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CHAPTER 1 INTRODUCTION:  THE STRULTURE OF POLYMER

MELTS AND 500109

The structure of polymer melts and solids produced from them is
at present a highly controversial field of study. A large number of

experimental technigues have been employed and numerous models of

the structures have been proposed,

The (rdered Melt,

The relatively high densities of molten polymers is taken by some
authors as an indication of a hign degree of chain order., Kobertson
showed that the high densities (shown in Table 1) could be explained
by an almost parsllel alignment of chain segments (1),

From the ratio of the crystalline to amorphous demsities an angle
of divergence @ betuwsen the chains is calculated and found to have &

LD
value of 15

in polyethylene, This value of € is used to compute a
e . . . . -7 % gt s

radius of gyration for polyethylens of 1.56 x 10 e cm, This is

approximately 15 times the value obtained experimentally (2) and the

inconsistency is explained by assuming that the polymer chain can fold

back on itselfl,



Table 1.1

A comparison of amorphous and crystalline densities

' of several polymers,

Polymer Crystalline Amorphous da 0 rReference
density dc density da dc

polyethylene 1.00 0.655 9,855 15° (3)
Polypropylene 0.937 0.854 0.911 5.4 (4)
Isotactic o .

. . . 347 4.8 4
bolystyrens 1.111 1.054 0 (4)
Polyvinyl = 4 . -
Alcohol 1,345 1.269 0.943 5.2 (5)
Wylan 66 (e) 1.220 1.069 0.876 12,4 (6)

Some of the earliest work carried out on the structure of molten
polymers was that of Kargin. from an analysis of electron diffraction
patterns he deduced that parallel cnain molecules were present in molten
polyethyiene (7). Some recent investigations however show no evidence
of tnhis form and attribute the conclusions of Kargin to an inaccurate
interpretation of data (8). A peak which had origipally been assigned
to an intermolecular distance of 5 Angstroms was found to correspond to
a distribution of distances wnen a ceorrection for background scattering
had been suitably performed.

A structural model of the melt phase proposed by Yeh is based on
the appearance of a nodule-like structure of 20-50 Angstroms in dia-
meter in glasses quenched from polymer melts (89). These features resemble
spherulites found in melt crystallised meterials and as in the case of
spherulites they are thought to indicate the presence of ordered chain
packing,

This two-phase structural model shown in figure 1.1 is referred

to as the folded chain micellar model and is also supported by electron

diffraction and microscopic studies of amorphous polymers (10).















From 1945 onwards a feature known as spherulites became recognised
in crystallised polyethylene which could not be readily explained on
the basis of the fringed micelle model (19, 20), These features often
circular in shape displayed the property of binefringence when viewed
under a polarising microscope., It was dedwced that the polymer
had a considerable &nisotropy or a high proportion of molecular
ordering in order to produce such a difference in refractive index along
perpendicular directions, The spherulites appear as a Maltese (Cross
pattern which produces interference effects as the analyser of the
microscope is rotated, In some cases concentric rings are ssen
superimposed on the image of the spherulite,

Sometime later highly crystalline polymers began to appear and to
be investigated., They resulted from the use of ziegler catalysts which
produce polymers of high steric regularity. These polymers displayed
spherulites more clearly and made possiblethe preparation of single
crystals of many polymers, These single crystals were almost simultan-
eously obtained in various laboratories by crystalisation from dilute
solution of polyethylene in xylene (21 - 23), Examination of the
material prepared in this way revealed the existence of thin platelet
of "lamellar" crystals,

These crystals were found to be of roughly 100 Angstroms thickness
and displaying well defined crystallorgraphic facets, Electron
diffraction studies confirmed the single-crystal nature of the lamellae
and showed that the chain orientation was either perpendicular or at
a large angle to the basal surface of the crystal, A chain folded model
illustrated in figure 1.5 was developed to include all these features
and explain how a chain many times longer than the layer thickness could
be confined within the lamellae, The fold length was envisaged as being
fairly uniform so as to give rise to the smooth surface abserved by

electron microscopy.
























the melt and the conclusion resched was that orimary nuclesation involves
folded chain nuclel {48), These authors furthermore maintined that a

truly amorphous state o

cooling conditions,

Although the s:upercooling dependence of the fold length has been
demanstrated in single crystals, this cannot be sald of melt crystallised

materials, Polyethylene which is very raepidly cocoled from the melt

has been found to display & lamellar thickness which is independent of
piay i

function of the melt temperature (53), This
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Raman spectroscopic evidence suggests that chain folding is not predomin-
ant in melt crystallised polyethylene, This present report provides

-

further evidence of this form
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of polyoxymethylene (54).
Similar conclusions have been reached from neutron scattering experiments
on solild polymers, The root mean sguared radius of gyration of polymers
in the melt state and the solid state are found to be similar apd to

vary with molecular weight, The molecular organisation in the melt is

therefore thought to be the same as that in the selid, A4s in the neutron
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scattering powers of perdeuterated and protonated polymers, The

examination of most solid polymers by this technis ffers however from

]
o
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a serious drawback and particularly so in polyethylene. The melting
points of the protonated and deuterated forms of polyethylene differ by
6°Cy, As @ result there is a tendency for segregation to occur as the
mixture is cooled (55), (56), Ballard et, al, have tried to reduce the
segregation problem by using branched chain protonated polyethylens
together with linear deuterated material so that the crystallisation
temperatures would match., This method was successful in eliminating
clustering in rapidly gquenched samples, In similar experiments with
slowly crystallised samples howsver, the measured molecular weights were

many times the true value thus indicating some segregation between the

two types of polymer molecules. (57), The results obtained on gquenched

)

studies on tie melt state the contrast arises from the different



samples indicate s high deyree of disorder which is incompatible with
the cnain folded model, Further evidence against chain folding is
provided by the work of several suthors on the radial growth of
spherulites as a function of supercooling in polyethylens (58, 59),
It was found that the rate of deposition along the growing lamellae
is about 1D5 - 1D6 sepquences per second,

Measurements of relaxation rate of polyethylens show tnat this is
far too slow to occur during the development of the crystal front (60).
The completion of the relaxation process would be essential for the
deposition of the moleculs in a regularly folded structure,
A new model was introduced in the early 1960%'s in order to describe the
structure of melt crystellised polymers (81-63), This model has more
recently become known as the "solidifaction modél", The polymer chains
are seen Lo traversg crystalline regions and then either to re-enter the

same lemella or to enter the ad

rare svent in this model shown in figure 1,11

B

nolymer crystallisation,



The model Turlhermore suggests that neighbouring lamellae are to &
large degree interconnected by the entanglement of chains in the

amorphous region. This present report offers some evidence for the
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influence on the crystallisation

of polyethylene,
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Polarisability is a measure of the ease with which electrons may be
induced to flow under a stimulus, and this property varies with the
deformation or extension of bonds,

The symmetric vibration does cause a difference in bond extension
and from a plot of the polarisability o against the desplacement co-
ordinate g it can be seen that at g = 0 the change in polarisability
has a non-zero gradient. This mode is therefore Raman active,

The three other vibrational modes also produce changes in
polarisability, but their curves all snhow zero gradient at the equilibrium
positions and are consequently inactive to the Raman effect. Their
dipole moments undergo a reversal in direction in the course of the
bond deformation, thus rendering them infra-red active.

In molecules possessing a centre of symmetry such as the example
considered, the mutual exclusion principle is applicable and states that
no vibrational mode shall give rise to both infra-red and Raman transit-
ions., In less symmetrical molecules this rule can be broken and some
modes show both types of transition.

In the case of polymers a further complication arises in that
although the monomer unit may be centrosymmetric such as in polyethyiene,
the "coincidence" of spectral bands nevertheless occurs as a result of
chain defects or folding,

Another peculiar feature of polymer spectroscopy if the apparent
lack of observed bands,

The number of independent normal modes of vibration is given by
3N - 5 in the case of a linear moleculs and 3N - 6 f£or a non-linear
molecule, where N. is the number of atoms, A normal mode represents
a periodic contortion of the molecule occuring in such a way that all
the atoms traverse the equilibrium configuration together., Ffor
polysthylene of molecular weight 50,000 the value of N is approximately
12,000 from which a possible 36,000 normal modes are expected. 1In
practice however a few classes of vibrations appear to have almost

identical frequencies, thus greatly simplifying the spectrum. This
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The Kaman spectroscopy experiment,

A dipole moment is induced in a sample by means of a beam of
electro-magnetic radiation. In tne case of a laser heam of freguency VY,

the induced dipole P is given by the expression:

P=wak = ob cos (27 v t)
where o = nolarisability of the sample
£ = electric vector of incident radiation
ED = amplitude of tne wave expressed as a vector
Yo = frequency of tne incident laser radiation
t = time

The induced dipole radiates energy, tne effect being known as Rayleign
scattering,
As a result of molecular vibrations and corresponding changes in

polarisability the apove relation is more generally expressed as;

P = 2xEq(cos2mw Vot) + Eq qo %% [cos 27 (Vo* Vi)t + cos ?_n—(vo-vv;a)t]

with g as the vibrational coordinate and Vv. tne frequency of vibration,

ib
Tne scattering wnich occurs at the frequencies (W,tV%B) is termed
inelastic and constitutes the Raman effect., The (V, -V,) inelastic
contribution, is the more intense of the inelastic terms and consequently

spectra are recorded by scanning from tne laser frequency to smaller

frequencies,

The measurement of lamellar tnickness,

Several methods are currently used for tne investigation of lamellae
in polymers:-
(1) Low-angle X-ray diffraction (L.A.X.D.)
(2) Electron microscopy of fracture surfaces, The lamellar tnickness

can be measured directly from the shadow length in electron

micrographs. Tecnniques (1) and (2) are often used in conjunction

2T


















An alternative approach which does not invclve an amorphous phase
contribution to tne L.A, mode has been examined by Fraser in connection
with the problem of higher order mode freguencies (73)., It is pointed
out that tne population of eneryy levels contributes significantly to
the observed spectroscopic intensities. If the observed intensities
are multiplied by a Boltzmann distribution term of

(1 - exp (-h¥c /kT) )"l
then the intensities are found to obey a dependence Dﬂ_% where m is
the L.A, mode order. By an appropriate substitution, the above correction
term is found to increase by a factor of 30 times in the region between
1 (:,m-l and 30 r:m-l where tne L,A., mode of polyethyle is normally
observed, paraffin molecules have L.,A., modes at higher freguencies of
between 30 cm‘l and 500 cm-l where the correction term increases by a
factor of about 7., The frequency dependence of the population of energy
levels is thus shown to explain the apparent differences between paraffins
and polyethylene and furthermore that surface fold effects peculiar to
polyethylene need not be invoked, The effect of the distribution of
lamellar thickness of the intensity and width of the L.A. mode has been
investigated theoretically (74). It is predicted that for a sample
with a Gaussian distribution of lamellar thicknesses tne relative
lowering of the intensity and the width of the L.A., mode are defined
by a factor S,

S = mean lamellar thickness

atandard deviation of lamellar thickness distribution.

The influence of methyl graoup branches on the L.A. mode in alkanes
and polyethylene was investigated by Fanconi and Crissman (75).. They
recorded the Raman spectra of n - CZOH42 and two of its isomers;

2-methyl nonadecane and 10 methyl nonadecane. In this way a knowledge

29



was obtaiped of how the presence of metnyl

g and the position wof

r

the methyl group affected the freguency of the L,A. mode, The isomer

foard

with a methyl group branch at the end of an all-frans chain was found to

lower the fundemental L,A. mode freguency to that of an all-trans

F

chailn onpe ceroon atom longer., The nigher overtonses of the L.A, mode

showed & larger shift of approximately 10 cmml for n =5, This behaviour
suggests that & distribution of branch metnyl groups in polyetnylene
lamellae would give rise to a broad freguency distribution in the

higher order modes in agreement with the experimencal findings., &

metiyl branch near the centre of the chain was found to have no effect

=H, .. It was also noted that

on the L.A, mode in the isomer of pe-
’ oA @ Cog=tyz

in both of the isomers of meZG~H4? tne presence of the extrs mass due

to the methyl branch did not disrunt the longitudinal ascoustic mode,
Y . g

f the L.A, mode frequency by end groups has

(\ Yy
fo
Ui
P

peen observed for fatty acids (78),

Srabl and Lckel have carried nut a detaziled

relative positions of ithe

order modes even in tne case of neparaffins, for example in 6“4 i

as given by the general expression (see page 2§ .

By eccounting for the inter lamellar forces they obtain the following

corrections to the frequencies:
V, =Vi+ Ay

Y. = 3vE o+ Av/3

%
il

sui + Av/5

The observed frequencies show a remarkable agreement with these formulae

en



1l

v, (em ™) = 24,2 + 2,2 = 26,4
v (cm'l) = 72,6 + 0.7 = 73.3
V. (o 7)) =12L.0 + 0.5 = 121.5

In the case of separated or uncoupled lamellae the fundamental freguency
would lie at 24,2 cm—l and the interlamellar force leads to & shift
of 2.2 cm L.

A variety of methods have been used to etcn lamellae in order to
remove the amorphous material, (78, 79, 80). C(ne such study was carried
out by subjecting polyethylene samples to fuming nitric acid at 60°C
for a period of 4 days. The L,A. mode of several samples were found
to have identical values before and after the removal of the amorphous
phase from which it was inferred that the L.A. mode is solely governed
by the vibration of the crystalline core (60). This form of treatment
is known to introduce carboxy and nitro groups in place of the amorphous
material, but these entities appear not to affect the frequency of the
L.A, mode (81),

An extensive study of the effect of swelling‘the amorphous regions
with various polymers showed that the L,A., mode was very little affected,
(82), whereas the X-ray long spacing has previously been shown to
change considsrably following the degradation treatment (83).

It may be concluded from these various studies that thg L.A. mode in
polyethylene does give a reliable measure of the crystalline core thick-
ness although end groups and methyl branching may give rise to small
changes,

In the case of helical polymers however, most authors appear to
favour an amorphous contribution to the L,A, mode (84, 85, 86). Hartley
et. al. observed the fundamental ( vl) L.A. mode and the tnird harmonic

(v3) in molecular weight fractions of polyethyl oxide. Their findings

31



of the relative freguencies of these transitions were explained by
means of the composite rod model of 01f and co-workers (73). A
perfectly crystallinme rod would show a value of 3 for tne ratio of

v3/vl whereas the samples examined ygave the values shown in Table 2.2.

Table 2.2 L.A. modes in polyetnylene oxide molecular weight

fractions (84).

Approximate M v, V3/vl
1500 12,5 1.6

2000 3,2 2.1

4000 7.8 2.4

20000 7.0 2.6

Rabolt andfunceni carried out a series of annealing experiments
on polyoxymethylene and found a strong correlation between small-angle
scattering maxima and the frequency of the L.A. mode (86). A plot of
the Raman freguency versus the reciprocal of the measured X-ray long
period gave a straight line passing through the origin as is character-
istic of longitudinal acoustic modes, By assuming that the spectral
transition is associated with tne crystalline core and taking the
crystalline density of P,0.M. to be 1,491 g/c:m3 they calculated a value
of 18,9 x lUllDa for the Young's modulus, The X-ray metnod, whereby
the change in lattice constant is measured as a function of applied stress
yields a significantly smaller value of Ec = 5,4 X lDllPa (87).
Calculations by Piseri and zZerbi have provided a value of Ec = 15.3 X lDllPa
(88), while neutron scattering experiments on single crystals of poly-

11

oxymethylene yield £Ec = 15.0 x 107 Pa (89). In view of the discrepancy

between these values it is not at present possible to derive absolute

32



values of lamellar thickness from the L,A., mode frequencies observed

in polyoxymethylene. It is however felt by the autinor that the L.A.
mode provides a useful measure of lamellar thickness on the basis of the
good correlation with X-ray data and also the relative ease witnh which
the Raman measurements may be carried out. Similarly in polyetnylene
the Raman method provides a simple and rapid technique for measuring

the lamellar thickness without any special sample requirements. The

low angle X-ray technique however employs fairly large samples which

are free from voids and of uniform thickness, All the lamellar
thickness vaiues presented in this study were derived from the L.A,

mode frequency and in some cases also from L.A.X.D., data,

Laser Raman spectrometer and related technigues.,

Spectra were recorded on & Coderg T800 Raman spectrometer using
the green light of an argon ion laser (5145 Angstroms) as a source of
illumination, Dispersion of the scattered radiation is provided by
a triple monochromator system and the radiation leaving the monochromators
is detected by a photomultiplier tube (90). Figure 2,11 shouws the
optical diagram of the Coderg spectrometer. The electron pulses
produced are "sorted" to remove noise pulses from those due to tne
optical signal and attenuated to energies of a constant value. A
rectifier is used to produce a d.c. voltage (proportional to the number
of photons per second arriving at the photomultiplier tube) whicn is
displayed on a chart recorder., Soclid samples are mounted on a small
clamp on the table of the spectrometer and illuminated witn a finely
focused laser beam so that the scattered radiation enters the collection
lens of the spectrometer, The reduction in the diameter of the laser
beam produces an increase in illumination., The reduced beam is typically

focused to a diameter of a few microns by means of a suitable lens
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Infra-red spectroscopy.

A Perkin-Elmer 580 ratio recording spectrometer at the plastics
Division of I.C.I. was used to monitor changes in unsaturation in
radiation crosslinked samples of polyethylene, 1In this instrument
the ratio of the energy in the sample and reference beams is continuously
measured thus providing greater sensitivity than in a null balance
spectrometer. 1In the latter type of instrument the transmission of the
sample is observed for half the time of tne operation cycle. The signal
operates a servo mechanism wnich drives a comb along the comparison beam
until the energy passing along the two paths is the same, The comb
comes to rest at this point because there is no out-of-balance signal.
The comb is geared directly to a pen recorder to obtain a trace of the
percentage of light transmitted‘by the sample. In the true ratio
recording instrument a comb is not required. The twc beams are
separated after amplification, rectified and fed to a potentiometer
recorder. Tne reference beam potential is applied to the whole slide
wire and the signal potential to the variable contact.

Polymer samples are most conveniently observed by infra-red
spectroscopy if they are in thne form of thin films., A small hydraulic
press fitted with 6 in, square platens and with provision for heating
these platens to 350°C was used to prepared such films of typically 100 u
thickness., The powdered or granule form of polymer was pressed between
polished stainless steel plates having been sandwiched between two sheets
of aluminium foil to facilitate stripping of the pressed film,

Quenching of the samples was carried out by circulating water
through the platens or by rapidly transferring the polymer together with

the steel plates into a container of liquid nitrogen.
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nA = 2 d(h.k.l) sin ©

where 1is the angle of incidence of tne beam,
d(,n K l) the distance between successive planes,
A = tne wavelengtn of the radiation

the order of diffraction.

!

and n
h, k and 1 are integer numbers called the Miller indices. They
characterise & family of nslanes by giving the position of one of these
planes in the unit cell.

In crystalline materials, the distance between atomic planes is
typically of the order of a few Angstroms units (lD—ch) and consequently
the appropriate light for observing diffraction should have a wavelength
of about one Angstrom, Light of tnis wavelength falls in the X-ray region
of the electromagnetic spectrum,

In the case of powdered or polycrystalline materials a circular
diffraction pattern is observed due to tne random orientation of the
crystal planes witnin tne sample. C(Crystalline polymers also possess an
additional type of layer or pericdicity as a result of differences in
electron density between crystalline and amorphous zones. Tne periodicity
of this type corresponds to 50-1000 Angstroms units and gives rise to
diffraction at very small angles of 2° 29 - 61 28, respectively.

The main application oi' X-ray diffraction in this present study
was in obtaining a measure of relative crystallinity in polymer samples.
This was carried out by comparing the intensity of X-rays diffracted by
the crystalline portion with the diffraction from tbe amorphous portion,

Traces of variation of intensity with diffraction angles are obtained
from X-ray photographs by means of a microdensitometer and the areas
under the curves are most easily estimated by means of a curve resolver.

A background line is chosen between tuwo points at which the polymer shouws
diffraction minima, This line as well as the crystalline and amorphous
pesks are reproduced from the microdensitometer trace by means of the

curve resolver, The relative crystallinity is then estimated from the
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ratio of the area under the crystalline peak and above the amorphous

peak to the total area above the background line (92). Broadening

of peaks may arise from the finite width of the X-ray and from crystalline
imperfections, These same problems occur in the estimation of the size

of the crystallites within a polymer sample by the Scherrer equation.

LKA
Bc cos®
where L is the crystallite size in Angstroms,
K is the form factor, nominally 1°26,

A is the wavelength of the incident X radiation in Angstroms,

Po is the widtn at half height of the diffraction peak,

@ is the angle of diffraction of the peak,

In all X-ray diffraction experiments CuwK« radiation of 1,54 Angstroms
was used, The X-rays were produced by means of a Raymex 60 power supply
and an Elliot tube, The target in the X-ray tube is made of copper,
and a nickel filter is used to filter out the CuKp diffraction. The
camera uses point collimation and detection is mzde by taking a flat
photograph. A Joyce & Loebel microdensitometer was used to obtain traces
of the intensities of the diffraction rings,

for recofding photographs at low temperatures, a specially designed
cell shown in figure 2,16 was used together with a camera which can be

evacuated,

Pglymer samples,

Polyethylene samples consisted of Rigidex 9 which is solution
polymerised and available in granule form, Rigidex 006-60 a particle
polymerised anmalogue of Rigidex 9 is available in powdered form and was
also used in experiments, Both of these polymers have a number average
molecular weight of about 104. Polyoxymethylene samples consisted of

Dupont ex-reactor fluff and Delrin 500 both of number average molecular
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SAMPLE

figure 2,12 Optical diagram of the Coderg T800 Raman spectrometer,
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Low angle X-ray diffraction measurements were carried out (by

Dr. D. Blundell at I.C.I.) on polyoxymethylene samples moulded

and rapidly quenched at Southampton. The data was obtained using a
Kratky camera fitted with a position sensitive detector., After "slit
desmearing" and a Lorentz correction the position of the diffraction
peak maximum was used to determine the Bragg long period (93). The
L.A., modes of the same samples were observed and are shown together

with the corrected long spacing derived from L.A.X.D.

Table 3.3 Lamellar tnickness estimated by low angle
X-ray diffraction and L,A, modes in
guenched samples of polyoxymethylene,

T mm:iZt re Lamesllar thickness from L.A. mode
emp v L.A.X.D. (Angstroms) -1
(in °C) (em )

185 158 ¥ 10 12.0 £ o.5

225 151 ¥ 10 13.0 T o,5

Critics of the quenching experiments carried out at Southampton
have suggested that although the lamellar thickness obssrved by Raman

spectroscopy may indeed increase with melt temperature, that the over-

all lamellar thickness does not do so. This would require a compensating

decrease in the thickness of the amorphous region so that the overall
effect would be one of a change in the proportion of the two phases as
a function of melt temperature. It was shown that this behavious does

not occur by the following experiment,
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A measure of the ecrystallinity obtained by high angle X-ray
diffraction is given by the expression:
Crystallinity = lc

Zlf + lC

Zfi Zlf

figure 3.1

whers lf + the half thickness between the lamellar cores of thickness lC.
Hence 21F + 1C = the long spacing. If the latter remains constant the
observed crystallinity should be directly proportional to lc' The X-ray
crystallinities of three of the polyoxymethylene samples guenched in
liquid nitrogen were obtained by standard procedures and the rssults are
shown in Table 3.4. Corresponding values of the L.,A. modes obtained

by Raman spectroscopy are also contained in Table 3.4.

Table 3.4 High angle X~-ray crystallinities of polyoxymethylene
samples quenched from different melt temperatures
into liguid nitrcgen.

Melt Temperature L.A. mode 1/21. +1
o -1 c f c
() (cm 7)
182 12.5 Y a.5 0.64 ¥ 0.1
222 14.0 T o.5 0.68 ¥ o.1
262 . 16.0 £ 0.5 0.65 £ 0.1
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These results show a lack of direct proportionality between crystallinity
and the lamellar thickness (proportional to lc) and suggest that the
"quenching effect" is not caused by a change in the ratio between the
crystalline and amorphous content, The theories of crystallisation
predict that lamellar thickness is governed by nucleation density.

This aspect of the tneories was also investigated by examining the
relationship between temperature variation of nucleation density and
lamellar thickness., The heating of polymer samples leads ta a loss of
nucleation sites and consequently spherulites observed microscopically
are fewer and larger in size., This behaviour was observed in polyoxy-
methylene and furthermore the number of spherulites remained depleted when
8 thin film wes re-melted and quenched from a lower temperature, The L.A.
mode value however appears to be independent of nucleation density
because after re-melting and quenching from a lower temperature it
reverted to a high valus.

Table 3.5 contains the observations made in these experiments,

Table 3,5 The effect of heat treatment on the nucleation density
and L.A, mode in film samples of polyoxymethylene,

Melt Temperature L.A. mode Number and size
PP - .
0 F;lm sample (cm l) of spherulites
(e
185 14 % 0.5 Large number, smalll
250 16 T a5 Small number, large
Re-melted at
Smalh layge
185 14t g5 Ferge number, swadd]

It is not strictly possible to identify the L,A. mode with the

crystalline core thickness in polyoxymethylene,but it gives a measure
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Similar experiments were carried out on polyetnylene oxide, but
no change was found in the L,A. mode frequency as a function of melt
temperature, The samples used were those of low molecular weights
(1000, 2000, 3000) which have experimentally accessible L,A. modes., The
results of tnese experiments are contained in Table 3.6, Hign molecular
weight P,E.0. was also examined but its L.A. mode is at 6 cm_l and is

too close to the Rayleigh peak to allow any accurate measurements to be

made,
Table 3,6 L.A. modes of polyethylene oxide observed after
guenching from the melt into liguid nitrogen.
-1
Melt L.A. mode frequency (cm ~)
Temperature
(°c) P.E.O. 1000 | P.E.O0. 2000 | P.E.0. 3000
+
65 18,0 T 0.5 | 9.0 Z 0.5 12,0 ¥ 0.5
130 18.0 £ 0.5 | 9.0 ¥ 0.5 12,0 £ a.s
200 18.0 £ 0.5 | 9.0 £ 0.5 12.0 ¥ 0.5

The lack of a "memory effect" in this study may indicate a
dependence upon molecular weight contrary to some earlier findings (95).
It was found that polyethylene of very high molecular weight produced
the same changes in lamellar thickness as in commercial polyethylene
following quenching from the melt. As the article pointed out, the L.A.
modes of these samples were very broad, but it was nevertheless
concluded that the molecular weight of the polymer was not a factor in
determining the lamellar thickness produced,

Some authors believe that polymers of low molecular weight are
chain folded and evidence has been published to support this view in the

case of polyethylene oxide (96).
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Hertley et, al, concluded that noly ethyleng oxide o M = 2000 or
5% »

less crystellises in the chain extended form and that of Mn = 4000
or higher in the chain folded form, Fractions of M = 3000 wes tho ught

to contain botn types of crystals,

The production of a glass phase of polyoxymetnylene

of phase is produced when a molten material is cooled so rapidly as to

prevent rearrangement of molecules into & more ordered crystalline sta

Polymeric galsses are readily formed and meintained even st room

=4

temperature by some meterials such as polystyrene. The large side groups

of these molecules prevent the ordering of chains and thus favour the

formation of & ylass, pPolyetnylene and polyoxymetnylens do not possess

large side groups and crystallise nuite readily as the temnersture of

the molten polymer is reduced., Indeed until relatively recently it
was considered impossible to produce a glass of polysthylens, A5

nentioned in Chapter I, certaln theories of polymer crystallisation bas

on the chain folding model predicted that irrespective of the supercooling

rate acnhieved a truly amorphous or glassy phase of polyethylens could

In 1875, however, Hendra =t, al, succeeded in achiesving Just that

and thus provided some further evidence against the chain Folding model
These suthors used a highly specific heat treatment uhereby the temper-

iiquid nitrogen and without allowing it to warm to a temgperature above

technigues, Infra-rved spectra taken at various

88 was warmed snowed that at 180K the correlation (or Davydov) splitt

ame ly rapidly by guenching int

(97).



This behaviour shows- the transition from the glassy structure to that
of crystallinity, Later work provided an X-ray diffraction pattern of
a similarly quenched polyethylene sample which showed a broad peak
characteristic of the amorphous phase (98),

As it has been shown that polyoxymethylene displays similar trends
to those of polyethylene with regard to the lamellar thickness obtained
on quenched from the melt, it would seem reasonable that a glass of
polyoxymethylene can alsc be cbtained. The glass transition of the two
polymers are also very similar (polyethylene 180 K and polyxoymethylene
195 K). However, the characterisation of a glass of p,g.M. by infra-red
spectroscopy is not so readily achieved because the more stable modific-
ation of this polymer possesses only one chain per unit cell. The
correlation splitting effect arises from the interaction between neighbour-
ing chains within the same unit cell and is thus absent in polyoxymethylene
(99). It was therefore decided to ebtain an initial characterisation
from X-ray diffraction experiments. Figure 3,3 illustrates the broadening
of the X-ray diffraction peak upon the formation of the glass phase. In
this case the polymer is polypropylene which shows two peaks in its
paracrystalline state and one 5road peak in the glassy state (100).
Similarly in polyethylene two sharp peaks are observed in the crystalline
phase and a single broad peak in the glass (98),

The following experimental procedure was carried out with
holyxoymethylene. A thin film sample was pressed at 200°¢c then dropped
into liquid nitrogen., A small sample was cut and transferred into the
cooled sample holder of a specially designed low temperature X-ray cell.
(Figure 3,2), This procedure was carried out under liquid nitrogen and
because of difficulties in manpipulation several attempts were made to
obtain the glass. The film exposure times of one hour were used,

Traces of scattering intensity as a function of angle were obtained from
the photographs by means of a microdensitometer. These were compared

with the traces obtained from the same sample which had been allowed to
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filled with granules of Rigidex 9 high density polyethylene and
. . Ll
simulbanecusly evacuatad to & pressure of approximately 10 lorr,
Treces of wabter present were reduced to s minimum Dy neating witn
bunsen flame and eacn tube wes subseguently drawn and sealsd once a
~ o~ '\mq T ; o~ N -y . - N 3 e e e
pressure of 10 Torr was re-astablished, A vacuum line consisting
of botn a rotary and diffusion pump was used in this procedure,
Sealed glass tubes wers taksn to tne Rovel Military (College of Sciencs
. , . ' s . LBl . s
at Snrivennam for irradiation with 2 Lo sourcse of ¥ radistion,

The first set of tubes recelved doses of 1.5 MRd, 6.3 MRd, 30 MR,
and 100 MRd st ambient tempersefure while thne second set of tubes wers
: T ; e . TS
ubjected to 3 MRd, 10 MRd, and 15 fMpd at 150 °C.

The sample tubes
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Table 4,2 Half height widths from X-ray diffraction peaks as a
function of radiation dose in polysthylens,

Dose in MRd width at half height of (110)
psak in degrees 28

1+

0 0.6 £ 0.05

.
1.5 0.6 - 0.05
6.3 0.6 ¥ o.05
30 0.8 £ o.05
100 0.8 £ o.05

Irradiation of polymers is also known to cause chemical changes
such as oxidation and unsaturation. In order to investigate these
reactions, infra-red spectra were recorded on each of tne samples
irradiated at both 30°C and 150°Cc. The region between 1,650 cm"l and 1,750
cm ~ was scanned and showed no bands characteristic of carbonyl stretching,
This feature is not surprising as great care was taken to svacuate
oxygen from the samples before they were irradiated, The changes in
unsaturation were observed from the BDO-QDﬁ t.‘.m-l region of the infra-

red spectra. The observed bands were assigned to chain and terminal

unsaturation by making use of the table contained in reference (104).

Table 4,3 Hydrocarbon absorption frequenciss.
Unsaturated groupings,

Structure 4 Qut of plane bending, mode frequency in cm

I
no =
909
H
/
Hfb - C\Rz 965
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Table 4.5 Gel caontent of irradiated samples of polyetnylene

Polymer irradiated Polymeg irradisted
at 30°C at 150°C
6.3 MRd | 30 MRd 10 MRd 15 MRd
Gel content
1,2 73 42 77
(percentage)
[

It had originally been planned to substantiate tihnese studies on

entanglement witn some wide-line W.M.R. measurements.

discussions however it became cleap that tne latter tecnnigue could

not be used to study entanglement as a function of melt temperature (106).
Tne use of wide-line N,M.R, in obtaining information on crain entangle-
ment appears to be highly sensitive to tne molecular weignt distribution
of polymers (107). The instruments used in these experiments are further-

more not capable of operating at nign temperatures of betuween 150°%C and

350°¢.

¥ -4

After several



















" Mgure 4.6. Infra-red spectrum of polyothylene £ilm

(10 MRA dose at 150°C)
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CHAPTER V RAPID COOLING OUF POLYETHYLEWNE FROM TEMPERATURES
BELOW THE MELTING POINT, and speculations as to
the factor governing lamellar thickness.

previous studies of the gquenching of polyetnylene have been restricted
to rapid cooling from the melt state. As outlined below, tne behaviour
of rubber nas suggested an extension of the range of observations to include
rapid cooling from the solid state.

The behaviour of polyethylene lamellae in contracting when heated
has drawn attention to the similarity witn the behaviour of rubber. Most
substances show a2 tendency to expand when they are heated. Rubber is
however an exception to tnis general rule, If a strip of rubber is
stretched by means of a suspended weight and heated, it will contract by
an amount proportional to the temperature., This effect was first noted
in 1805 by Gough, and its understanding contributed to tne development
of the theory of rubber elasticity (113).

Figure 5.1 shows the type of apparatus which may be used to show
this behaviour in rubber. A spring with one end free and the other
attached to a frame is hooked onto the pointer p pivoted on a support
rod R, A rubber bahd is stretched between a fixed hook X and Y on the
spring-pointer arrangement, The band is encased in a glass tube and a
contraction is produced when it is heated with a bunsen flame. The

change in length of the rubber band is indicated by the movement of the

pointer,
Spring
Y
i
|
Al
)
t
e
Figure 5.1 Apparatus used to demonstrate Gough-Joule effect (114)
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Three samples were then taken from each of (a), (b) and (c), warmed
to SUOC, 70°C and 110°C in D.S.cC. pans, held for 3 minutes and tnen
rapidly transferred into liquid nitrogen. Samples were removed from
the refrigerant and allowed to warm to room temperature and tne L,A.
modes recorded, The more accurate technique of recording the spectra
was employed (see Chapter II) in order to reduce the error in

estimating the position of the L.A. mode,

Table 5,2 L.A. modes of polyethylene containing various degrees
of imperfection, quenched from the solid state.

Raman data in (:m-l

Held for 3 mins =
at gemperature slowly crystallised{ Annealed at 125 C| Imperfections intro-
in °C P.E. (Rigidex 9) P.E. (Rigidex 9) | duced by quenching
from 250 °C

P.E. (Rigidex 9)

30 10.4 Y 0.25 11.2 Y 0.25 17.3 T 0.25
70 10.7 £ g.25 11.6 T 0.25 16.8 £ 0.25
110 11.0 Y 0,25 11.7 Y 0,25 15.0 ¥ 0.25

Further experiments were carried out on the stock polymer where the
effect appears to be more pronounced, For each of the temperatures a
control sample was simultanecusly heated in the reference sample holder
of the calorimeter. Both samples were held for three minutes after which
one was rapidly transferred into liquid nitrogen while the other was left
in the calorimeter and cooled at a slow rate of 2.50/minut8. The L.A.

modes observed in each of gix samples are shown in table 5.3.
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Tanls 5.3 Stoo
helo
into
o,
C
- B N
30 5.0 - 0 15,0 ~ 0,25
- I T
70 16,5 - 0,25 16,5 - 0,25
- N . N
110 17.0 = 0,25 14,0 - 0,25
& further experiment was perform the chang

gbeerved in the L.A. mode were not dus to
oy e ey 7y 4 T N Y ] £ e e foy + 3 i L [ o ~
annsaling process, Samples were mailntained et 7070

(~,

and then

£ b
7 TAme

measurements of tne L.&. mods in Table
LoA. modes of stock polymer (Rigidex 9)
and maintained for various times before
Liguld nitrogen,

for

he results
. SO
ed to 70°C

into

Time in . . . -
foaman amto g
minutes Raman data 1n om
y T
5 16,0 - 0.25
- N
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