain as shown in Fig,
5.60, |

The fact that the drawn lines appearing in Fig. 5.6a
spread in the direction of extension to meet one another
is taken as clear proof that they are in fact drawn out
structure and not cracks which could vropagate at right
angles to the extension direction, In annealed samples
showing voids prior to extension these were found not
to become catastrophic cracks but appeared to be held
by drawn out material at the crack route.

Voiding, appearing as many small spots across the
film, often accompanied the process of drawing out,
but became very pronounced where drawing kook place
locally via a neck in the film, This can be seen clearly
in the RHS of Fig. 5.6¢ which covers the region of drawn
and undrawn material, Such films continued to draw out
and were left with many ellipse sheped holes having their
major axis parallel with the extension direction.

It should bve noted that focusing in these photographs
was made difficult by the different depth of features, such
as drawn material and the edges of cracks.

5. 24, Note on Failure in Improperly Moulded Material,

In a sample which had been moulded into a plug from
granules, a type of columnar growth appeared between the
interfaces of granules as the result of using an inadequate

melting procedure (2109 pe1q for 30 secs. ). This growth
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could not be referred to as 'line' nucleated since it
arpeared to cross whole faces of granules, A microtomed
film includin; such a structure was extended in the usual
way and showed signs of early failure between the faces of
columnar growth as shown in Fig. 5.6d which is at an overall
strain of 40%/o,

This type of flaw, resulting from improper moulding,
has been found (138) to provide the foci for a series of
froacture initiation points, and it 1% intercsting 1o
note in this respect the altewation of poorly bonded
regions with well bonded regions seemingly resulting from
a point nucleus rather than a surface nucleation along the
bounéry between uncoalesced granules,
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5.3. Extension uvnder imposed non—axial conditions .

5.31. Biaxial Tension on Microtomed Films,

Microtomed films, prepared as in the last section,
were extended under biaxial tension simply by restraining
part of the film edges by ¢ellotaping them to a glass
slide, whilst the film was extended in its axial direction.
Under -the assumptions of an elastic, isotropic material, and
constant volume in zone A of Fig, 5.7, Gy =‘iox. In this
zone a large amount of cracking occumed of the type shown
in Pig. 5.9, The area of most severe cracking within
spherulites appeared dominantly in the radial direction,
and was orientated at approximately 45° to the axis of
the film as illustmted in PFig. 5.7, The stresses on this
plane, which is the plane of maximum shear stress, are shown

in Fig. 5.8, CX} cg4-o%,
A 2.
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As would be expected from the results of uniaxial
extension of microtomed films c¢racking was not normally
observed outside zone A, Cracking was, however, observed
outside zone A in those cases where the film width in this
reduced length of 'uniaxially' tested material was of the



same order as its length, and might be attributed to a .
gimilar development of biaxial stressing due to restriction
across the film width, This effect could be checked quite
independently by subjecting a tensile piece having a width/
length ratio = 1 to a 'uniaxial' extension. Cracking
under these circumstances was dominantly in the polar
regions,

These results show that the occurrence of cracking
is related to more complex stressing.

5.32. Testing Notched Specimens.

It is possible to increase the state of normal
stressing compared with shear stressing on an element of
material by utilising the stress field around the root of
a notch,

The relationship for the maximum stress in the axial
direction O at the tip of an elliptic notch was given in
equation (1).

op =0, |1 2(%)"?—] (1)

Whilst the shape of the stress O in the transverse
direction from the notch tip is known +37) +to be of the
form shown over in Fig. 5.10. its precise dependence on
the notch geometry is very complicated and no explicit
expression was found by the author for its dependence on %
although it is known that its peak value of On increases
as % increases, The net result of this stressciii%g is
to produce a higher ‘mean stress component = —3 as

%:is increased, somewhere very close to the notch root.
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FIG, 5,10
Three pais of notches of varying root radius r (%—" .%&”,

rt”). were machined into a standard tensile test piece so as

to leave the same cross sectional area of material under
test between each notch pair, c¢ being kept constant
throughout (:é*")- fhe ratio of the maximum stress to
applied stress at the notch rootncm/oa for each of these
notch pairs is 3, 3.31, 3.83 respectively.

A tensile test of this sample showed that opacity
occuned at the notch roots in the order of decreasing %.
This shows that the level of stress o_ and probably also

I
the level of mean stress component O™

+ :
m “n  influences

—

the stress cracking behaviour of PP. strain

It was not possible to specify a / at which opacity
started because 1t is not possible to define a gauge length
within the area of the notch root.
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5.4 Discussion on sections 5.2 and 5. 3. R

The most interesting apects of the studies in sections
5.2 and 5.3 were

a) the fact that no cracking developed during the line
drawing process in microtomed films subjected to
uniaxial extension,

b) that voiding in these films became very pronounced
where they necked down during extension,

¢) that severe cracking or opacity can be induced in
biaxially tensioned microtomed films and notched
tensile gpecimens, .

d) that the dominant site of cracking in biaxially
tensioned thin films is along spherulite radii and
not perpendicular to these radii as found in thick
sectioned tensile test pieces.

Electron microscopy has shown (see Geil(7), chapter VII
part 3) that in a diffstinctly lamellate morphology the lam—
ellae respond to an applied stress by a process of slipping
~over one another and also by drawing out into a fibrillar
material, Furthermore it has been noted (133) that the
mode of orientation of the molecular axis in thin extended
films can be different from that in thicker films.  This
can be attributed to the blocking of slip along preferred
crystallographic planes in thicker films due to the fact
that thicker films must develop complex stressing and have
a variety of slip systems due to the inhomogenous nature of
molecular packing.

The msults of thin film extension in this research
when compared with the cracking mode in thicker tensile
test pieces would appear to substantiate this idea., The
gvidence of ifems (b) and (c) above shows further how
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imposed complex stressing (quite apart from the kind of .
self induced structural complex stressing in thicker

test pieces) can bring about the development of gross
voiding and cracking.

It is also considered that where the strain—rate
applied to a crystalline polymer exceeds the maximum
rate at which the structural units can reorientate themselves
to relieve the applied stresses the response of the structure
will degenerate into a fracture mode, In thicker sections
of"material the relaxation rate for the various mechanisms
of reorientation are probably much slower owing. to the
material restraint in the thickness direction and the
multiplicity of slip systems which will interfere with
one another. The cracking along the polar axis of spherulites
in the middle of thick tensile specimens would then suggest
that the applied strain-rate (~~1°/o/min) in these tests
exceeds the maximum natural relaxation rate in the a stress
propagation route but not the B route in thick sections of
plastic, By this argument it should still be possible to
produce cracking in thin films if the strain—rates applied
are sufficiently high, noting that these may have to be
higher than those required in thick sectioned material.
Cracking under these conditions has been shown most
effectively by Burns.(l39)

Extending this argument to tensile testing of normal
sections of material it might be expected that testing
across a vand of strain—rates followed by microscopy of the
extended matrix might show a progression from (i) no cracking
at all (at £<1%/o/min), (ii) to cracking along the polar
axis of the kind observed here, (iii) to more catastrophic
cracking across the spherulite equators or between spherulites,
These ideas were not followed up directly here but it is
interesting to note that the broad wrerage of straln—rates

*

Burns(139) has demonstrated that the crack positions
may be changed from (ii) to (iii) by increasing the strain—
rate.

L
.
A
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used by Hall(80>
behaviour (strain to rupture $50°/0), to brittle failure
(strain to rupture #20°/0) at a strain-rate = 180°/o/min.
which might coincide with the transition from failure

on PP shows an abrupt change from ductile

mode (ii) to failure mode (iii).  “The results of this
reseach show that cracking in the a stress route is probably
present in Hall's results up to strain rates = lBOO/o/min.,
and that if so, it does not contribute to premature failure,
A slight tendency to improved crack resistance was also
noted in a single test carried out at a slower strain rate,
gsee section 5.5. Observations of this kind might lead

to an understanding of the maximum permiss%ble relaxatA
ion rates in various positions in the spherulite in normal
sections of plastic and it is expected that these results
will glso differ from those of thin films in which the
maximum relaxation rates of various sites within the
spherulite are probably higher,

It must be concluded from this that thin extended filmsy
of a thickness probably less than that of their constituent
spherulites, do not give results comparable with the typical
‘deformation mode of more mormal sections of plastic material,
in the respects that morphological connections out of the plane
of the film are eliminated causing loss of structural complex
stressing snd a probable change in the natural relaxation
rates of the structure.

A fairly distincet difference in the cracking site
was also observed,as itemised in (d) under imposed complex
stressing. Extending the above argument, this result might
be interpreted as arising from the failure mode (iii) at
the much lower strain—rates applied in extending thin films
and could be precisely the effect of complex stress in
slowing the typical relaxation rates of the structure as
already suggested, such that = cracking mode is produced
at a lower imposed strain-rate,
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An indication of this mechanism's effect on the
overall modulus is seen in some results given by Slonimskii
and Pavlov(73), These authors have shown that as the
ratio of film thickness to spherulite diameter increases
up to a value approximately equal to unity there is an
increase in relaxation modulus,. Beyond this where the
film 1s thicker than its constituent spherulites, they have
shown that a fall in the overall relaxation modulus occurs.
The suggestion made here is that this might follow from a
slowing of the relaxation rate to a minimum value where
the film fthickness approaohés that of its constituent
spherulites, following from the reasons outlined above, butb
that beyond this (i) the number of spherulite boundaries,
and (ii) the tendency to a cracking mode probably reduce
the overall modulus. '

(1) Slonimskii and Pavlov used cooling rates in the
range of 12°C/min to 0.3°C/min in which this research has
shown inter—spherulite bonding is affected.

(ii) They use a prescribed strain of 12.5%/o for their
relaxation tests which is more than likely to cause cracking
of the type found in this research,

The postulates made in the course of this discussion are
consistent with these pleces of fragmentary evidence, and it
is felt that they hold the key to the relationship between
structure and strain-rate which was commented on in the
introduction, pages 17 — 19, and furthermore, explaln how
differences may arise in experimental results where these
are obtained with films of & thickness comparable with their
constituent spherulites' diameter.

The difference in crack site in type III spherulites may
be due to the weakness of inter—fibrillar regions in this
morphological type, since as outlined in section 3.1, they
appear to be of a simplified morphology possessing radiating
lamellae aloneyrather than lamellase of mixed orientation which

may well serve 10 bind radiating fibrils together more strongly.



5,5 Transmitted Light Measurements during Tensile Testing .

In order to measure the point on the stress—strain
curve at which cracking starts, a technique was developed
for continuously measuring the amount of light transmitted
through the tensile test piece during a constant strain -

rate test.
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5.51 Apparatus.

The light source for light transmittence tests was a
4,5V 5u1b supplied by a stablised power pack from the
mains, Fig. 5,1lashows the experimental arrangement
which comprised a light bench (Jj) holding the light
source, two convex lenses, and an adjustable slit arranged
as shown to produce a columnated light beamn, A mirror
at *the far end of the light bench threw the beam of
light into a long tube (k) which entered the constant
temperature cabinet, Despite the use of a stabilised power
pack fluctuations in the mains voltage produced a measur—
able change in light output from the source and tests
were more often carried out during the evenings, to obtain
more accurate results.

Within the cabinet a 0,3 in, sharp edged hole in

L which surrounds The Specimen
the aluminium box (l)/admitted a narrow beam of light onto
the specimen, the transmitted amount of which was measured
by a Vickers CdS cell photometer (m) and displayed on a Second
Kent Mk, III recorder. The inner surfaces of the aluminium
box were carbon blacked +o minimise reflected light
reaching the light cell, The light cell was also hooded
up to within a short distance of the plastic surface to
further reduce the reading of stray light.

?reliminary tests showed that this equipment was very
sensitive only to the amount of light transmitted through
the specimen and was hardly affected by considerable changes
in lightihg outside the cabinet. During tensile testing
where it was not necessary to measure the strain on the
specimen the cabinet could be blacked out altogether, but
during relaxation tests where strains were measured this wa:s
not passible, Where strains were measured using the optical
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observation technique described in section 4.32 a constant
gource of illumination was provided close to the gauge
marks of the specimen, This comprised two 4,5V bulbs
supplied by a Farnmell constant power pack,

Tests on the temperature stability within the test
area of the cabinet showed that this did not suffer from
introducing the open ended tube into the cabinet. At
higher test temperatures a window in this tube might have
been necessary.

A photograph showing the disc of light from the
columnmated beam source on the centre of the tensile test
piece gauge length prior to testing, is shown in Fig.
5.11b.

5.52. Results.

Light |
transmitt—.
ed o

|
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PIG 5.12.
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A typical trace for the output from the light cell
and its response with respect to the stress—sirain curve
is shown in IFig. 5.12, Between the points marked as oA
a slight change in light reaching the light cell was often
recorded due to the initial slight curvature of some
tensile specimens. Under these circumstances the first
few seconds of extension change the distance which
separates the axis of the tensile test piece and the light
cell, This, for example, if it comes ¢loser to the light
cell will increase the light reaching the cell by virtue of
the increased angle subtended from the centre of tle source
of scattered light to the plane at which this i1s measured,
Between the points marked as AB no change in transmitted
light was measured but at B a well defined decline in the
transmitted light occurred, LYhe amount of transmitted
light falls increasingly beyond this point, passing through
a maximum rate of fall at a point D which corresponds to
the yileld point of the material, It should be noted that
any thinning of the specimen section during extension
would, if anything, increase the amount of light transmission
during testing and that these results indicate the much
larger changes which occur in the opacity of the material.

Two p01ntsj%f interest in elucidating the deformation
process within the tensile test piece. They are point B,
at which opacity or light scattering starts, and point C
which is constructed from the light transmittance repsonse
as shown in PFig, 5,12 and is treated as a measure of the
.onset of large changes in opacity or light scattering which
may be related to the beginning of cracking. Values of the
strains ey and En 8t which points B and C occurred for all
the samples tested in this way., are listed in table 5.2a and
shown in PFig, 4.8. and 5,14,



— 128 —

Duplicate tests were performed on test pieces fron
sample 2 which showed that on this sample the values of
€q and ECDbeing 2.10/0 and 9.Oo/o,respective1y7were
reproducible fto within (Q.Ii .025)0/0 and (9.0i .l)o/o.

Two further tests were completed on test piléces
taken from the same sheet as sample 3 to find thé effect
of strain rate, The results are given in table 5,2b and
are shown in Fig, 5,13,

To aid in the interpretation of the morphological
meaning of points B and C, the following tests were

carried out.
i) Two samples from each of two sheets 7 and 8A, having

the moulding conditions given in table 5.2c,

were strained beyond point B to 2.50/0 and 3.00/0
respeciively. They wem left for 36 days to

recover at room temperature prior to retesting.

All again showed the same characteristic region

AB in which no change in light transmittance

occurs 1.e. a recoverable behaviour, The results
are gliven in table 5,2c¢ from which it appears

that € may be slightly increased by a prior strain-
ing of the type given in these tests,

ii) A fast cooled sample (samplgﬁ) which had already
been extended to beyond point D and which had been
allowed to recover for 60 days at room temperature
was retested and showed further decreases in the
light it transmitted from the moment the cross—~head
was started i.,e. non recoverable behaviour.

iii) Two tests were also carried out on samples having the
same thermal history, one of which had the standard
machining finish, the other of which had all machine
marks removed by polishing with emery cloth and
diamond pastes until no machine marks were visible
to the eye. These gave an identical response for
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both stress—strain, and light transmittance tests, .

thereby showing that any stress raising from the

machine marks had an insignificant effect on stress
~rupture properties within the test piece,.

5.53 Discussion,

As mentioned earlier in section 5.13, it is expected
that the start of drawing out of molecules from the
crystalline phase is asociated with voiding and a change to
a state of semi—order in the drawn out material, Lither
of these could be msponsible for the early changes in light
transmittance in the tensile test piece.

In the early stages of this interaction between amorphous
and crystalline regions, deformation of the structure and
overall strain would still be recoverable. Long term
recovery tests on PP after oreep(l40)show that the degree
of recovery depends not only on the prior final creep strain,
but on the time spent in the creep period, recovery becoming
less complete the longer the creep period and the higher the
final creep strain. The experiments carried out at different
strain-rates (Fig. 5.13) confirm that the onset of opacity
€p is a time and strain dependent. point, the reasons for the
trend indicated at the highest € used in Fig. 5.13 may
be the result of an increased experimental scatter at higher
strain rates in the measurement of the point €g.

In the region of Cyhowever, it is likely that local
deformations of the above kind become incapable of relieving
the stresses induced by the rate of strain during extension
such that a more severe cracking occurs either within or
between spherulites, this mode of cracking is also time-
dependent since it depends on the time-dependent orientation
of smaller units within the spherulite, but owing to the

co—operative nature of relaxation required to relieve stresses



at the macroscopic level, relax ation times for this mode-
of cracking will be longer.

ihe effect of thermal history on € and €q is
summarised in Fig., 5.14. The small changes found in €3
probably represent no more than an experimental scatter
and it would appear that this condition in the material
is unaltered by the range of thermal histories applied in
this research. ‘here is, however, a general trend to
improved resistance to gross stress cracking with faster
cooling rates}as is generally appreciated (141) Lhe
light transmittance techniqﬁe used in this rsearch has
shown that the improvement is most pronounced for samples
cooled faster than about 100°C/min and having TC:fIIZOC
(samples 2, 64, 6B), This crude boundary of cooling rate
and TC beyond which crack resistance is improved tallies
with the fall in density at fast cooling rates shown in
Fies. 3.6 and 3.7. The position of sample 1B in Fig. 5.14
again shows how a \discre€§3annealing. say TA/TC-<:O.91. FoA
may increase the strain to micro—cracking, a result which may
be attributed to the more relaxed state of the spherulite
interior such that strains are not so heavily concentrated
into spherulite boundaries. Sample 5A appears more brittle
in this mspect at eq in Fig. 5.14, no doubt due to the
inter—spherulitic voiding observed in 5A prior to testing
which has resulted from qﬁore thgrough annealing treatment,
\ If this interpretation is correct then spherulite
boundaries would appear to have little effect on cracking

or disruption of the crystalline phase in its early stages

such as at Ege

The position on Fig. 5.14 of sample 8 A which had been
thermally degraded, see table 4.2 ., shows that the melt
condition may be more important than moulding coolimg rates
in its effect on the onset of opacity. It is comdlwded
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that the range of cooling rates applied to samples in

this programme produced very ittle change in the strain/

time condition at which crystalline regions become deformed,
but changed the strain/time conditions for more permanent
cracking more markedly. In this mwspect, cooling rates faster
than about 100°C/min and TCQ£112OC are recommended as giving
an improvement in resistance to gross cracking.

Sufficient material was not available to survey these
points more fully, since a large number of tensile specimens
were utilised in testing the effects on stress relaxation
of strains which cover this zone of changng opacity.

An indication, however, of the generality of the
findings obbtained with this new technique when compared with
other polymers may be indicated by some environmental stress.
" rupture results obtained by Tung(lgl) on PE.  He has shown
that despite the extreme susceptibilXity of PE to the
detergent environment of '"Igepal', no rupturing was obtained
for prolonged periods where the test strain in either creep
or relaxation experiments was below about 2,0°/o.  The
results of this research would then suggest that the
environmental stress rupture behaviour which is puzzling in
itsorigin, see for example ref(143) , is in some way assoo—
lated with the condition which pertains when the crystalline
phase begins to be disrupted.
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5.6 Conclusions. .

1) It has been found that the cooling rate from the
melt affects the strain whitening characteristices of extended
PP quite markedly., Strain whitening becomes very pronounced
where moulding conditions are such that Tcg112000 (cooling
rates<10°C/min.)  These effects may be related to the
abrupt increase in sample density and changed crystallisation
kinetics which were found in the slow cooling rate range in
Chapter 3.

Annealing treatments where TA/TC§:O.91 also produce
a severe increase in strain whitening.

2) The degree of strain whitening follows the same
order as the degree of cracking within the tensile test piece.
There are indications that more cracking might occur within
gspherulites rather than between spherulites in annealed
gsamples compared with 'as moulded' samples,

3) Imposed complex stress conditions induce both
voiding and cracking, Cracking within thick sectioned
uniaxial tensile test pleces may be due to complex
stressing induced at the microscopic level due to the
anisotropic and inhomogeneous structure of the spherulitic
matrixy 1t might also be due to the testing strain-rate
exceeding the maximum rate of relaxation of one or other
of the deformation modes within or between spherulites,

Since cracking within the tensile test specimens
was very markedly distributed along the polar axis of the
spherulite, as defined'by the extension direction, it is
concluded that the relaxation rate in these regions is the
slowest of the possible relaxation modeB within the matrix,
and thdat the applied strain-rate has exceeded its fastest
~rate of reorientation. The conclusion 2) would then show

that the structural changes following annealing make this

relaxation mode even sloer compared with the relaxation
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behaviour of other regions within or between spherulites.

4) Uniadial thin film extensions at comparable strain-—
rates show no tendency to cracking but instead a typical
line—drawing behaviour from all regions in the spherulitic
metrix, It is concluded that in the absence of both
material restraint in the film's thickness direction and
a multiplicity of slip systems through the thickness

a) no serious complex stressing develops,
b) the relaxation rates for deformation in the
various parts of the spherulite might be faster.
Either conclusion suggests that some care should be
exercised in comparing the deformation mode of thin films
directly with that in the bulk matrix in crystalline
polymers or any other crystalline material,
5) A technique has been developed for following the
course of opacity within a tensile test piece whilst it
was being extended. This technique made it possible to
distinguish the difference between the onset of opacity
and large changes in opacity, the former of which was
found to be recoverable and was attributed to the early
stages of disruption of the crystalline phase, the latter
of which was non—recoverable and was attributed to gross
cracking, Both of these stages of &formation were found to
be strain and time dependent., |
6) Using this tec@ﬁ@que. it was found that the range !
. 0of cooling rates applied to samples in this programme produced
very little change in the strain/time condition at which
crystalline regions become deformed%vbut changed the strain/
time condition for more permanent cracking more markedly.
In this respect, cooling rates faster than about 100°C/min,
and TCCE 112°C are recommended as producing the greatest
improvement in msistance to non-—recoverable cracking.

¥ this being at a strainz~ 2%/



A low temperature annealing treatment appears capable of
improving the resisfanoe to gross cracking, where comparison
is made on a density basis with 'as moulded' material,
At low annealing temperatures Wyckoff (45) has suggested
that material of intermediate order may be removed, The
results of this research would suggest that a limited
transformation of this ind probably incorporates a
relaxation of the nonucrystaliine phase to an extent which
improves crack resistance slightly without affecting the
relaxation mode in polar regions as contiuded in note 3).
7)) A condition where no gross cracking occurs or
where 1t is delayed until higher strains/longer times may
occur at low strain rates, lower than about O.5O/o/min.



TABLE 4.,1la

L S Tk T oy [

e

fSample ; C | : ! Age o) ;
: § (°¢/min) ! (38) " Prior t0 - (g/ml) |
: f i . Test . |
e e g o (Hres.)
L 155 110.4 123 9029 |
: i . |
.2 106 | 111.8 | 192 . 9048
L3 51 | 114.3 | 575 . 9055
[ 4 9.3 | 121.0 = 2610 . 9066
5 1.4 @ 124.8 - 695 . 9082
TABLE 4.1b
' Sample | C T Age | 0
: | OC/min)} OC . Prior to!{ (g/ml)
i : ; (Y0) Test |
o (Hpss)
64 | 96 | 112.8 . 6 | .9035 |
63 | 96 | 112.8 192 | 9047
TABLE 4.lc
H ! :-—' i -~ R -
Sample ) C. T, Py Ty | TA/TC Ty Po
(C/min) (%) 5 (g/ml) (°c) | (Hrs.) | (g/ml) |
14 164 110.0 | .9038 | 125 | 1.135 3 . 9089 |
1B 155 110, 4 ,9042 | 100 | .905 19 . 9060
54 1.4 | 125.0 , .9084 | 118 | .945 5 . 9082

te
C:cooliné?lﬁldensity at
po=post anneal density.

time of test, pl=preannea1 density,



TABLL 5. 2a

-

e _— —— - —— e - . NEEE - . .

' sample ' €B(°/0) f ec{°/0) . Density
! ! : g/mL
:““*Ei_hﬁwm“"é;immfd“Wwéfémgt—“}9035
B Y T O S B Ve

2 | 2.1 9.0 | .9048 |

30 20 0 6.8 1 L9055

4 . 2.0 5.7 | .9066

1B | 2.2 7.3 | .9060

5A { 2.5 | 5.7 g .908‘2‘%g
TABLE 5.2b

rTE‘Q\LIIlpl(a’ ;8( /o/mln EB(O/O) £C(°/0)
| VN

T TR R, |

3 V47 : 4.0 8
| 189 36 | 68
TABLE 5. 2c¢
Sample | & C oT. 0 E%O/O ’ @O/o ego/o

¢/min C g/ml
7 15 118.9 | .9060 | 2,0 | 2.5 2.5
u u i | 1 2.1 3.0 2.7
8a™ | 10,5 | 121.5 | .9071 | 1.4 2,5 | 2.1
" I n 1 [ 3.0 24 5

%<Therma11y degraded sample B, from Chap., 2, see p. 46,

E% = initial strain to point B
?

= maximum strain during experiment

2 : :
€g sStrain to ppint B after 36 days of recovery
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PIGS. 5.2a - £

PIG. 5.2a SAMPLE 5 PIG. 5.2b SAMPLE 4
X 200 x 200

PIG. 5.2c SAMPLE 2 PIG. 5. 2d SATv1PIE 5A
X 650 X 350

PIG. 5.2e SAT4PLE 5A PIG. 5.2f SAMPLE 5A
X 350 X 350

EXTENSION DIRECTION HORIZONTAL
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In bperation this jig was turned over so that the
tensile test film was next to the objective lens of the
Vickers Projection Microscope. The jig was bolted down
in this position by two yokes. Transmitted ligh¥
illumination passed through a hole in the brass frame.



PIGS. 5.6a

PIG. b5.6a SAl1.1PIE 4 PIG.
X 350
PIG. 5.6c¢c SAMPLE 5
x 200
PIG.
PIG. 5.9 SAMPLE 4

X

5.6b

5.6d

JCLi=" .

SLOW COOLED SAIV1FIE
X 350

IMPROPERLY MOULDED
SAMPLE x 200
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PIG. 5.11la

PIG. 5.11b
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6. RELAXATION TESTS,.

6,1, Introduction.

6,11, Scope of Tests.

The purpose of these tests was to ascertain the strain
dependence of sress relaxation for samples'of varying
thermal history. To this end, tensile test pieces having
the same thermal history were subjected to a range of
prescribed strains from 0,25°/0 to 5.0°%0. Occasionally
the same tensile test piece was used for first testing at
0,25°/0 or 0,5%°/0 and then at a higher strain, after
allowing about 2 days for recovery. _ '

the number of relaxation tests undertaken and the
availability of only one test rig limited the relaxation
experiments to 3 hours each to give a time span of 4
decades in seconds from 10° to 104 secs.

Throughout the re]axatlon tests a constant test
temperature of 24, o X 0.1°C, was used.

6,12, Choice of Strain Rate to Attain the Prescribed Strain,
gtrain rate

The constent/t tests described in sectioh 5.5. showed
that the point at which opacity strts (attributed to drawing
out of molecules from crystallites) is a time dependent
phenomenon. It was, therefore, decided to use the same 3
to extend tensile test pieces to the prescribed strain of
each relaxation test, so that the state of extension of
the -structural matrix at the start of relaxation could be
related to the results of the last chapter,.
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6.13. HMaterial Samples Tested.

a) loulding Conditions. A selection of sheets of plastic
moulded as in Chapter 2 was chosen to cover the available
‘range of moulding cooling rates, Most sheets yielded
either 2, 3 or 4 tensile test pieces according to how
much of the sheet was detached for density, microscopy

or thin film extension work. For the purposes of
correlation, an average moulding condition was taken for.
all the test pieces from each sheet from the recorded
cooling rates and crystallisation Vtemperatures-at each
thermocouple, Likewise, by using the graphs of density
versus age, Fig., 3.4, and density versus Tc v Pigs., 3.6
and 3.7, it was possible to estimate a fairly accurate
average density for each sheet and its‘corresponding test
. plieces to cover the period of time during which relaxation

tests on any one sheet were carried out, The sheets
tested, listed as samples, are shown together with their
relevant moulding conditions, average age and density at
the time of testing in Table g.la. | '

b) Ageing, The samples listed in the above category had
approximately two age groups, of about 410 hours (samples
9, 10, 12, 14) and about 987 hours (samples 11, .13,

15). These two ==ts of samples were treated as: different
age groups. A further age group for prolonged ag eng

is detailed in table §.1lb. Ageing was carried out in

a controlled temperature room helé at 23 L 29.

¢c) Annealing. A single fast cooled sheet, yielding four
tensile test pieces, was used to examine the effects of

annealing above and below the sample's T, Details of
the annealing temperatures TA and times tA are.given'in



Table 6.,1c. The procedure used for annealing is giveh

in section 6,14.
6,14, Annealing Procedure,

Individual test pieces were annealed at accurately
controlled temperatures in an inert Argon atmosphere.
The test piece was contained in a boiling test tube which
was fitted with a stopper through which passed an inlet
tube from a cylinder of Argon and an outlet tube to an
air lock, Argon was passed through the test tube at
a very slow rate whilst the fest o/, belng gupported
beneath a 1lid, was immersed in a Grant thermostatted
oil bath held at the desired annealing temperature. A
mercury thermometer reading to 0.2°C, and a calibrated
iron/constantan thermocouple connected to a potentiometer
were held close to the test tube and measured the annealing
tmeperature, fluctuations of which did not exceed X o, 19,
Cooling after annealing was by leaving the test piece in
the test tube in air for 5 mins, before removing it. This
represented a cooling rate of approximately 15°C/min,
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6,2. Apparatus, Procedure, and Errors : .

6,21, Apparatus and Experimental Errors.

The Instron tensile tester was used for stress relaxation
tests together with the constant temparature cabinet already
described in Appendix IIIL, _

Two load cells giving load spans of 0 — 50 Kgm. and
0 — 100 Kgm, together with a zero suppression unit enabled
the-entire range of strains to be covered with load measuring
" errors of = 0.05 Kgm, and x Oll Kgm., respectively on each
span, plus the error of * 0.06 Kgm, due to temperature
fluctuations within the cabinet, _

The experimental arrangement for measuring the loads
continuously in a relaxing material is shown in Mg, 6,1.

/l\Fq‘E
" FMixed cross. |- pa
head/’/c/ L
Load cell
+ Elastic Machine
Deflections

FiG, 6, . S
6.1 Plastic testplece

1
(Simplified time .] !
Dependent response) .7 p

|

]
]
Y |-

Moving ~ - |, -
oross head i‘VF.é
where K, F and € refer to the spring constént, the
force, and the strain in either the machine or the plastic.
A_ and 1p refer to the cross section and the length of

D
.the plastic under test.
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Assuming that the plastic is a linear visco—elastic .
material (not the case at strains 340.20/0 in the case of
highly crystalline PP), its spring constant Kploan be
represented simply by,

A Eq
K = P X El exp (""‘"""t) (l)
P 7 15
b
since Fm = Fp
K .,.e. =K ,¢
m PP
E:U.’ld £ = _I_{_E . [
mox p
m

In a relaxation test which is approximated to by holding
the lower cross-~head fixed,

ey + €y = €= constant = € .; (2)
K E_+ € = £
L2 P p 0
Km _
0
£ - -
i I(rn
. O
i.e sp = N T (3)
+ A By exp(—fé )
L Km N

Equation (3) describes the time dependent strain on the
plastic Ep(t) due to its own relaxation.

The most pessimistic change in e, from the start to
finish of a pseudo—relaxation test is obtained when the
plastic has completely relaxed i.e t >>.E1 '

3

Feeding into equation (3) the largest value for the

expression ﬁR.El /Km} for the plastic, at short times and

1
p
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small strains E,¥ 1,20 x 10% Kgm 4 for the weakest load

2
cm

cell, K& 1,0 x 104 xem ¢ A = 0.480 em®, 1.= 7.0 cm}

cl P

E, / K, = .08.

ok

A realistic estimate of the amount of relaxation during
the time duration orf these tests puts the value of the
El%ﬂ: = 0,6, making the total change in €y

ﬁz.
from equation (3),

expression exp(~

€, (at t = 0) = £
1.08
4 _
€y (at t = 10"secs.) = EQ
1.04
malcing a total change in e, of about 4°/o.

Strains were measured three times during relaxation
tests and an average value taken for e_ . The. maximum
error found in this way throughout stress relaxation testing
was for small strains where € = (0,24% 0,005)°/0, ‘which
represents an error of x 2.00/0. as predicted above, The
maximum error at high strains was of the order * 0.50/0, the
improvement resulting from a fall in the value of fﬁ El/Km

1
P

due to (a) the effect of non—linearity in reducing El' with
increased strains, and (b) an increase in the value of K with
the use of a higher capacity load cell.
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6,22, Experimental Procedure.

The equilibration procedure prior to testing at 24.000
was the same as was used in Chapter 4, Gauge length
and strain measurement was again carried out using the 'Utilex'
measuring microscope,

To produce the prescribed strain €, for a stress
relaxation test the cross—head movement, producing the e(t)
path shown in Fig., 4.6, was timed with a stop watch:

" A light transmittance measurement was taken continuously
during the relaxation test, and in order that strains could
be measured without interrupting these tests, a constant source
of light was arranged within the cabinet using‘two 4,5 V bulbs
supplied by a Farnell stabilised power pack, These can be
seen in Fig. 5.11b. , o
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6.3 Results,

Duplicate tests on two fast cooled samples 9, 10 were
completed at 0;50/0 strain to test the reproducihility of
results, These samples were considered to have as near
as possihle the same thermal history. The greatest
difference in stress measured in the course of relaxation
represented a scatter of = 6%/, In a determination of
relaxation modulus based on these stress relaxation results,
the additional error in the measurement of strain brings the
maximum total scatter in modulus measurement to the order
£ 10%%0. ‘ |

The effects of strain on modulus were sufficiently
large despite this scatter to justify plotting results as
nodulus versus log (time). Results for sampieS'having a
reasonable coverage of strain :are shown for samples (9,10),
12, 14 and 15 in Figs. 6.4, 6.5, 6,6 and 6,7 respectively.
Values are not shown for 0.25°/0 strain because of the
increased size of errors in modulus at this strain owing to
larger errors of strain measurement and the initial slight
curvature of the tensile test pieces from fast cooled sheets.

The greatest change produced in modulus with extremes
of cooling rate during moulding was of the order 140/0. where
values are compared al 1000 seconds after the start of the
relaxation test. This meant that a critical interpretation
of the results was not possible, The stress relaxation of
ganples of varying moulding conditions at strains of 0.50/0
and 1,5°/0 is given in FMgs., 6.8 to 6,11,

The stress relaxation of annealed samples at strains of
0.5%°/0 and 1.5%/0 is given in Figs. 6.12 and 6.13 respectively.
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The grester number of tests completed on samples q
and 10 having proctically the same thermal history were used
to find the besic varietion in the relaxation response with
strain. The limited number of ftests which could be
completed with the amount of material available from one
batch could then hopefully bde related in their tendency‘to
the form of the results obtained for samples § and 10,

In order to correlate the effects of both thermal history
énd strain in a way which might show up any small differences
a measure of relsxation rate was cnosen, It is dimportant
to realise that no absolute value exists for the measurement
of relaxation rate since stress relaxation changes constantly
and apparently never reaches an equilibrium value within
practical time limits,

Kubat(loz) has suggested the criterion for relaxation

rate shown below.

(&d/d log t] nmax (4)
9o~ %) -
where [0, — g;] is the total dissipation of stress

during a stress relaxation experiment.
For the purposes of comparison in this research this

expression was modified to

Jdc[d 1og;ﬂmax B (4.4) M=

[goo B cj10@

-

The value of this expression versus strain for all the
samples tested is given: in Table 6,2, and the values for-
samples 9 to 15 are plotted in Fig. 6.14.

= where 01 o = the stress at 1 sec.
' 0

o the stress at 104 secs.

i

10%
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6.4 Discussion

The eifects of strain on the stress relaxation response
in Mgs, 6.4 to 5,7 show the very pronounced effects of
non—linearity. It is obvious from the results obtained
tnat despite the experimental scatter expected on these
curves, they all predict that non—linearity is present
at strains above at least about 0.5%°/0 to 0.9%/0. This
means that the relaxation modulus is a function simultan—
edusly of both time snd strain.

The form of the relaxation curves obtained show a
tendency toward an eguilivrium zone in the strain range
above approximately 2°/0. This behaviour may well be
related to the stiffening role of the crysfalline regions,

(74) (75

a tendency to equilibrium behaviour in aeep experiments

as has been interpreted by Turner to explain

on PP and Pz, On this basis it would be expected that a
similar behaviour should occur in samples strained to
below 2°/0 but taking place at progressively longer times
outwith the duration of these mlaxation experiments as
“the strain is reduced.

A slight form of strain dependence foystress relax—
ation is shown by the curve for samples 9, 10 in Figz., 6.14,
which may result from this pseudo—equilibrium zone effect.
The points obtained for the other samples would appear to
share in their prediction oT this strain dependent phenom—
enon and estimated curves for their response are drawn
in based on the more complete curve obtained for samples
9, 10, In the range of strains below approximately 2°/o.
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the relaxation behaviour of the samples of varying thermal
history appears to be slightly different, With one or

two inconsistencies which are probably due to experimentall
scatter the general trend found was toward an inoreased
relaxation rate (as measured by expression 44) for slower
cooled specimens, lower age, or more thoroughly annealed
specimens, This trend is what might be expeected on the
vasis of the earlier conclusions made in Chapter 4 on the
importance of the state of relaxation in the non~crystalline
phase, Since the degree of crystallinity is increased
with any of the thermal hisfory changes stated above, and
vet relaxation rates still increase marginally, it is _
concluded that the state of relaxation in non—crystalline
regions up to strains of about 20/0 under the present test
condition is probably more important than either the dkgree
of crystallinity or the perfection of the crystailine state,
The similarity in relaxation behaviour at strains greater
than 2°/0 may, by reference to the previous discussion

in Chapter 5. be related to deformation of the crystalline-
phase, Under these circumstances it woulad appear that

no gross difference in relaxation behaviour is detectable
once crystalline areas are deformed, Yhis- is another
indication that within the sensitivity of these experiments
no difference in the strength of crystalline phase is
detected for fast and slow cooled test pieces alike,

If this interpretation is correct, then some differences
in relaxation behaviour would be expected to reappear at
strains beyond the threshold for gross cracking (say greater
than 5°/0), as found in Chapter 5. Whilst there are some
slight indications of this at strains greater than 3°/o0,
results were again not entirely oonsistent.'probabiy due

to ‘experimental scatter.
Too detailed an interpretation of these results apart

from the ghove comments, was felt to be unwarranted by the:
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expected experimental scatter, However, one major conclus—
ion that can be made from an observation of the results in
PMgs. 6.8 to 6,11 and Fig. 6.14, is that the differences -
in relaxation behaviour where they exist are quite small .-
and that these differences are more likely to be observed
at smaller strains and times which do not disrupt:the
cryialline phase, o B

Passagliq and Martin (47)have reported finding differ—
ence in the relaxation response of PP at room temperature
following various extremes of thermal histery by a torsional
oscillation technique, which complies with the recommendation
made above, Thelr results show a slightly larger difference
in relaxation rates for samples of varying thermal history
and in view of the results of this research it Would appear
that as strains are increased, differences in the relaxation
behaviour as varied by thermal history, progressively
decrease. until no differences are detectable in the strain
(and time) zone where the crystalline phase is deformed.
In the presence of stress—cracking however, differences
may again reappear owing to the different susceptibility |
to cracking for various thermal histories as found in
Chapter 5, .

The same authors(47) nowever, report a more substantial
difference in the relaxation of annealed PP specimens at '
temperatures in the range of the high temperature relaxation
(~363°%K). ®Phis observation would naturally suggest the
involvement of the crystalline phase in some way with this
difference which these authors attribute to movement of the
lamellar surfaces or inter—lamellar regioné. This inter—
pretation cannot be tested for comparing fast cooled
specimens with slow cooled ones because tensile testing
in the region of the high temperature relaxation would
produce an annealing treatment which would vary from

sample to sample in its effect according to the ratio TA/TC,
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It, therefore, appears impossible to oompaﬁe directly the .
relaxation response of variously cooled samples in '
the temperature range of this high femperature relaxation,
In the absence of annealing treatments which have
stablhsed the structure to a higher temperature than the
test téﬁperature. it is to be expected that the meohanlcal
properties of variously cooled samples would become
considerably different at test temperatures approdching
the crystallisation temperature band (108°C—125°C) owing ,
to this variable ratio of T,/T, and its effect on melting
and reordering structure. oince in Chapter 5 it was
concluded that a ratio of T,/T,% 0,91 is reqiired to
significantly alter the fine structure, it might be
concluded from the values of T, obtained for the fastest
cooled sheets of this msearch that differences_&n-the
mechanical behaviour of unannealed PP may show/at test
temperatures above about 95 g,

In the region of ambient temperatures the small
differences obtained in the relaxation rates within the
strain range .25%°/0 to 3°/0 also means that at a chosen
strain within this range a fairly accurate description of
the relaxation behaviour following any thermal history
treatment can be obtained from a single relaxation cuve
at the same strain and a knowledge of the effect of
thermal history on the material's isoohronousAstrgss-
stmin curve, The latter curve would enable an assessment
of the vertical shift to be applied to the relaxation curve
as shown in Pig. 6.16 over, to bring it intp line with the
thermal history change.  This method would break down
beyond those conditions which produce crading-and a
significant change in the relaxation response at the same
strain of materials with varying extremes of the?mal history.
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An isochronous stress—strain curve, derived from the
results of the relaxation experiments where they covered
an adequate range of strains is given in Fig. 6,15.
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FIG. 6.16
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6.5 Conclusions

1) A slight strain dependent relaxation process
has been found which may be related to the strain and
time at which the aystalline phase is probably deformed.

2) At strains below which the crystalline phase is
not deformed to a large extent within the time duration
(~ 3 houfs) of these relaxation tests a smallldifference
in relaxation behaviour is detected for samples of varying
thermal history, The general trend in relaxation rate is
such as to suggest that the state of relaxation in the non—
crystalline phase is more important than either the degree'
of crystallinity or the state of perfection qf the crystalline
phase, . .

t strains beyond which the crystalline phase is
probably deformed no difference is detected in the
relaxation behaviour of samples of varying thermal history.
However, beyond strains which cause cracking of the.material
small differences again reappear according. to the various
‘crack resistant properties of each sample,. _ ,

3) The small differences in the relaxation rate of
PP samples of varying thermal history found in this research
at strains in the range .25%/0 to 8°/0 extends the findings
at smaller strains of other workers(47) in this field,
The results show that up to these strains the differences
in relaxation behaviour become progressively smaller until
no detectable difference occurs in the region where ‘there
is probably interference from the aystalline ﬁhase. and
prior to the process of cracking mentioned above.

4) Transmitted light tests show no detectable level
of recovery of the state of opacity (dlsruptlon of the
crystalline phase ox cracking) during these stress relaxation

tests.



TABLE 6,1la
Sample o ; T Age P No. of
(“C/min) (°0) Pricr to (g/ml) Relaxation
Test Tests
| (Hrs.)
9 127 109,6 322 .9042 5
10 119 110,96 274 . 9040 5
11 116 110,6 1270 . 9051 2
12 73 113.1 524 . 9052 5
13 24 116,3 905 . 9060 3
14 8.3 120.5 521 . 9065 4
15 1.3 125,17 875 . 9085 4
TABLE 6,10
Sample o C g Age p No. of
(“¢/min){ (°C) | Prior to| (g/ml) | Relaxation
Test Tests
(Hrs.)
16 102 111.5 4450 . 9052 2
17 66 116,0 2950 . 9066 2
18 5.0 122.8 4800 . 9081 3

C=cooling rate, p=density at time of test




TABLE ©6.1c

Sample | ¢ T, N T, | 1,/ b, . Py

! (OC/min)! o (g/ml) o | (Hrs.) | (g/ml)
5 | (7c) (7¢) | |
194 116, 109.4 | .9035 | 106.0] .968 0.5 | .9049
198 116 | 109.4 | .9035 |.105.9 .968 2 | .9055:
19¢ 116 f 109, 4 .9035 | 105,9| .968 10 .9058§
19D 116 | 109.4 .9035 | 112,0! 1,022 2 .9059!

i ! i

C = cooling rate

p1= preanneal density
p2= post anneal density

TA and TC = annealing and crystallisation temperature

o+

6, = the duration of annealing



TABLs (.2

T ‘ !
; SR T Seee
?Sample : Strain(O/o)é (4) : (B) i %ﬁ[
0100010t | do/d Logt Jmax 2 A)
25 5,19 | 1.85 357
.50 1 10,05 | 374 .372
L5 ~ 28.10 | 9.95 354
; 2.7 | 32.9 ; 11.5 | .350
4.6 | 35.7 | 12.9 f . 361
| o5 | 5.85 1,98 | .339
p .50 . 10,70 4.35 406
0.9 18,95 7.25 . 383
. 2.0 29,95 10.90 . 364
; 3.6 3.3 12,2 . .356
| i !
| .50 | 10,65 | 4,15 . 390
8.0 43,6 | 15.3 . 351
25 5.26 | 1.91 363
.50 11. 28 § 4041 . 391
1.5 29.25 | 10. 30 . 352
2.7 2.7 | 11, 4 . 349
4.7 37.8 | 13.6 . 360
.50 10,53 4.0 . 380
1.5 | 26,32 | 9.36 . 356
2.6 ; 32.5 : 11,2 . 345
) l 5,08 : 1.91 . 376
. 50 ; 9.65 | 4,05 420 |
1.5 27,1 9.9 . 366
3.2 } 34.0 | 12,2 2359

continued/




TABLE 6,2 (continued)
- "' i~ i I" S : o
i j :?A > : ‘c\:,cm + /Q%E"CD
Sample . Strain(°/o) | (A) ’ (B ‘ _g_lgg_
| | 05900t | [do/dlogt] max A
15 | .50 9.00 | 3.73 L 413
2.6 | 32.0 § 11.2 . 350
i . f
3.5 i 34.5 ' 12,9 . 374
; ; !
16 | .50 . 10,10 | 4.03 399
17 50 10,75 4.04 375
2,6 ; 32,3 1 114 +353
: i g
18 25 5,61 2,23 . 393
.50 | 11.08 4.50 . 406
2.3 ; 33.6 i 11.6 . 290
194 | 50 | 10, 25 3.70 -, 361
| ;
I 145 i 24-4' N 9-0 0370
| ' s
198 .50 11, 20 § 4.3 384
1.5 25,9 | 9.2 355
i
19¢ .50 ! 9,70 3,88 . .400
, 1.5 i 25.2 9.1 | . 363
19D .50 11,1 4.1 370
1.5 | 24,5 8.6 | .35
1 .

1
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7. CONCLUSIONS.

Using a moulding technique which was dé?eloped as
part of this research, it has been possible to measure the
cooling rate and crystallisation temperature within com—
pression moulded sheets of polypropylene,

Some fairly simple techniques of density measurement,
optical microscopy and a measure of the rate of crystallis—
ation have confirmed the previous report by Maglll (116)
that a change in crystallisation k