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The interaction of ionising rodiation with polymers is
described end the literature relating to the effects on
polypropylene is reviewed, Oxidative and free rvadical reactions
are discusced with particular refcrence to post-irradiation
effects.

1.

Isotactic and atactic polypropvlene were ‘X and electromn
irradiated to doses of up to 20 megarad. Irradia
mainly made in air. A series of olher polymers were algo
irradiated in o preliminary survey.

MHolar mass measurements are used to measuvrce the radiation
vield for chain scission G (s). Irradiation at room temperaiture
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chain scission occurs on storage following irradiation at 195 K,
Pree radicel concenirations ere determined by electron spin.

lical formed in

o

resonance, and the decay rates meagured, The ra
2ir is a peroxy radical and in vacuo is a nydrocarbon radical,
At 77 X in vacuo the radical is - CH, - C° (C}.‘Z}) ~ CH, -~
but addiivional radicals are produced on warming o room
temperature. The effects of increasing temperature on radicals
formed in air are described. Electron spin resonance siudics
on atactic polypropylene,and isotactic polypropylene in hydrogen,
sulphur dioxidc and nitric oxide ere reporicd.

The melting temperatures, spherulite growth rates, and
isothermal crystallisation rates of irradiatced polypropylene

~ .

are compared to those of the non~irradiated polymer. Crystallisation

is found to proceed with an Avraml integer n = 2. At a given



crystallisation temperature, the overall crysiallisation
rate of irradiated polymer is less than the non—-irradiated,
but spherulite growth rates are idcntical.‘

Thermogravimetric analysis is used to assess the thermal
stability of irradiated polypropylene in nitrogen, air and
OXy&ene Hydroperoxide analysis is used to show that several
molecules of oxygen are absorbed for each initial radical,
and that hydroperowidescontinue to he formed for o long period
following irradiation.

Possible solutions for minimising irradiation and post-—
irradiation degradation are sugzested, together with some

problems for further study.
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IITRODUCTION TO THE PRODINH

High energy radiation, at relatively low doses, is widely used
ae 2 method of sterilization of medical equipment and supplies,

The irrsdiation in air of disposable syringes made from unsitabiliscd
polypropylene has caused problems of embritilement which become more
serious on siorage, FFor this reason an exzmination of the effects of
electron and X-radiation on polypropylene with and without air wvas
carried out.

The irradiation of polypropyliene in vacuo has been stucicd quite
widely, but relatively few studies of the irradiation effects in air
have been made, In additiony little has been published on the
cfizcts of radiation on the crystallisation process and thermal
stability of polypropyleine.

The work described in this thesis has mainly concentratzd on
changes that may be described as post-irradiation effeclis. To
minimise the effects of diffusion~controlled reactions, most studies
have been made using polypropylene in the form of finely divided
powder, although work on solid polypropylene is also described.

The main physical properties chosen for in#estigation were, molar
mass, the formation of free radicals and measurement of their

concenirations, melting points and crystallinity, and thermal

stability.



CHAPTER CNE : INTRODUCTION

1.1 High Eneroy Radiation.

High encrgy radiation causes ionising effects in materials and
is often termed ionising radiation, Radiation chemistry is the
study of the chemical effects caused by such radiation. In coniras}
photochemistry is concerned with the chemical effects of visible
and ultra~violet radiation of much lower energy, insufficient o

cause goneral iounisation,

l.1.1 Sources ancd Characteristics of High Enersy Radiation

(i) Blectromasnetic Radiation

X—radiation is electromagnetic radiation similar to light, but
of shorter wavelength ( <5 nm) and higher energy ( >25 MJ mol™t or
> 10 keV). X-radiation was used for much of the earlier studies
in radiation.chemistry but suffers from low penetration, low dose
rates, a range of energies and imprecise doses. ~ X-radiation is
produced from machine sources in which a strgam of electrons
bombards a target material from which the rays emanate.

¥-radiation is of even shorter wavelength and greater energy
(typically >1 MeV) than x-radiation. ‘Kmrays are produced from
radioactive disintegrations and are either monoenergetic or have a
limited number of discreie energies. X-—rays do not have a finite
limit of peneiration but the intensity decreases logarithnically
within the material irradiated. The penetration of electromagnetic

radiation and neutrons is characterised by a half-value thickness (hvt)



. (R 4 - - - K . ) S s
which is the thickness of material that reduces the radiation.
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intensity by 50%. For K-—rays from a cobalt-60 source the hvt
in water is 1O cm and 70m in air. Cob2lt-60 is a convenient
source that can be used with suitable shielding to provide high
dose rates, The physical arrangement of isotope radiation
sources a%e of various types. For small-scale work, a lead-
shielded well-type source is used in which cobalt-60 rods are
arranged around a cylindrical cavity into which the sample is
introduced. Where more space is required a concrete room or
cave is constructed around the retractable source, with labyrinth
access to minimise the escape of siray radiation. Another method
useg spent nuclear fuel rods stored at the bottom of a deep pond
containing waterywhich acts as the shielding. The samples are

lowered into the pond in water--tight containers.

(i1i) Charged Particles.

Charged particles, other than electrons, have only a small
and finite range of penetration into materials. - Thus the range
of 1 leV accelerated protons is approximately 0.02 mm in water
whilethat of «-particles is even lesse For this reason heavy
charged particles are not widely used in radiation studies.

High energy electrons can be obtained from isotope or machine
sources. Flectrons from radioactive decay are called P ~particles
or ﬁ!—radiation 2nd have a distribution.of energies up to a
characteristic maximum energye. Strontium-90 is a widely used
source of A -radiation but for bulk irradiation, the energy and

intensity are too small and machine sources are preferred.



The Van de Greaaff generator is a convenient source of high-

c e

energy and higa intensity electron boams,. This source is constructed

with a moving belt to transfer the charge from a low-voliage supply

to an insulated hollow spherical eclectirode. A potential of up to

20 IV can be built up and used to produce a focussed becam of mono-
energetic electrons by means of an accelerating tube along which

the potential is regularly decreased. Other machine sources,

including the betatron, cyclotron, synchroiron and linear acceclerators

have been developed for very high energy studies but are extremely

expensive and not readily available.

(iii)  Neusrons

Neutron-irradiation produces guite different effects from the
previous types of high—energy radiation considered. Since they are
uncharged, neutrons interact by direct collision with atomic nuclei.
Neutron~irradiztion frequently induces radioactivity in the camples,
whereas electromagnetic and electron-irradiation of less than 1.56
MeV never causes this. Because of this potential radiation hazard
and the complex chemical effects produced, Qeutron-irradiation,is

not suitable for basic studies.

1.1.2 Historical

(1)

Radiation chemical effects were first observed by ilcentgen
(2) . . .
in 1895 and Becquerel in 1896, by exposing photographic plates
to x-rays and natural radioactivity respectively. Amongst other
early studies Iund(3) showed that polymerisation could be initiated

vith high energy radiation. A rapid development of interest in



radiation chemistry occurred during and after the Second World Wer

tr

when the first nuclear re

o

ctors and accelerating machines were
developed, Techniques of observation of the reactive species
produced also developed rapidly at this time,

Berly studics of the effects of radiation on polymers were
itiat i (4) . .
initiated by the work of Dole and Ro=e in 1948 on low density

] _tv. ) (5) -
polyethylene. In 1952, Charlesby and co-workecrs published
the first of : . (6) v s .

e first of many imporiant papers on radiation polymer chemistiry
since which time there has been an accelerating interest in this

fieldo

1.1.3 Definitions and Units

fThe amount of energy absorbed by a system is referred 1o as
the dose. The unit of radiation dose is the rad, which corresponds
to the absorption of 10 _~J per gram of material irradiated., For
solids, irradiation doses are usually given in megarads (M rad)
corresponding to 10 J g_l . The unit of radiation exposure, the
roentgen (R), is the amount of incident radiatiohawhioh produces a
total of 2.58 =x 10',-4 coulomb of electrical charge on all the ions of
one sign in one kilogram of air.

The radiation cihenmical yield is expréssed as a G-value. This

18 5 (100 V)

is the number of molecules changed for each 16 x 10
of radiation: energy absorbed by the system. In radiation chemistiry

the electron volt (eV) is commonly used as a unit of energy. It

is the amount of energy possessed by an electron accelerated by a

potential of 1 wvolt. since tlie charge on an eleciron is (approx.)



1.6 x 1077 c,

1 eV = 1,6 x 10 J
Other comnversions are

1 eV 1

il

96,49 kJ mol”

1 red = 6.24 ::1013 eV Eél

1.2 Interaction of Rediztion with lNatter

e

The following outline of the interaction of radiaticn with
matier, is restricted to the effects of moderately energetic
¥ ~rays and clcetronggon condensed organic systems, in particular

on solid polymers. Yor this purpose, changes in the nuclear

structure and in ionic and gaseous systems will be excluded.

1.2.1 Compzrison of Electrons and ¥ —rays

aronea

The first stage in the production of chemical effects by high
encrgy radiation: is the interaction with the orbital elesctrons
of the substrate. If the rediation is an electron beam, the
primery eleciron is deviated and the bound electron either gains
sufficient energy to leave its parent molecule completely (ionisation)
or is excited to a higher energy level (excitation) s

4 - - . .
A ArNe— Ac 4+ e (Tonisation)  (Sce footnote)
. . + . . .
in which A+ is the parent radical lon.
A NN AF (Excitation)

The loss of cenergy of ¥ ~radiation in passing through matter is
mainly caused through collision with the orbital elecctrons (Compton
effcet) or by absorption (photoelectric effect).

~ . o+ : N ver axr S A T 1. [,

The Complon effect is the main process by which 1 eV ¥-photons

lose energy. In this proccss part of vhe photon energy is used to

eject an orbital electron with considerable kinetic energy. The rest

2]

{ ; ~ vaent s » action of & hig
Footnote: —UVU\N=> repre centa the action of & nNif

-k energy photon or electron



of the energy continues in the scattered photon which now has
*lower energy and longer wavelength, The ejected clectron can
have energies ranging from O to 2h) /(mo2 + 2hY ) of the energy
of the inciden? photon, where h'V is the encrgy of the photon and
m02 is the rest energy of the eleciron, The average energy of
the electron is approximately half the maximum enersy. The average
encrgy fraction. transferred to the electron is 40% for a 1 leV
photon, 24% for a 0.5 eV photon and 14% for a 0.1 HMeV photon.

The photoelectric effect becomes important at energies below
60 keV, All the energy of the photon is used in ejecting an
eleciron, usually from an inner (X) shell. The energy of the
electiron equals that of the incident photon, less the binding
energy of the electron which is usually only a few hundred eleciron
volts,. The filling of the vacant inner orbital from an outer
orbital provides further energy, either in the form of x-ray
emission or by ejection of a further electron (Auger effect).

The passage of a ‘X—photon through a substance thus gives
rise to a number of electirons of fairly high energy which can also
produce the effects of ionisation and excitation as already stated
for an incident electron beam. Y ~rays may thercfore be considered
as internal sources of electron irradiation, and in many systems

the effects of both types of radiation are indistinguishable for

a given dose,

1.2.2 Tonisation, Excitation and Free Radical Formation

The probability of ionisation (and excitation) depends on the
velocity of the electron and increases rapidly as the electron

slows down towards the end of its path, For each ionisation



probably two or more groups are ercited to non-ionic excited
"states.,

The secondery clectron ejected during ionisation is known as
as a,g~e1eotron, The number of & —electrons is considerably
greater than the number in the incident beam (perhaps as many as
ten for cach incident electron). The & -electron is estimated

¢7) to have an ave 1 " al
rage energy of about 75 eV and a mean path
of about'lOO nm, Because of its relatively low velocity the
§ —electron causes many more ionisaticns per unit path length
than does the incident electron. During the first 3 nm radius,

called a spur, the secondary electron will probably create 2 or 3

ion-pairs and 4 or 5 electronically excited species, The time

15 13

scale for these events is about 10~ second but within about 10~
second the energy of the electron is less than about 0.025 eV
(2.4 X3 mol"l) and it is attracted back to 2 positive radical
ion
+ %

A + e = A
This releases an amount of energy equal to the ionisation. energy
which leaves the polymer in an energy-rich condition. from which
further reaction may ensue, The probability of escape of the
ejected electron from the field of its parent ion is fairly low
in condensed organic media because of their relatively low dielectric
constant, Probably 97% of the ejected electrons are recaptured
by the parent ion as measured by the radiation yield of electrons(8x
The return of the electron may be delayed by the presence of electiron
traps, such as double bonds. The lifetime of ijonic or excited

states is usually very brief and such species arc not normally

involved in post—irradiation effects.



¥ree radicals, species containing an unpaired electron, are
produced in polymers and take port in reactions bolth during and
following irradiation. They may be produced from neutral molecules,
ions and excited species, Radical reactions tend to be unéaective
and form a mixture of products. Abstraction reactions freguently
ococury producing a new radical capable of repcating the reaction,
i.e. cause a chain reaction. llany free radicals reaci readily
with oxygen to form peroxy radicals

R° + 0, —> RO,

Free radicals are normally removed from a system by combination or

disproportionation reactions.

le2.3 Radiolysis of Alkanes

As an example of the effect of high energy radiation on a
specific system,the behaviour of ligquid n-hexane may be considered.
The products resulting from this system are given in table 1.1.
This system was chosen by Dewhurst(9) and is suitable as a model
for the behaviour of polymers such as polyethylene and polypropylene,

Kevan and Libbyclo) found the dimerisation products to be
n-dodecane (resulting from 1.1l combination), 5-methyl undccane
(1,2 combination), 5,6-dimethyl decane (2,2)y 4-ethyl 5-methyl
nonane (2,3), and 4,5-diethyl oclane (3,3).

Similar behaviour is found with other condensed alkanes and
in general the main effects are found to bes

1) production of Hé,

2). formation of dimers,

3) production of fragmente from Cl to Cn and
combination of these fragments,

4) unsaturation.



TABLE 1.1

Radiolysis Products of Liquid n--hexane 06H

r—-—»»«-— [—— - ],,__ Wit e e e e aae L - [ 14
: ”_PTQF?QtnﬂMH i Gevelue E |
I R
f CH ’ 0.1
| M |
CZHI4 0.3
; ; E
? Czhé Oa 3 ;
C,Hy 0.1
: , |
| CyHg 0.4
i |
! C, M 0.5
CSE:l 5 0.3
CeHy o 1.2
C7 OO 2
C8 O‘S }
1
Gb 0.5 %
Clo 0.4 |
10 2.0 ‘
k]

The radiation behaviour can be explained by either radical or
ionic reactions, and studies of the effects of both free radical and
ionic scavengers(ll) indicate that both mechanisms are involved.
Radical reactions are to be expected because of the small (3%)
escape of clectrons from the parent ion. However, the time interval
before electron-parent ion recombination (10“7 second) is sufficient
for ion-moleccule reactions to occur and products of radiolysis are
frequently found to correlate more closely with bond sirengths

measured on ions by mass spectrometry, than with those obtained

from thermal measurements.
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Radical Reactions

-

4 — ¥
RH. —~AAA~> RE + " — Rmf —» R° + H°
s R

R° + R'H —» BRI + RY
R° + R'" — RR!
Unsaturated species may be produced by either disproportionation or

by elimination of molecular hydrogen as a primary process,

¢ H: H* :
M + o CH C,H, + 0 Cgly,
Ol , =\ el + I

Jonic Reactions
+

T e — +

c 6IL1 4 > C 2}15
+

Cely 4 —_— ¢ 4H8 + C My

e

+ CZHA + C2H§

+ +

Ol  —>  %he B
Other ion-molecule reactions involve transfer of atomic hydrogen,
nolecvlar hydrogen and protons.

In long-chain linear hydrocarbons such as dodecane,it is
found(lz) that C—C scission is favoured 2 %o 4 atoms from the chain
end, and it is also found that brancheé chains are more readily
ruptured than linear ones, since tertiary C stoms appear to be

particularly sensitive to radiation.

1.2.4 Summary of Chemical Dvents Observed in Polymers

The chief effects of high energy radiation on polymers,during
and post—irradiation,can be calegorised as degradation, cross-link
formation, unsaturation, free radical effccts and changes in physical

structure and propertics.



Degradation

o 1) Chain degradation (scission).
2) Production ofvhydrogen and other molecular fragments.
3) Surfece oxidation in the presecnce of air.
4) Peroxide and hydroperoxide formation .

Crosas~link TFormation

1) Yormation of intermolecular cross-~links.
2) Formation of intramolecular cross-links (rings).
3) Formation of insoluble gel.

Unsaturation
1) Production of vinyl and vinylene saturation .
2) Formation of conjugated double bond sequences .
3) Decay of unsaturation,

Free Radicals

1) Formation and decay of trapped free radicals.
2) Isomerisation of radicals.
3) Isotope exchange with deuterium and back reaction with

molecular hydrogen.
4) Surface polymerisation (graft) in the presence of monomers .

Physical Structurc and Properties

1) Reduction: of crystallinity .
2) Change in érystallisation rate from the melt.
3) Change in properties such as viscosity,teansile strength,

electrical conductivity and colour,

Some effects are not readily categorised;and include the
phenomenon of oxy-luminescence and energy trensfer processes within:
the polymer or involving additives. Chain scission, cross-linking

and oxidation probably have the most imporiant consequences on the



properties of the irradiated polymer and these will be considered

_;n more detail in the following sections.

Some polymers show a progressive decrease in molar mass afier
high energy irradiation. This is duwe to the permanent fracture of
the main chain with a rearrangement of the atoms near the point of
fracture to stabilise the end groups, usually accompanied by the
liberation: of small molecular species. Jt is probable that the
nmajority of chain scissions are temporary, because the long chain
fragments are held in place by the solid polymer matrix. Chain
scission is essentially different from thermal depolymarisation:
which proceeds by a chain mechanism, In radiation degradaticn
absorption of energy is egually likely at any of the repeat units
of the chain, and normally each unit is equally likely to fracture.

In radiation degradation there is little monomer produced even after
high doses,

The probability of the C-C bond reforming docs however appear
to bevrelated to the heat of polymerisation. Wall(l3) has shown that
in polymers having heats of polymerisation in excess of 70 kJ molwl,
such as polyethyleney poly{methyl acrylate),,polyacrylic acid and
polystyrene, cross-linking predominates. | Polymers with lower heats
of polymerisation such as poly ( ol —methyl styrene), polyisobutylene
poly(methyl methacrylate) and polymethacrylic acid, chicfly degrade
as a result of irradiation. Polypropylene with a heat of
polymerisation of 69 kJ"mol_l, takes part in both cross--linking and
chain scission processes.

The G-veluesfor chain scission, G(s)g can be obtzined from

molar mass determinations, if the fracture density is proportional

to the dose. Charlcsby(l4) has derived the relationship :
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— N 1 +  _RG(s) ceneo (1.1)

_ 1 - 100
¢ U a
. n
_ o
in which Mn> and Mn are the number average molar masscs before md after
irradiation. R is the dose in eV g“l and N is Avogadro's constant.
a <

Alternatively s

1 = 1 -6

= __ 1 + 1,04 x 107 G (S) ... (1.2)

b o

i -

b4 M

1

where r is the dose expressed in megarad. In the abscnce of cross—

Jinking, plots of 1/ﬁngs.dose normzlly give a straight line from the slope
of which, G (s) may be found. In gensral ornly number-average molar
masses may be used in equation 1.1 anrnd plots derived from it. However,

if the distribution. was originally a random onre, then further random
scigsiom will maintain a random distribution and other average values

of molar mass, suéh as viscosity-average ﬁ; and weight-average
applicable since their ratios fo ﬁ£ will maintain cnstant values., For
non-random intial distributions, plots of 1/?& and 1/ﬁ% vs, dose are
curved at low doses, but it is found (6) t+hat the distribution. approaches
a random one when as few as 4 or 5 fractures in each intial molecule

have occurred. This explains the approach to lincarity of such plots

at higher doses.

1.2.6. Cross-Linking

Cross-linking Peactions lead to the formation of three-dimensional
molecular nctiworks and these can be investigated by changes 1in molaxr
mass, solubility, swelling and mechanical properties. Some of the

1 &

resctions leading tec the formation of cross~linked structures include s



Free Radical Combination

AN CHR AN A CER AN AN CRIAA
~\N\S>> e — . + H,
ANNACHR ANA~ VAV VAN AN RN
i
\I
ANV CR AA
I
ANV CRAN

. e . . . . .
The crosslinking reaction. may involve migration of the radical along
the polymer chain until it is adjacent to another radical where it
reacts. ~The extent of crosslinking is frequently increased by

annealing after irradiestion, which suggests that radical nigration

is taking place.

Ton #olecule Reactions

2 ;. 2 g,

He + CHT2 = (I — C + b2l
< S pd p 2
2 3, % s
CH‘2 + CH ~>» CH — gH + "
< z z

CH, + CE —> CH —— + H
= 2 s = = 2

(15)

The first of these reactions is very favourable energetically

Crosslinking Throuvgh Double Boads

This may be through either vinylene
AN CII2 ~ CR = CH -~ CHR"v /\CH2 - CR - CH'2 — CHR AN
+
— NI\
/\/\/CH2 -~ CHR = CH‘2 -~ CHRV ’\/\CH2 -~ CR =~ CH.2 - CHR AW\

or vinylidene unsaturation
ASNCHL - C = CH, VNV ANCH, - CH — CHo ANV
2 I 2 2 l 2
CH:
Mo A i
.{4
" /\»CHz-—CR-—CHé/\N
/\/\/CH?- CR - CHZNV
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In polyethylenc however, more uncaturation is adestbroyed than cross—
links formed (the respective G-values being 3.7 and 0.8 )(16)° The
reason for this may be the formation of intra—molecular crosslinks.

The fundamental theory of crossliniing of polymers by irradiation
is similkr to that of crosslinked sysiems formed by polymerisation, and

(6). Th

the statistical conseguences have been developed by Charlesby e
extent of crosslinking in a polymer is mecasured by ﬁ;, the number—
average molar mass between crosslinks and this nmay be related to the
G-value for crosslinking G(x) by the relationship &

6

ﬁ- = O¢48 . 10 eceee (1c3)

c
¢ (x) r
in which r is the dose in megarag, MC determines the elastic and
swelling characteristics of the crosslinked network, from which G(x)

may be found. The crosslink yield may also be found from the dose

that causes the onset of partial insolubility, the gel-formation dose.

1.2.7 Simul_taneous Chain Scission and Crosslinking

In polypropylene crosslinking is normally»accompanied by chain
scission and it is found that at low doses the effecis of scission
are predominant. The degradation may be considered to occur in two
stages:

1. scission without crosslinking,

2, crosslinking without scission.
Also in the presence of oxygen, crosslinking processes are interrupted

and degradation alone is observed.

4
i

Charlesby and Pinner(IY) have derived a relationship which

enables the calculation of G(x) and G(s) from gel measurements when



both processes occur simultaneously

_..'I,_
5+ 8 = o(s) o+ 04821200 .eee. (1.4)
2G(x) r I%lfi(x)

2 PR . S } . LS . . . ™ . .
in which S is the soluble fraction of polymer of intial number—average
molarmass . after a dose of r nmegarad This equation assumes s

le an intizlly random molar mass distribution,

2, random cvrosslinking and degradation,

3. constant values of G(s) and G(x) with dose.

1

From equation 1.4 plots of S + S* vs,. 1/r should yield a straight
line with an intercept of G(s)/2G(x). For non-random initial
distributions the plots zre curved,but ccuation 1.4 is found to
apply at high doses, suggesting that random disiributions of molar
mass are eventually produced. Bxact modifications of the Charlesby—
Pinner eguation have been derived for various iuiial distributions

i (18) : e at i oy .

by Inokuti . For polymers of vncertain distribution. the ratio

G(S)/2G(x) can be accurately established although the individuval

radiation yields may be uncertain.

1.2.8 Irrediation in Oxygen

The photochemical and thermal oxidation of hydrocarbons has

been reviewd widely (19, 20, 21) and the most gencrally accepted

- 22 .
mechanism is one originally proposed by Boliand( ). High energy

radiation in the presence of oxygen initiates a similar process in

many hydrocarbon polymers. The detailed mechentwm varies with each

polymer and in addition,diffusion and matrix processes for solid

polymers may become rate-determining, particularly in vadical transfer

and termination processes.
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The basic mechanism is as follows 3
-Initiation

Rﬂ' "‘/\f\_/\l_") I{b + mﬁ

T-;Oé + RHI —» ROCHE & ®®
Termingtion

RO% + ROé — ROER + 02

ROé + R* — ROOR

ROé + H — ROQHE!

R* + R — RR

In 2ddition the hydeoperoxides masy decompose
ROCH —_— RO* + OH"

ROOH: + RH —> RO° + 1120 + R°
and the radicals formed can initiate chain branching
RO°® + RH:T —» ROH + R®
HO® + RH: —> HOH: + R®

A nunber of volatile reaction products arc usually observed,

such as H_0, CO aldehydes and ketones, while C=0 and OH groups

2 2’
appear in the spectrum of the polymer when it is irradiated in oxygen.
These products result from the decomposition of peroxy compounds and

gsome of their reacticus include @

R - ¢& - R — R - C - R + OH°

nt )
R - ¢i - R’ + R - CI - R == RR'C=0 + R - CH ~-R + 0
' ot

4]



R hind CII — R' —-%» R Lol L Rl Jn' }I O
Dy I 2
2

R - (‘HI. - CHZ - R" 3  RCHO + R"CHZOIE
001L

Al n 4 ~ 4 . M - . . . . .
The latter reaction 2ccounts for some of the additional chain scigsslon
observed in oxzidatiwe: degradatione.
L3
The radical H02 may play an important part in oxidative reaction

and could arise from

RE + 0, —> R + HO,,
or by RI + 0y —» KO° 4 HO;,

since ozone is produced by the irradiation of oxygen.,

Radiation oxidative degradation has been studies by mass speciro-
scopic studies of the decomposition fragments, infra-red spcciroscony,
oxygen absorpiion and molar mass determinations. Oxidation ractions
also occur when the irradimion is carried out in vacuo and the polymer

is then exposed to air or oxygen.

1.3 Trradiation of Polypropylene and Relatcd Polymers

1.3.1 Holecular Structure

ERR

In general vinyl polymers, in which cach carbon atom of <The
main chain carries at least one hydrogen atom, such as polyethylene
or polystyrenc, tend to crosslink when irradiated. FPolymers containing
tetirs-substituted carbon atoms, such as poly (methyl methacrylate) or

polyisobutylenc tend to clegrade(23)- Polypropylenc is found to be

intermedintn in behavieur, and both degredation and cvesslinking



take place,

e (i) Scission and Crosslinking

Black and Lyons(24)bhave observed a progressive decrease of
intrinsic viscosity [Wﬂ up to a gel-formation dose of 50 lrad,
When polypropylene is irradiated to doses above this, crosslinking
predominates over scission: to a small extent. Similar behaviour has
been observed by other workers and Table 1,2 summarises the values
of G(s) and G(x) reported. The most likely value for G(s)/2G(x)
appears to be 0.75 for isotactic and 0.37for atactic polypropylene.
Veselovskiii et alg37) have investigated the cause of the
divergencies in G(x) and G(s) values znd gel-formation doses found
by different authors,and they have shown that the irradiztion: behaviour
depends on the molar mass, the mobility of the chain segments, vinylidene
double-bond and oxygen content,and the physical state of the polymer.
The gel-formation.dose is least for polymers of high initial molar
mess; thus, a sample of (7] = 2.2 had a gel-dose of 100 Mrad while
one of E?] e 5.3 required only 6.5 Mrad. Betlween these extremes
there is a regular decrease in gel-dose as the molar mass increases.
The results of Black and Lyons(38) using an isotactic polymer
of initially random molar mass distribution, show that a rapid decrcase
in molar mass(G(s) = 4.95) occurs at low doses.  The molar masses
were measured by intrinsic viscosities and the number of chain breaks

calculated assuming random scission.

Equation 1.2 ought to a2pply under these conditions when‘ﬁn is

replaced by ﬁ}, giving a linear plot of l/ﬁv vs. Te The authors

— <5 . Q
however obtained a linear plot between 1/1&v and r~. Jelllne’(3’)

has pointed out however, there is a change of slope at a dose of about

- %
5 Mrad and that only below this dose 1s 1/, linear with r®. Above

10 Mrad l/ﬁ; is linear with r. He suggests that in the early stages



Table 1.2

cr

21

Scission and Crosslinkine Yields in Polvpropylene
- et e LY. -

Polymer EGel Dose / G(s) G( ) G(s)/26(x) Reference?
T = Isotactic ?megarad
: |
A = Atactic i
i
1 50 L 0.96 0.6 0.75 24
I - 1.0 1.3 0.40 25
|
1 - 0.28 0.14 1.0 26
t
0.10(min) 0.07(min) %
L 15 i 0.73 i 27
0.21(max) 0.14(max) &
|
©.10(min) O,lZ(mini |
A 14 bo0.44 | 27
0.24(max) 0.27(max) 3
A 30 0.30 0.19 0.80 f 28
I 10 0.62 0.50 0.62 % 29
T ~ 0.17 0.11 0.78 i 30
I - 0.32 0.20 0.80 % 31
t !
I - 1.20 0.80 0.75 ; 31 |
! ’ { ;
I(quenched). - 0.10 0.061 0.8 E 32
|
I(anncaled). - ( 0.16 0.11 0.7 | 32
! % P,
I L1 L0017 0.16 L 0.55 33
A 28 3 0013 0017 ‘Oc37 33 '
? | : :
T (o ~rad.) 25 \ 0.73 - { 0.50 0.73 : 34 j.
: : |
I (¢ ~rad) 25 L 0.55 0.31 0.90 | 34 :
} I - P - | 0.75 | 35
: i l _: :
, I(annealed)' 25 : - - 0.75 % 36 ;
& ' t - ©0.42 * 26
i I(quenohed)% 18 } - } 0.4:2



of degradation random scission is predominant, but at later stages
scission and crosslinking ocour simultoncously - but compensate one
another.

Schnabel and Dole(27) found that althouzh G(s)/2G(x) values were
between 0,45 and 0.75 an intial decrease in ﬁ; occurred, The analysis
of their results was complicatcd by starting with an intially broad
distribulion: of ﬁ;/ﬁh = 5 but they calculated that this is reduced
to a nearly random distribtution of I ﬁ; = 2.7 vhen 2 bond ruptures
occur in eoch original chain, The ronge of velues of G(s) and G(x)
given them in Table 1.2 correspond to the asswnption of random. and
pseuvdo-random distributions which would lead %o respective maximum and
minimuwa G-values.

The possihle errors involvedin usingl}v] to chpracterise molar
molar mass in polymers that nay crosslink or branch has been pointed
out by Dole et al.(4o) and also by Salovey and Dammont(za) vho, using
atactic polypropylene obtained a decrcase in.f?} while ﬁ; was unaffecied
up to the gel-formation dose. Dole(41) hes shown that if A represents
the change of E7] with dose then it can be shown thai

A= "a"" .(.i'.h + ln HW '(}"EZ: + 2 M“T {q - B‘} 300(105)

b dr dr N;a b

vhere b-=.ﬁ%/ﬁ£ (initial), a is the exponent.:.of the Mark-Houwink

equation; while g and p are the probabilities of crosslinking and

scission. Thus a negative value of A may occur from negative db
dar
and da values as well as resulting from p/b exceeding q.

dr

Keyser, Clegg and Dole(4o) have investigated the intrinsic

viscosities of isotactic and atactic polypropylenes as 2 function of

radiation dosc and found the relationship?



Socveccocrne

In ("j;r/ ["7]0 = Ar% + Br 1.6 }
in WhiCh'E7]<3 and [’7]:r are the intrinsic viscocities before |
and after irradiation,and A and B are empirical constants, Such a
relationship can be derived from theoretical principles, TFor atactic
polypropylene B=0 but is found to be -8 x lO_15 for the isotactic
polymer.  Then 1/’[;7t]r is plotted vs. r straight lines are found
at low doses, At higher doses the slopes decrease and then become
linear again before gelation, The initially rapid decrease in
molar mass may be caused by the presence of weak bonds in the polymer,
or may result from the initially broad distribution.

The G(s) and G(x) values given in Table 1.2 are based on the
assumption that they are constant throughout the irradiation. This
is probably itrue at doses higher than the gel-point,but at lower
doses may not be correct.

Keyser, Clegg and Dole(4o) have obtained an apparent intial.
value of G(s) = 1.2 which drops to 0.27 at the gel dose, while the
G(x) value was found to be constant at 0.18. Blmck and Lyons(38)
have also suggested that scission and crosslinking are not dircctly
proportional to dose bgpt that scission: is initially high. and tends
to decrease, while the reverse is true for crosslinking. This is

attributed to competitive reactions in which radiolytically formed

unsaturated species produce end-links and cross—~links with excited

or ionised species which would otherwise cause main chain. fracturec.
Lyons(42) has suggested that under these conditions the Charlesby-

Pinner relationship (equation 1.,4) should be replaced by the empirical

relationship
X
= hr ee e s (107)

ol

s + S

Using existing data, he has found that the values of k between: 0.4

and 0.6 give a substantial improvement to the linearity of the



of the appropriat . . . /4
appropriate plots.  larans and Zapas(*3) however, have used

- polypropylencs of various molar mass distribution and found that G(s)
and C¢(x) values are constant, and 4

hat the apparent variations are due

to distribution changes,

Influence of Phvsical State

The lower G(s)/2G(z) ratio in atactic polypropylene compared to
isotactic, shows that more crosslinking occurs in the amorphous state.
An increase in the extent of crosslinking occurs in isotactic poly-
propylene, if it is heated after irradiation§32) or is irradiated
just below the nmelting point(44’ 45). Sobue and Tajima(Bg) found
thatthe percentage gel increased from 0% to 34% after 13 lirad, as a
result of heating to 453K, following irradiation at 298 K. Isotactic
polymers of high crystallinitys as a result of pre-irradiation. annealing,
gave larger G(s)/?G(x) ratios and gel-formation doses, than quenched
sanples of low crystallinity(36). In contrast, Charlesby, Von Arnim.
and Gﬂlaghan(46), found *the G{x) values of polyethylene to be unaffected
by the degree of crystallinity.

(ii) Unsaturation

Following irradiation,; the infra-red spectra of polypropylene

. ~1 . o =1
show new absorplion bands. Absorption at 886 cm: ~ and 1642 cm

(a7)

has been reporied by Black and Lyons(j8) and confirmed by Slovhokotovas

and Sobue(48). These bands are considered to be caused by the

vinylidene group, which appears to be the main change in the infra-

red spectrum, particularly at low doses. Slovhokotova also reports

an absorption band at 735-740 o~} due to propyl branches, and she

and Black and Lyons suggest that the process taking place is %
G

- ¢, -CH, + CH, =

VACE, - CE - O - ?x»rfvv,ms\;—» 2 - Oy

- Cir,

CIt
J2
3 >




Infra-red weasurments at temperatures high cnough (438 - 453 K)
.« bo avoid ecrystalline absorption bands, have enabled Black and Lyons
to calculate a one-to-one scission to vinylidene group ratio. These
results have been guestioned by Dole and co—workers,but Slovhokhotova
has found equal concenirations of propyl and vinylidene groups in
atactic polypropylene, while in isotactic the lower proportiom of

vinylidene groups is explained by a partial disappearance as a result

of free radical reaction.

The vinylidene group is considered by Vesclowskii et al. to pley a

fundamental part in the crosslinking process, They have shown that
if vinylidene bonds are present in polypropylene hofore irradiation
the gel-formatiom dose is reduced. A sample was pyrolysed o produce
vinylidene unsaturatioﬁ.and then irradiated. The gel~formation dose
fell from 50. kirad to 35 krad despite the reduction in (7] £rom 3.25

to 1.17,which in itself would have caused an increase in the gel-dose.
s g

50
Above 350 Illrad, Alexander, Black and Charlesby( Leport absorption

at 910 cm_l due to vinyl unsaturation. The reaction

/\/\/‘CH"'2 ~ CHE - C}FZ“CH‘I’V\/ -’\!’\J"**CH’2 - CH = CH;Z + CH"3 - f)}{’\/\/\
|

|
. CH- é CH.
Ot iy 3
may occur infrequently. Unsaturation as a result of direct hydrogen
removal may also be expected to occur. At high doses ( > 1000 Mrad)
conjugated sequences of double bonds have been observed,
h\idrogqrt
The irradiation of polypropylene producesngas and Dole has

suggested(49>, based on the biradical theory of Schultz(sll that

CH B CH
|K3 | 3 |3 fHB
CH;Z — (I; - CH2 - (i: N> CH2 -~ G, - CH2 ~C, - + H2
H H ,
CI 4 CH.
- CH2 - CH + Hzc = C v

This reaction is however unlikely,since vinyl unsaturation is not



COIMMOn,

A U . N o
An alternative mechanisn has been proposed by Williams()z) based

‘uponithe decomposition of the primary ion formed

o oo
R‘-[«? - CHé - ? - CﬂzJ-ﬂr' R' = C — CHé+ + C - R"
o ‘ '
H H H H

(4) (B)

m 1 ] 2 B
The ionic fragment A then rearranges the more stable tert-butyl carbonium.

jom
CH CH
i3 I 3
R' = C - CH, + —_— R' = C +
| |
8:

CH,
ey >
|3 - Ve

R! = ( + € —_— R* - C + H°
| ]
CHL CH,
3 2

the hydrogen atom may then react with B, to produce a saturated species.

(iii) Gas Yields

The irradiation: of polypropylene produces gases and Dole(49)
has carried out analyses and radiation yields of the products. The
main product is found to be hydrogen following ¥ —irradiation in
vacuo. At room temperature, isotactic polypropylenc produces 97.2%
H, (¢ = 2.8) and 2.5% CHZ (¢ = 0.07) and 0.3% of other hydrocarbons
(ethane, propane and isobutane). Atactic polypropylene produces
95.7% H, (¢ = 2.3),3,9% CHZ (¢ = 0.10) and small amounts of ethane

(0.1¢). Irradiation at 77 K has little e¢ffect on the composition

or yields of these gases.



The large excess of hydrogen rartly resulis from its greater
“ability to leave the reaction site., There is & slightly greater

yield of methane from the atactic polymer which reflects the

increased mobility of the polymer mairix, allowing the gas to escape.
The gas yields show that permanent scission occurs in the side branches
as vell as chain scission and dechydrogenation. The low yield of

cthane suggests that methyl radicals; produced by C -~ CH, scission,

3
absliract hydrogen from the polymer chains rather than combining with
other methyl radicals, The gas yicld from ljnear polyethylene is

99.7% B, (& = 3.8).

1.3.2 Free Radicals

Studies of the free radicals produced in polypropylene by high:
energy radiation have been reviewed by Campbell(SB}’ There 1s
considerable disagreement over the radical structure and frequently

mixtures of radicals have been cbserved (54 - 64). There appear to

be four main conclusions reached
1. The radicals observed at low temperature is the alkyl
radical Rl; - CH, - "C(CH3) ~ CH, -
2 On warming theradical becomes more complex.
3. A quartet of lines of uncertain agssignment is
occasionally observed.
4. A broad singlet, probably due to a fairly stable polyenyl
radical is found at high doses.
There appear to be two main intgrprotaﬁions of the room
temperature spectrum of polypropylene.
(i) Fischer and Héllwege(59) have assigned the spectrum.to
an allyl radical R2;- CH, - CH(CH3) - CH = 0(0213) - CE'~ CH (ca-j) -

Measurements on orientated samples showed that those irradiated and

BESIT



measured at low temperaturc,gave the same spectrum as the non—orientated
~.sample and was assigned to R1. For B = OO the spectrum was symmetrical
with 17 equally spaced lines (10,5 G). For B f Oo, a symmetrical
spectrumn of 7 equivalent (21@) lines with doublet substructure was
found. The spectira were complicated by the presence of some peroxy
radicals. Theoretical consideration of the allyl radical R2 showed
that this anisotropy could be caused by this species. Milinchuk(65>
has demonstrated the interconversion of radicals R1 and R2 hoth
thermally and photochemically.
(ii) An alternative suggestion by Ayscough. and Hunarf&%g that the
alkyl radical R1 is responsible for the room temperature as well as
the low temperature spectrum,
They consider that the spectrum is due to 4 _43 protons equivalent
in pairs, and asymmetric to the C - CH3 bond., Evidence given for
alkyl rather than allyl radicals is
(a) G values are much too high for allyl radicals (€ = 1.0,
vhiie G = 0.1 for allyl radicals in polyethylene)
(b) The radical obtained is much less stable than the allyl
radical in polyethylene
(¢) The allyl radical CHy CH' (CH%’B) CH = CH (CH'3) cy CH, CH,
obtained by irradiation of the model hydrocarbon. 2,4 dimethyl
hept - 3 - ene produced a very different spectrum,.
Theoretical considerations shows also that the anisotropy and
spin densities agree more closely with alkyl rather than allyl radicals.

At high doses however the allyl radical is thought {0 be formed.,

1.3.3. Radical Decay

. X vs o . Y ,
The rate at which free radicals decay in polymer media has been

... (6 .
the subject of recent revicws by Butylagln( 7). The build-up and



Iy} ”

decays of radicels i < ; : . . ;
& “ 2ls in polypropylene is found to depend markedly on the

(61)

found that

,(63)

decay was faster in less crysialline samples, Milinchuk bas

N Ty atat KRR . .(57)
.bhysical state of the polymer, hnlShl()7) and Loy

- £ e b . . .
compared the kinetics of formation and decay In atactic and isotactic
polypropylene. He found that at 77 X the radical concentration was
nearly 10 times as large in the atactic polymer. At increcasing

Jnsma -+ -~ 3 . .
temperature, the radical concentrations in each sample, were found

to decrcase but the relative rate in the atactic polymer was much

more rapid, especially near the glass transition temperature 255 K.

His data show a finite concentration of radicals in the atactic sample

at room temperature, which suggests that it was partially crystalline,

Milinchuk(63) and Forrestal and Hodgson(62) found on rapidly increasing
the temperature of isotactic polypropylene irradiated at 77 X that 70%

of the original radicals disappeared by 283 XK. These radicals were
probably’ heldin the amorphous regions of the polymer, Radical decay. iy

did not commende until 170 K, Nara et al (68) observed two regions i

of the second-order decay of the aijkyl radical Rl; one commencing at

'170 X with an activation energy of 70 kJ and another at 270 X

with an activation energy of 210 kJ. He ascribed these obserwvations

to two different conformations of the rcdical and found that the

decay constants were similar to those of dynamical studies of

molecular motion in the polymer. Kusimoto (69) has studied the

effects of temperature increase on irradiated atactic, syndiotactic

and isotactic polypropylene. In each case he found that one

radical producing a 6 - line spectrum, disappeared at 230 K.

The radical in the atactic polymer digsappeared completely at 263 K.

The decay of free radicals is normally a second order process, at

- \ , 70
least over a congiderable part of the decay. Some aunthors (70) favour
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interpreation by first-order Yinetics ' ;
pra by first-order kinetics, but vsually the decay curve

LA

.needs to be divided, somovhat arbitrerily, into scveral scclions
each with a2 different rate constant, Since two free redicals must
meet for decay to occur, a first-order process ig only likely under
conditions where the radicals are not evenly distributed, as in the
decay of radiczl pairs, or by reaction with photostimulation., The
chlce of f{irst or second.-order decay in polyecthylene has been

(71)

r e :E"

revieved by Geymer wnd Vagne
(linshport et alJ(TZ) have observed a stepwise decey of redicals
in polypropylene, that is second-order in the absence of light, and
first—order when light-stimulated., Stepwise decay has alszo becn
observed by Sohma(73) and Milinchuk and Pshezetshii wao found
that {the activation energy of decay increased from 21 kI at 193 K, o

110 kJ at 323 K. Kusumoto(69) hovever, obtained second-order decay

with a single activation. energy for each polymer, He quotes the Il

following paramecters
i

- By R | ~1 l
Atactic (259 X) k, = 34 210 LS mort s ]; E, = 130 kJ mol ;

#

- -1 -1 -l
Isotactic (313 K) k, = 1.1 x 10 2 aw’ mo1™t s 5 By = 92 ki wol

' -2 .3 -1 -1 = -l
Syndiotactic (313 X) k2 = 3.0 x 10 7 dm” mol s 3 EA = 92 kJ mol

Therc are several theories that have been developed to tccount

s ' 7 -+ - Teala
for free radical decaye In Waite¥s'cage! theory (75) the radicals

2 7 - 3 P -4 > cicbomy - .
are considered to be constrained within an elemeniary structural

volune, in which reaction takes place. At low diffusion rale and

high reaction probability the padical decay vate is given by
-5 2 4 - v .
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k] » ’?:" "~
=60 = K (1« THAE) (2 veee (1.9)

where € is the radica I . ) )
5 the radical concentration, KD is the diffusion rate constani,
T is the Fifetime of the radicals in the cage and t is the time.

Fm"’thel‘ H I£_D = 4 -‘r ro D

and T = 2 :
r, /.T' D

where D is the diffusion: coefficient of the reacting species and 1
: o

chie effective cage radius,
. C . .
Equation 1.9 is scpnd-order with respect to conceniration but hes

a time - dependent rate constant KDt

2 ’1‘ -—y
Kpy = 47T, p {1+ (ro 2 \ ) D R ] (1.10)

Thus the rate constant is initially highibut decreascs to a consiant

value when t > T .

Lebedev(76) has similarly shown that the rate is relatively
high when most of the cages are occupied, but that at low concentrations
the rcactionisa normel second-order Process. The explanation of

Waite and Lebedev, of the decreasing rate of decay, 1s much morne

convincing than the arbitrary dsvision into two sections, fast and

slow, with separate rate constants, These sections are freguently

attributed to reactions in the amorphous and crystalline phases.

According to equation 1.10, analysis of the initial stages of

% 5 et - .
decay by plotting Kﬁt ve t 7, gives an intercept of 4 ﬁ'rOD and
A

slope 4 ﬂﬁ'rf'D ) 2, which allows evaluation of D and Toe rovr

polyethylene the cage radius at 343 X is 6.7 nm after 0.057 Hrad

and 4.3 nm after 27.4 Mrad(éz), The cage radius at 120 K is found
to be 0.53 urte mhe effective cage rading cannot be simply correlated
. nrd > ef €

. . . . -~ 1 crohai Py e ) o At
with the unit c¢ell dimensiong OT the interchain distance, although at

@

. adi .53 nm. is probhably the distanc
low femperatures, the cage Tacius of 0.53 1 pro ¥ L

' YE nair . may concluded for polypropylenc,
separating radical palrs. It may be bj
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that at temperatur . - -
at ¢ peratures below 170 K, only decay of radical pairs takes

“"place,

Smith and Jacohs(77) have interpreted the kinetics of radiceal
decay in terms of a non-uniform disiribution of radicals. The
radicals are assumed to be in isolated spherical spurs, within which
there is a rapid attainment of uniform concentration. The overall
concentration then decreases with time, dve to a second-order recom-

s . . . - . . . .
bination accompanied by expansion. of the spur in diffusion like

M)

process, The number of radicals in each spur is not thought to
increase with dose, but there is an increase in the fraofion of
volume occupied by the spars. After 6-4lrad the volume fraction. in
polypropylene was found to be O.OB.Ohnishi(78) has calculated that
the spur overlap becomes an important factor above 50 lrad.

In the above theories, the mechanism of radical nigration,

whether by simple diffusion or chemical reaction, is not considered,
Originally it was thought that the combination of radiczls is due 1o Q

the mobility of polymer segments, since the activitation energy of

(79) (60)

rotation is sinmilar to that of radical recombination Lcecbedevw

has suggested that the physical properties of the polymer-matrix are
the important factor and not the chemical siructure of the radical.

However, Bresler(8l) has shown that for polymers in the glassy state,

the extent of diffusion would be too small to allow radical recomb-
ination, and that the presence of oxXygen, transforming the radical

into a peroxy radical, offen affects the rate of radical decay.

Bresler suggests that migration of the radical takes places
(82)

by a series of hydrogen atom abstractions. Recent work by Pudov

has shown that the migration rate of free valence in polypropylene

ig several orders of magnitude greater than the chaim migration rate.



The hydrogen atom abstraction is more likely to occur along a polymer

-chain than between chains, When two radicals become in close

proxinity (0.5 nm) they will normally rccombine. The activation

energy of radical decay, which is typically of the order of 80 -~ 120

~1 .
kJ nol (77)1s thought to be the sum of three processes.

1. Activation :energy of migration; (this will
approximately equal the energy of diffusion of
low molar mass species in polymers, fypically
55 - 65 kJ mol“l)

2 #ctivation energy of hydrogen abstractions(probably
siﬁilar to the energy of chain transfer, 40 — 60 kJ
mol’l) ‘

3. Activatioh energy of recombinations by difference, this

value must be small and is probably less than 4 kJ

-1 (67)

mol .

Milinchuk (83) has kinetically analysed the changes of radical
structure of irradiated polypropylene, in the temperature range 273 K

- 323 K, The change of radical alkyl —> allyl is found to have an
A mo‘_' . 22 3 . -
activation energy of 25 kJ,and 2 rate constant of 10 em” radical

s"'1 which ave similar to those of radical recombination, Similar
b4

results were found at higher doses for the conversiony alkyl —»> polyenyl.

_ L2 . 2t a sombinatio roceed
He concludes that both radical transformation and recombination p

by free valence migration along the polymer chain. T¥hen two radicals

meet, they rccombine to form a double bond (in same chain) or a cross—

link (radicals in adjacent chains). When a migrating radical encountezrs

an existing double bond &n allyl radical is formed, and when it mette
=4 o

A
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a conjugated sequence, a polyenyl radical is produced. A recent

o (158)

study based on the kinetics of grafting reactions on
irradiated polypropylene has shown that reactivity decreases in the

series of radicals, allyl > vpolyenyl > peroxy.

1.2.4 Effects in Oxygen and Other Gases

Molecular Structure

When polypropylene is irradiated in the presence of oxygen,
chain scission is the predominant reaction and crosslinking is not
observed except at high doses with relatively thick samples, where

the supply of oxygen is limited by its rate of diffusion, Oxidetive

degradatiom is more important in the surface layers and Sobue(31) has

noted the different behaviour of films, powders and pellets, The
extent of degradation is found to increase with the crystallinity

of the samples(45) which suggests that the reaction involves radicals
trapped in the crystalline regionse. After irradiation:in airy Sobue
found strong absorption in the infra—red regions at 1720 cmT.-l ( due
to C = 0) and 336O,cm71 (due to - OH). G(s) values in air do

not appear to have been quoted in the 1iterature, but the data of
Yale (84) corresponds to a value of 3.3. This may be compared to
the much smaller values in vacuo, given in Table 1.2, A similar

effect is also found in poly(tetrafluoroethylene) with G(s) = 5.6
(85)

in air, and 0.17 in vacuo

Isotactic samples irradiated in vacuo and then exposed to air

. 86
also show oxidative degradation(29). latveev et el( ) measured

the C = O group concentration and tan § for irradiated polypropylene

as a function of both dose ond time after irradiation. Rapid initiel

sporeases in C = 0 and tan S were attributed to ahsorbed oxygel.
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The curves of C = 0. and tan (5 show Strong sinilorities which.

indicate that the extent of oxidation is reflected in the mechanical

properties of the polymer; latveer observed @ gradual increase

in tan § for samples irrediated in vacuo, and then exposed to air.
He concluded that a slow oxidation occurring over severazl months
took place following irradiation, even when the samples were heated
at 360 K, before exposure to air, Geymer(29) found an unusual
change in apparent G(s) when post irradiation. oxidation occurred.
The initial value of 12,6, at doses < 0.8 lMrad, decreased to 0.36
at doses between 9.5 and 22 lirad (in vacuo). Treatment with methyl
mercapian following irradiation gave normal scission/crosslinking
behaviour. This procedure destroyed the free radicals, which
otherwise caused oxidative degradation when expoesed to air, and
accordingly , the gel formation dose fell from 32 Mrad to 10.4
Mrad.

The réte at which oxygen diffuses into semi-crystalline polymers
is influenced by the morphology and surface/volume ratio. Fathematical
theories based on diffusiom equations have been developed by Bohm(ST)
and Matsuo and Dole(88) for the post irradiation oxidation of
polyethylene. It was noted (88) that post—irradiation: oxidation

is greater in the more crystalline linear polyethylene than in branched

polyethylene and is negligible for samples irradiated in the molten

state.

Peroxy Radicals

The rapid conversion of alkyl or allyl radicals to peroxy

. L re -
radicals when exposed to alXry has been freguently observed 1in

polypropylene (585 65, 89), The conformation of this radical has

i 89 90) ffect of ientation on
been degeribed in detail (89, and the effect of orieniat :



the B.S.R. spectrum snalysed. The radioal is axially symmetrical
-« but the chain structure attached 4o +he oxygen cannot he identified,
since the electron always‘resides dn: the O, group and no hyperfine
splitting is seen. TFor this reason, the B.S.R. spectra of peroxy
radicals in other polymers e.g. polytetrafluoroethylenc (92) are
almost identical to those in polypropylene,

The line ~ shape and decay of the peroxy radicals have been
studied by Eda et al (92). Slightly different spectra are found
when the irradiation is carried out in vacuvo and then exposed to

air, when compared to those irradiated in air. These differences,

however, appear to originate in the differcnt thermal treatments

given vhich suggests that the rigidity of the polymer natrix containing

the radicals, affects the resolution of the spectra. The decay
curves have been interpreted in terms of successive first order
reactions, although when their graphs are redravn,; they appear to
follow reasonaﬁle second-order kinetics with a single rate constant,.
Since only relative values of radical concentration. wvere given, the
second~order rate constants cannot be evaluated. The decay curves
were measured at low pressure (10“3 torr) and during the decay,
the appearance of hyperfine splitting due to hydrocarbon radicals

(89)

was observed. This was also noted by Fischer et al

The reaction:
R. + 02 = R02

is therefore consideredat least partially reversible.  The decay

reaction is found 1o occur

and in some cases even an increase in radical concentration over a

period of scveral days has been observed. The line shape of the

more slowly in the presence of stabilisers

(93),
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B.9.R spectrum is also changed due to the reaction

ROO® + AH ~-» ROOH +  A°
as a result of wvhich radicals of the stabiliéer accumulate in the
gpecimen,

The effect of ultra-violet light on the peroxy radicals has
been studied by Hilinchuk and Prhegzetskii (65). The radicals were
formed by the action of oxygen on allyl radicals, and uliva-violet
irradiatiom at 77 K gave rise to the appearance of a four-line
spccﬁrum(measufed at 77 ¥). On heating to 300 K a complex spectrum.

resulted and these changes were atiributed to the following rcactions:

0-0°
$ Ev .
e CH = CH. - C = CH = C = CH, = w=mpp = CH -~ CH.=0--0-C -CH = ¢ =~ Ci, =
2 2 1 K 2 P4
l | | | \ l
: g ; : CH
Cﬂé CH3 CH3 CH3 CH3 3
0
. i |
300 K -~ CH - CH2 -0 + ¢ -CH=C ~- CHZ — !I
— | | l b
CH. I
CH3 CH3 3 lil
\Lisomerisation }h

- CH - (lf— OH

oily

The absorption of oxygen during peroxy radical recombination

has been measurcd by Neudorfl (94)., The oxidation is considered to

be a radical chain reaction in which several oxygen molecules are

absorbed for each radical initially present. The following eguation.

was deduced @

- a [o,] 1 1

i s e a8

—r—————————r——————n e =

a [R] e a2’ [R’] eesve 1.10
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in which @ is the density and a3 the 'cage! volwume. of the radical.

"~ Bguation 1.10 may be rearranged to s

.

[02-1 = 1 . R o
€ o [R] eeees Lo11

in which (ﬁ ] ¢ 18 the initial redical concentration. The value

of the cage radius at 323 X was found to be 3.7 nmy, Fischer et
31(88) f

ound that 3 - 6 oxygen molecules were consumed during the

decay of each original radical in polypropylcne.

Hydroperozides

Hydroperoxides are formed during the decay reaction of the
peroxy radical by repeaied hydrogen absiraction, as described in 1.2.9.
The hydroperoxides may then decompoce thermallyﬁgS) or photochemically(gé)o
The decomposition reactions of polypropylene hydroperoxide have been
reviewed by Neiman (97). When the hydroperoxide is heated, the
infra-red absorption. at 3360 cmT.1 disappears, put the strong absorption E
at 1720 cu ( ¢ = 0) remains, A number of volatile products of
decomposition are formed including watcr, formaldehyde, acetaldehydey, .
acctone, methanol, hydrogen peroxide, carbon monoxide, carbon dioxide

and hydrogen (98). Chien (99) has shown that segquences of hydro-

peroxides on the same polymer chain are freqguently present. The

A e . 96
analysis of hydroperoxides has been made 1odom§rlcally( )

. 100
colorimetrically by oxidation of ferrous 1ons( ) and by
infra-red speotroscopy(gg)'

Nbchitailo(93) has found that polypropylene stabilised with:

Ionol (2.6 dai — tert butyl 4 methyl phenol) shows reduced chain

scission and carbonyl formationaoompared to unsitabilised polymer,

when irradiated in air. It appears that Ionol is able to stabilise

any radical formed before oxygen has time 1o diffuse in, and react

with them It is significant that irrcdiation in vacue in the
R ® 2
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4
resence of 2% Tonol di b se g i
P y did not cause gel formation at doses up to

200 lirad.  Other experiments (101) showed that di - tert butyl

pyrocatechol was also effective in reducing radiation degradation.

in air, bgt that Y4 — phenylnapthylamine was not. Geymer(eg) has
investigated the effect of Tonox 330 ( 1,35 - trimethyl 2,4,6

3,5 di tert.bulyl - 4 - hydroxy benzyl benzene ) on post-irradiation:
degradations by irradiating in vacuo and then exposing to air 1 day
later, The instrinsic viscosity in decalin at ISOOC fell from

6.2 to 1.1 after 0.8 Mrad, while that of the stabilised sample

decreased to only 3.7

Other gases and Liquids

A comprehensive investigation of the scission and crosslinking

changes in polypropylene, irradizted in the presence of various sub-

(29)

stances has bcen made by Geymer (102). In an earlier study
he found that exposure of irradiated samples to methyl mercaptan was
an effective method of destroying free radicals and preveniing post-
irradiation. effects. Methyl mercaptan was by far the most effective
substance in preventing crosslinking during irracdiation, even at

concentrations as low as 0.1%. The rezaction is considered to be @

.

R® =+ CHSSHf —> RE # CH%SM

Lt S . S CH
2CH, § —>  CHy 3

Of the other wide range of substances tested by Geymer only ammonia

was egfective in increasing the extent of crosslinking. Sulphur

103) . o aa
. = Q ( ng very eff 7
monochloride has also been reported as being very cffective

$n inorcasing the crossliniing yield. (66 = 2 100)

!




“* polypropylene in sulphur dioxide.

490

scourh et a1 (104

Ayscough et al ) and Kuri and Ueda (105) have irradiated
The E.5.R. spectrum is a narrow
asymmetric singlet considered to be due to the sulphinyl radical

ct e S g o P N
iney - i i i i
RS O2 hich the free electron is considered to reside chiefly
on the sulphur atom. The radical is stable when exposed to airy

but the formation: process

R* + S -
0, RS"0,
can be reversed by prolonged evacuzation,
e (30)
Irradiation in monomers such as allyl methacrylate /
causes graft polymerisation and increased extent of crosslinking,
compared 1o that in vacuo. FilippOV'et‘al.(lo6) have reported an

4

extrenely large G (- 012 ) value in the range 10" = 106, when
irradiation takes place in chlorine. This value indicates vhat

e chain reaction is taking place and this has been the subject of

a U.S. patent (107) for the preparation of chlorinated polypropylene.

1.3.5 Crystallinity Changes

108
At very large radiation doses, Xozlov et al (108) have

reported that fast electrons cause the degradation and eventual

disappearance of polypropylene spherulites. At lower doses, using

){ -~ radiation, Rybnikar et al (209) found no change in the

spherulitic stiructure and spherulite growth rates in polypropylene,

-although there was an overall decrease in crystallinitye. Tikhomirov

et al (110) have measured the crystallinity decrease at doses up to

1000 lrad. A density decrease from 0.92 to 0,88 corresponded to

a orystallinity decrease from 82% to 43%. X-ray measurements showed

corresponding results with overall levels of crystallinity much lower
- (S <




m —eTUa B .
Ihe «-crystalline modification was found to be nore resistant to
degradation than the B- form,

Hechitailo (*1) g moas
Hrailo nas measured (by D.T.L.) the melting points

P T
of stabilised and unstabilised polypropylene irradiated in air and

K a n s s e N . .
in vacuo.  For unstabilised polymer the melting points and heats

- .- 3 . . .
of fusilon decreased with radiation dose, and an exothermic degradation.

reaction occurrcd at about 470 K. The meciting point decrcased from

an initial wvalue of 433 K to 398 K after 200 lrad in vacuo, and to

393 K after the same dose in air, The siabiliscd polymer, containing
24 Tonol, gave a recduction: from 428 K to a melting range of 408 -

416 X after 200 lMrad (in air and in vacuo)., The exothermic degradation
reaction was not observed with the stabilised polymer,

(112)

In a recent investigation, Kusy and Turnex found an

approximatelys linear decrease of melting point with radiation dose

(113)

in vacuo, of 0.2 K / Mrad. They applied the Flory eguation

1 - l = hand R 1n X o.oc-lclg

— e

o .
T T ZSI%l

to the decrease of melting point causd by irradiatione. In equation
1.12, To is the original melting point, T is the nelting point after
irradiation, A Hﬁ is the heat of fusion: per mole of crystalline repcat
unit and X is the fractiom of polymerAin the crystalline state after
irradiation, compared to that before ( X =1), G - valuesfor the

loss of crystalline unitis, ¢ (- cr) may be calculated from

. 6
@ (=or) = (1-~X) x  0.962 10 «....1.13
M T

. . ~1
in which M is the molar mass of the crystalline unit (3 x 42 g mol

for polypropylone) and v is the radiation dose in regarad . The

wpplicdtion of equation 1.13 appeared to give sensible results for 6.6
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Wylom and poly(ethylene terephthalate) in approxinate agreement with
¢ G=values for gas evoluti in scissi
£ ion, chain scission, etc., For polypropylenc

however, an apparent G{- - .

; 9 bp nt G(~cr) of 47 wos not explicable, although the

KX PREB -
authors suggested that the G-values for gas evolution, radical

formation, etc., were likely to be underesiimates, since they do not

take into account changes in tacticity.

1.3.6 llechanical Properties,

The changes in molecular and crystalline structure previously
considered will affect the physical and mechanical properties of
jrradiated polypropylene depending to a large extent on whethexr the
irradiation is carried out in air or in vacuo. Only a few studies
of changes in mechaniéal properties have been reported. Irradiation
in vacuo, to doses only of a few megarads, leads 1o an improvement
in some mechanical properties, such as flexural modulus and melt
flow index; the tensile strength, Vicat softening point and density

are only slightly affected; the elongation at break, impact strength:

and tear resistance are all markedly  diminished (114’llb). Irradiation

in air usually has a deleterious effect on all of these properties,

although the incorporation: of antioxidants reduces the extent of

deterioration.
(116)

At higher doses in vacuvoy Sauer Herrill and Woodward

have shown by dynamic mechanical studies that there is an initial

N 14
decrease in medulus caused byrdestruotlonzof crystallites, but

reater than the starting material.

_
d by N.i.R. studies (45)

eventually the modulus becomes g

: iT
These observations were also confirme

: N +i £ polvpropylene change on storage
The mechanical propertics of polypropy &

fo]lowingvirradiation (117), Iittle has been published on such




anges but ats 8
chang but latveev et al,( ) has correlated the post-irradiation

increase of tan & vwith increase of carnyl content
sony 1L ont,

1.3.7 Ain and Scope of Present Vork

o

Although much work has been published on irradiation effects
in polypropylene in vacuo and at high doses, relatively little has
becn done at low doses and in the presence of oxygen., These however,
are the conditions under which polypropylene articles, e.g. hypodcrmic
syringes, are likely to be irradiated for sterilisation purposes. The
recent development of techniques capable of investigating thermal
and orystallisation properties has produced additvional methods for the
investigation of irradiated polymers,. In particular, the reasons for
post—irradiation: degradation appear to need to be sought in the changes
in solid structure following irradiation.,

After an initial investigation on a range of polymers for
possible post;irradiation.effects, polypropylene was selected as the
polymer on which furthex investigation. was to be concentrated. Both

¥ and eleciron irradiations vp to doses of 20 megarads were carvied
out. Since irradiation facilities outside the University were used,
vwide variation in conditions of ipradiation were not possible. Aldo
ediately after irradation: could not

measurements during and imm

normally be made., To a certain extent, these limitations directed

attention towards postnirradiaﬁion effects. The physical and

. : : +3pat inc r massy free radical
chemical properties investigated include mola SSg

concentrations and their decay r

. . L) et g N
processes, hydroperoxide concentrations ana thermal stability.

. . v s
ates, melting points and crystallisasion
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2ol POLYPROPYILIIR

2.1 Polypronylene Powder

An unstablised polypropylene powder, Cerlona MHil, supplied
by Shell Chemical Company vas used for most of the work described
in this thesis. The polypropylenc was used as supplicd except
where this is specificelly stated. The particle sizec was 0.0lO
to 0.10 mn diameter. The infre-red spectrum of this materialy
in a potassium bromide disc,shoved that it was 100% isotactic,
since the peaks at 995 cm:“1 and 974“1 werc of eoual size (118)'

The povder was stored in a dark bottle in a cupboard when not in
use,

An additional sample of unstabilised isotactic polypropylene | “
also supplied by Shell, Carloma Kii; was used mainly for the o

preparation of solid specimens. The particle size of this i

sample was 0,05 to 0.15 mm.

2.1+2 Polypropylene Film

& sample of polypropylene film, supplied by the Shell Chemical

Gompany prepared from Carlona W 5520 TKS was used for mechanical ;

. tudies his terial 1tained a small
testing and some other studies, This material convained ¢ <

N - Thé thickness o
concentration of undisclosed antioxidants. The thicxness ol the

£ilm was 0,25 mm,

2.1.3 Polypnropylene Pcllets

. s oo i ,"‘\.4?}. Chd TS
Stobilised polypropylene in pellet form, 3mm dieneter, was

1o W3 c jas used for meltd
supplied by Shell Chemical Company (Code 13 61) and vas used for melt
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flow index determinations.

2.,1.4 Atactic Polyprovylene

A sample of atactic polypropylene was supplied by Shell
Chemical Company.  This material wes soxhlet extracted with
diethyl ether under nitrogen for several hours, The polymer was
precipitated by pouring the extract into excess methanol. The
solvent mixture was decanted and the amorphous polymer dried
under wvacuum at SOOC for 48 hours.

An additional sample of slightly higher molar mass supplied
by Hercules Chemical Company (Code 54 — 6 — 1 XA) was uscd without

furiher treatment.

2.1:5 Stercoblock Polypropylene

A sanmple of stereoblock polypropylene was supplied by
Montecatini, Hilan, This had been obtained by extraction with
n-heptane, following ex:raction with diethyl ether, and was in.

the form of a gemi-crystalline powder.  Fhe molar mass of this ;

samnnle was fairly low (ﬁv = 8000). The tacticity estimated from

infre-red spectrum mcasurements vas 70 i,5$ isotactic., This was

pison of the heights of the absorpiion peaks at

- . =1
995 cm 1 (sensitive to tacticity) and 974 cm .

found by compa

A solid
sample of stereoblock polypropylene of higher molar mass (hv

. . - Y :
= 1.9 x 105) and lower isotacticity (55 + 5%) was supplied by

Hercules Chemical Companye.

. - - o+ 3 Sy =)
2.1.6  TInjcction lioulded Test—pleoo®

Test-picces wore sreared by injection moulding of the Carlona
25 L-—-P L 25 Wel 1 :

. T maehine > specimens used
KM powder, using a Jlorin menumold me hine. The specimens used
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wsurcrnents (4:3.7) were disc—

ahé ,-1 R 17 " . N .
shaped, with a dimater of 57 mm and a thickness of 1.8 mm., The

in the molar mass and E.S.RB. meas

following moulding conditions were used s

3

Felt temperature 2OOOC;
Mould temperature 60°¢ .

liould pressure (max) . 1000 p.s.i. (7'Mﬁm"2).

'Dwellttime 15 seconds.

Cycle time @ 60 seconds (approx) .
Tensile test-pieces werc also repared from polypropylenc film
(2.1.2) using a hand-operated cutting die ( A.S.7.HM. D - 638 =
68 type IV ).

2.2 Cther Polymers

2.2.1 Poly (methyl pethacrylate)

A sample of poly(methyl methacrylate) was supplied by I.C.T.

Plastics Division, The polymer was produccd by A.Z.B.N. initiation

and vas in a finely divided physical state; with an average particle

diameter of 0,2 mnm.

2.2,2 Poly(vinyl chloride)

Emulsion—-polymerised poly(vinyl chloride) powder was supplied

by British Geon Limited. The polymer did not ccntain stabilisers

ieale Ai te e
and had an average particle diameter of 0.03 ©

2.2.3 Cis-polyisgoprene

A synthetic cis 1.4 polyisoprene fHatsyn' was supplied by

. extracted with acetone to
N : ey ,» was extracted wizh a
Goodycar Linited. This polyme s

o
. A . + 50°C

. NP ‘R hen dried under vacvum at

remove any aantioxidants and vas t

to remove any residual solvente




47

2.2.4 Trons—polyiconrene

The polymne 1 . .
polymer used was milled balata; this was oxtrocted with

acetone for 60 hours and then dried under vacuum,

2.2.5 Poly(provylenc oxide)

A sample of this polymer was supplied by Fort Dunlop (Rescarch
Centre).  This had been produced with a ferric chloride catalyst

systemse
2.2.6  Nvlon 6.6
Nylon 6.6 fibres of 0,635 mm diamfer (bristle) were supplied

by I.C.I. (Pontypool).

2.2.7 Poly(cthylene ferephthalate)

11T elinex polyester film of thickness 0.254 mm was supplied

by I.C.I. (Plastics Division).

2¢3 Solvents and Antioxidants

2.3.1 Solvents

After some preliminary surveys of solvent efficiency, using
decalin, tetralin and leene, it was decided to use decalin
as the solvent for isotactic polypropylenc, for solution viscosity

. o
measurements The best available grade was a mixture of cis and

2 o

trans isomers, and this was purified by drying over anhydrous

caleiwn chloride, followed Dy distillation wmier reduced pressure
. . -0, .
(40 torr), the fraction boiling between 80.0 and 80,57°C being

collected,

£ fANne t orade and
. . o rmally of TAnalar! gre
Other solvents wwzizgued normally
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were not further purified bhefore use. Vherever 'Analar! grade
ala e

ron ko LT - - ] ~ |
solvents were not available, the solvents were dried and distilled

prior to use,

2632 Antioxidant

Since isotactic polypropylene is only soluble at tempevatures
in excess of lOOOC, an antioxident was added to the decalin solvent
to minimise degredation during viscosity measurements., An anti-
oxidant suitable for polyolefin stabilisation (119), Tonox 330,
manufactured by the Shell Chemical Company, wes used at a concentration
of 0.5% w/¥.  Ionox 330 is 1, 3, S5-trimethyl — 2,4,6-%ris (2,5-di-

tert.butyl-4-hydroxy benzyl)benzene,

l,3,5~Tbimcthyl—2,4,6—tris(3,5-dimtert,buty1m4—hydroxybenzyl) benzene

o
c(cus)3 (cu3)3c i
HO N0l L

|C(CH3)3 g

>4 3 - ] ~evayt 4 ~
Tonox 330 is considered 1o function as an antioxidant by interzupting
1 C 3 .Lel
the chain rcaction

0 5 e R02

RH ROZH' + R°

R® +

RO +

2



Representing the anltioxidant as Al

1, the above reaction is

nimised. by transfe . ;
minimised, by transfer of hydrogen atoms from the antioxidant

to the polymer radical
R + RH —_— R + I
The free redical A is relatively stable in hindered phenolic

structures such as Jonox 330,

2.4 Irradiation Taecilities

During the period ovef wnich this work was carried out, high
energy irradiation sources of siuitable size were not available
at the University and irradictions were made at various estzablishments.
Initially, samples were sent to the Radiation Pond, Building
466, Harwell, Because of the problems of delay in receiving the
samples after irradiction, other sources werc used for most of the
york described here. i
A Van de Graaff accelerator at Southall's Limited; Birmingham, it

vas most frequently used, but some \&—irradiations were also made

a2t the Physical Chemistry Depariment, Leicester Universitye.

2edol X-—irradiation, Harwell

Spent fuel elements are used as the‘X—source in a large

vater—shiclded irradiation unit. The energy of the\X»rays

: . s typical irradiation.
resulting from fission coverca & range and some typical irradiation

conditions are given below ¢

0.425 ~ 0.409 U rad / hour

liean encrgy 0.8 LieV
Maximum energy 3.0 [ieV
22°C

Temperature

o .
14 stated. because of the rania
A variation in dose raote was usually stated, “

the fuel clements. It was nqt

: anecies 1n
decay of some of the specles 1
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ossible to con the t srature durd . s
pos ntrol the temperature during the irrediation.

2.4:2 Electron-irradation, Southells, Birmingham.

High-~cunexrgy electrons from a Van de Graaff accelerator were
ussed. The voltage applied in the acceleration: process was 4 x 106
volise. The electrons were focussed into a beam approximately 40
cm by 1 cm,

The samples were presented to this beam by a conveyor belt
systemy the speed of the belt movement being used to control the
dose Peceived, The conveyor speed was usually such that any part
of the sample was in the electron beam fér less than one second., For
high doses, multiple passes hencath the beam were used in preference
to slow belt speced which would cause a large rise in sample
tenperature,.

The normal dose received for each pass was 2.5 H rad, wvhich 3

. -l
corresponds to an energy absorption of 25 J g . The temperature

o 3 & (o a b 1 1 Ry
rise o caused may be calculated to be 13°C assuming a specific heatl

capacity of 1.93 J Kfl g—l (]ZO). To minimise the effect of

. . vl : e T
temperature increase, most irradiations were made with the samples

surrounded with crushed solid carbon dioxide (195 K). Crushed Ice

ade

3

(273 X) was used to surround the samples when irradiations were

in chlorinc and sulphur dioxide.

ester Universitys

2.4.3 \{-—igzpdiationi_ Leic

A well-type unit (Vick“ad) was used with coba1t~66 rods 2g the

i 1iati :+ is within a barrel of lead
X'—ray source. The irradiavloll unit

. - ~ 117 g S LR R a'f lG
C ko ad @ cmoved by means of a simple pnewn
end the sauples are introduced and reu y



device. Although only sm2ll volumes could be irradiated, irradiation

liguid nitrogen - :
at liquid nitrogen temperature (77 X) could be convenienitly made in

a small dewar flask.

The dose received was calculated from the dose rate and length
of time of irradiation, The dose rate itself was calculated from the
known half-life of cobalt-60 (5.26 years) and the initial dose rate

guoted when the irradiation unit was supplied. At the time of use,

the dose rate wag in the range of 3-4 I rad/hour.

2ed 64 Ultra-violet Irradiation

For ultra-giolet irradiation of the samples, both on its own
and following high energy radiation, a 'Hanovia' lamp - 80 watt -
vas used with the main filter removed. The samples were normally:
thinly spread on a filter paper immediately below the lamp, 2t a
distaice of 30 cm Film samples were also irradiated with the

same source.,

2.5 Vacuum Line and Procedure

2.5.1 Vacuum Line

(121)

The vacuum line used and described by Henson was used

. . . muy, s 3 -
for evacuation when this was necessarye. "his line was not normally

-4
capable of producing pressures lower than 5 x 10 tOTT.

2.5.2 Procedure

Pressures of 10"3 torr or better were used when samples

were evacuated. For irradiations in vacuo, alternate flushings

4




with white-spot nitrogen ang evacuation. vere used to minimise the
amount of oxygen present. At leat three flushings with nitrogen
verc made before the findl ¢vacuation.  Tor the preparation of
samples in gases other than air alternate evacvation anid introduction

of the gas was used, At least two evacuations were made before

the final introduction of the gas,
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3.1 Initial Situdies on Verious Polymers
3ele1 Introduction

3 “.—a:' 3 . .
Some irradiation and posi-irradiation effects in a range of

polymers of indusirial importance, were studied in a prelinincry survey.

The polymers uscd were selected to cover a range of physical properties

and chemical features and arc listed below :
1. Poly (methyl methacrylate) - Amorphous, glessy.
2. Poly (vinyl chloride) - ~ Partially crystallines
: high m.pte
3, Poly (propylene oxide) - Low nelting point;
2riable tacticitys
4. Cis polyisoprene —~  Rubbery steric effect ;E
and influence i
5. Trens polyisoprene - Crystalline) of unsaturation Eﬁ
6. Nylon 6.6 - High m.pt. High ;?

crystallinity;fibre.

Te Poly(ethylen&torephthalate) - Highim.p.t, low

crystallinity; film.
) . ~ . . i if St diaticn. changes
The main aim of this survey was to find out if posi-irradis anges

occurred widely, and if possible to sclect a system that could be

: : ;ion at temperature
conveniently characterised 1n solution at room temperat .

delo? Results

x,ﬁwvgcw,goo to a dose of 10 negarads in air,.

The polymers were

. . . L Tl nd measurements of the irradiation
The irradiations werc made atv [larvell ond measurd 3

i 11 aftor their return, This was
cffocts were madc as soon as possible after



ueually less than 1 week after irradiation
iz o

In the following list of res .
lowing list of results the intrinsic vigcosity [WI]

2nd the viscosity-average molar mas W ] . .
J age molar maSSSI*Vy yere obtained by the methods

detailed in section 3.3.1 for atactic polypropylene. The wnits of E7]

3 -l
are 100 cmé g e
Irradintion Bffects Post Irradintion Bffects
Polymethvl methacrylote &q]in toluene Mo furiher decrcase in molar
O : -
at 25 C decreaced from 1.275, ( Hy = mass up to 6 months alfter
g - 5
6.72 x 10°) to 0.246 (liy= 0.T1 x 107) srradiations
(ref.122). Polymer becomes yellow.
Eggggvingl chloride) E7] in T.H.F. at No further changes on storage

250C vas unchanged (1.12). purbidinetric  up to 3 months.
titrations in ietrahydrofuran/nater

chowed slight brosdening of distribution.

Polymer became brown and strong smell of

HC1 was present.

Poly(propylenc oxidq) E?] in toluene o further decrcase in Mﬁ

from 0.66 (ﬁlv = 8.8 after 6 months storage.

o

o}
at 25°C decreasc

— 4y
4') to 0.24 (I = 2.3 % IOF)FB)Polymer

x 10 v =

became greasy and gave 0dour of burnt
SULAT o

Cis polyiscoprenc. Polymer bcoame Became soluble 1n {oluene, with

Yy . . et ~anid decpeasing viscosity on
crosslinked and only gwelled 110 golvencoe rapidly decrea a0 SCOB1tyY

. e S storage over a criod of 34 weeks
(Before irradiation was readily soluble). storad P v

-0 : A gimilar reduction in vigconity
; : Al and gimilar reducy 1
w1th_[7,=: 1.80 ‘n toluenc &t 25 Cy ant ( 3

= 6 o 10" (124) wvas also observed for the non
N = 0,906 X L .
.

irradiated polymer)e



contde. Jrradiztion Bffects

Post-irradiation uffecta

11

Tpans polyisoprenc.  Polymer becanme

3 months after irradiction.

insoluble in toluene with swelling ratio  polymer was still insoluble

c ' S-S . .

= 5.58 “/W° (Before irradiation was with wnchenged swelling ratio
Gt ' il (=2 °

soluble with [,7] - 0.73 in toluone

at 2500),

6.6, Nylon and poly(ethylenc terephthalate)

No significant changes in stress-sirain Ho changes observed up to
curves or breaking strength, 10 months after irradiation.
3.1.3 Conclusions.

It was concluded that no true post-irradiation effects were
taking place, with the possible exception of cis polyisoprene. In this
case, however, a similar degradation was also observed in the non-irradiated
polymer when dissolved in toluenc. The chief effects of irradiation

vexrez:

Poly(methyl nethacrylate) ~ Chain scission.

Poly(propylene oxide) — Chain scission.

Poly(vinyl chloride) -  Dehydrochlorination, and

polyene formation.

Cis polyisoprene — Crosslinking.

i - sslinkin
Trans polyisoprene Cros e

Nylon 6.6 _  Unaffected at low doses.

Poly(ethylene tercphihalate) - Unaffected at low doses.

; : 2di in these irradiated polymers was
The possible presence of free redicals 1

) . casaiae were not then available. Tfollowing
not confirmed, since B.S.He facilities wWele

» . investication was limited to
this intial survey of polymerss further 1nve g ‘

polypropylene.



56.

. Tensile Testi o f
3,1.4 Je Testing of Polypropvlene Film,

o

In the early stages of this work it was hoped to verify by
mechenical testing that post-irradiation embrittlement of polypropylene
took place.

Several series of mechanical tests on tensile test-pieces cut
from polypropylene film (2.1.2) were made using a Jlounsficld tensometer
Type B. A wide range of testing rates were used but the differences
between irradiated and non-irradiated polypropylene were negligible
compared to the variation found in each set of results. Yo significant
changes occurred with samples stored for several months after irradiation,
The one conclusive result obtained was bhut’hhereas veth high energy
radiation and ulira-violet radiation individually caused no change in
elongation at break and final strength, when high energy radiation

was followed by ultra~violet photolysis, the film samples hecame brittle

and ruptured immediately the yield point was reachede.

3.2 Introduction.- (molar mass measurements. )

Attempts to measure nunber average molar masscs of isotactic

polypropylene by osmotic pressure ot 130°C us a Hechrolab: Model 502

P Ao N
high speed membrene osmometer were unsuccessful because of degradation:

of the semi-permeable membranes. The problems cf modifying and operating

a light-scattering apparatus at eloveted temperatures to obtain weight

3 cd % ibitive
average molar masseg, WeTC considercd 1o be prohibi °

e ~ taotacti clypropylene were
For these reasons molar nasses of isotactic polypropy

determined by viscomeltry, although the 1imitations of this method (102.6)

ig defined Yty the

)—-n
'14

nas

. s .3 ra molar mas
were considered. The viscosity average

relationship &



I'J.v iz Z‘n. Hl ) 1+ a -5'—
n, L%

in which n. is the number of species

of molar mass 1., and a is
1

E e

expornent in the lorie-Houwink equation.

[77:] = K, ¢

®¢ o ¢

The value of Mngill normally lie between T
I

hei

For a

1

most probable distribution. I/IT_

where | (1 + &) is the [" function of 1 + a.

e 0.74(123),‘ﬂ;/ﬁ£ = 1,88, However,

vider molar mass

85 stributiont 1200,

Nunber aversge nolar mass determination: on atactic
ylene was possible,since it is soluble at low senperatures
molaxr

used. Some measurements were also ma

measure of molar mass, can be

although only an enpirical

weight average molar masSe

3.3

Bxperimental

3e3e1l Viscometry:

Viscometry measurements Wl

) o s ni1tered § decalin as
level viscometer at 130°C peing filtered S € ¢

. .

The vas Titted wito growad glass

viscometer

3e

39

X

polyprop- J
ol

a

re made with an Ubbelohdc su

1

the

2

and M, the ratio M&/M
W /7

o 3 e ey 3 ~ o s £ & '—. - ) 4
ing determined by the nature of the distribution and the value of a
alue of a,

1 -
il ra2l(1+a )} /a (121)
Using the value of
polypropylene normally has a

distribution. than that found in a most probable’

and the l
moss yas sufficiently low for vapour pressure osmometry 1o Dbe |

. i
de of the melt flow index which ‘

reclated to

apanded
solvent,

toints at the tube ends o
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facilikate high temperaturc usage.

It wvas found thet measurements of

SR s . ‘
viscosity using a range of concentrations at high temperztures vas not

convenient by internal dgiluti 3z )
B lation, and time-consuming when scparate

solutions were prepared,

oo hy s . . ) ]
found %o give accepiable accuracy and reproducibility.  keasurements

were repeated until flow times agreced to within 0.2 second.

In order to caloula‘te‘ the inirinsic viscosity ['77:] s the Huggins

y ,
constant k' in the relationship CLeT)

) sp_ . ['7] N K! [’7] ° ¢ ceeeo 341

yag found in a separate determination.
The viscosity number 7sp /c was found from the flow times t

and to,of the solution and solvent j

1 sp - - % ceeee. 3.2
¢ t ¢
s]

It is assumed in equation 3.2 that the flow times are relatively longy

so that end corrcctions can be ignored. This was found to be so for
. . . 15sotacic
The intrinsic viscosity of poly-

(125)

the viscometer and solvents used,

. i i . o mass b
propylene is related to the viscosity average molar mass by

0074‘
w04 T eeeeee 343
{*’7:{ . 1.93 x .

Equations 3.1 and 3.3 were CO

W | o sent ion
relating 7sp/c to M, at 0.1 concentration.

o .o made in the usval manner
. . L o5~ were mace 1n PR VESYVE
atactic polypropylene 1n toluene at <2

93

~ang f concentration
. . . . ate .o produce & range o
by dilution.within the viscometer 10 I

) .200 $ w/v)e
(usually 1.00, 0,714, 0,500, 0333 2nd 0 > v/

Single point determinations at 0.1% w/v were

mbined to prepare calibration graphs dircctly

Measurcments made om
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R P
was then fou he 3
E7t] ” ound from the intercept of a graph. of " sp/c vs. ¢ and
b A IS .

related to molar mass by (128)

_0.725

[’7] = 2,18 x 1074 7

3.302 Vapour Pressure Osmometry

Nunber average molar masses of atactic polypropylene were measured
on a lechrolab vapdur pressure osmometer (Model 3014). The theory and
operation.of this instrument is given elsewvhere (129, 130). The
measurements were made in toluene with a range of concentrations up to
4% w/v. The insirument was calibrated with benzil (diwbenzoyl) using

concentrations up to 0.05 mol dme and the accuracy of the calibration

BN

was confirmed using pure triphenyl methyl chloride. Constant readings
were obtained 7 minutes after the introduction of the sample, and this
vas taken as the normal operating time. Measurements were normally

made in duplicate, starting with the weakest solutions.

3.3.3 lelt Plow Index

Measurements were made us

3 b o c snd * whi 18 € meste
The apparatus consists of & neated barrel at the end of which is & tungsten

carbide diec. The polymer is extruded through the dse using a piston: to

vhich a weight can be attached.
. - -3 o ‘: . e
The meit flow index is empirically related to the molar mass ol

. 2 . o
the polymer and 1is defined as the mass extruded in 10 minutes through. a

standard die (001994 cm diameter). A high value of melt flow indeX

corresponds to a low molar massSe For low molar mass polymers, & special
i 2D o
sauces the rate of extrusion

i 3 se wnich r
die (0,1181 cm diameter) can be useds whl

. was used for mea
to 0.1 of the original value. This was us

o . s
o normally made at 190 °C using a standard

polyners, The measurements wer .
made on unstabilised polypropylene

: reasurenents
piston weight of 2.10 ke Measwrenents

ing a Davenport Polythene Grader (o 985).

surements on irradiated




::Tove(i WXLy CJ.t ..qu«u - 9 2 e 3 A\l < WG -
3a g 3 t() inc [ule ”lelt i]O\ 111(10' was too l('lb:°

Heasvrements

X o)
at temperatures only 17 C i
abO - N . .
ve the melting point were attempted dutb

.tho po l 37 e clg an i Y i v L] -~
5 L le.e d_ xre [)10.1 y fl { ~ 2

was attached.

3.4 Tootactic Polypropylene

3.4.) EBvaluation of Iugeins! Constant 3./

m ~ 4 L . ’
Table 3.1 gives the results obtained in decalin at 130o C, using

non-irradiated unstabilised polypropylene and the same polymer

to a dose of 2.5 lirad.

Y ~irradiated

Table 3.1 Viscosity Date for Polypropylene in Decalin at 130° ¢

Concentration Wi sp/c Wi sp/c |

/ & 100 om™> Unirradisted 2.5 lrad
0.1 2,80 1.11 |
0.2 3,05 1.15
0.3 3.27 1,195
0.4 3.58 1.265
0. 3,79 1.28 3

A S R

The plots of'?sp/c vs ©

values were obtained for

(eqpation 3.1)

Unirradiated polyuer E7]
(]

! = 0.40 was used in

265

The value of

viscosity mcasurcments given 1

Hrad polymer

A -

are shown in Figure 3.1e

the intrinsic

i

]

n the following

viscosity

cvaluating Ev] from hh2

/

The following

. . t
and Huggins constant k

k = 0.391

k' = 0,402

scetionse.

single point




Non-irradiated

2.5 megarad

T i

Ojl 0.2 0.3 0.4 0.5

Concentration / g 100 cm

-1 vs. ¢ used to find k'

Plots of 75p c
calin at 130°cC.

Fig. 3.1

for polypropylene in de
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The units in which. [“7] and ’751)/0 are given is 100 cm3 g«—l

‘quoted to the nearest 0,005 lOOom,3 {;"l, The acouracy of the

9

ctermination of om Sine )
det a f My from single point measurement is estimated

+ 7
to hbe =~ 3%

3.4.2 Repulis of X and electron irradiation of unstabiliscd

polyoropylene in air.

Dose/ Iﬁlegamd?"?Sp ot [71/100 1 Mox
| /1OOcm3€* L end gt 107
0 2.800 | 2.54  36.8 :
. i o o '
Source: § (Harwell) . 1.0 1.415 1.35 15.5
Temperature : 295 K 2.5 : 0.945 :l 0.91 9.25
Storage 7 - 10 days . 5.0 ‘ 0.62 x 0.605  5.50
(ambient) 7.5 | 0.445 | 0.44 3.90 »
'l 10,0 035 | 0.35 280
e e
Source : electron | 1 x 2.5 0.935 | 0.90 9.10 \ o
Temperature: 308 K 2x 2.5 | 0715 | 0.695  6.40 i
Storage : 10days 4 x25 | 04415 0.41  3.10
(ambicnt) L ]
Source : electron | 1 x 3.25 1.18 i 1.13 12,35 |
Temperature : 312 K | 2 x 3.25 0.880 | 0.85 | 8.45 i
Storage : 24 kours | 3 x 3.25 0.63 0.615 5.40
at 195 K 4 % 3.25 0.55 0.54 4.50
5 x3.25 | 0.5 0.44 . 3.50
! 6 x 3.25 0.395 0.390 ! 2.90 ,
| [ et B
Source : electron | 1x 3.25 ‘ 1.33 1.27 14.20 1
Temperature : 195 K 2 x 3.25 0.955 0.92 922
Storage : 4-6 hours | 3 x 325 , 0.80 0.715 Z'
Y I T o
5 x3.25 | 0.585 0.57 4.90
| ex3.s | 0.2 0515 420
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3.4.2 continued ......,

Dose/legarad ) C"'l 1 - ~]
75(3)001:13{;“1 l::}néggcl) “.1"()'“’ilc
Source: X(Leics) 1.20 , 1.74 1.62 20.50
Temperature ¢ 195 X 2.49 1.42 1.34 15.70
Storage : 24 hours 3.48 1.185 1.135 12.40
at 195 ¥ 5.52 1.14 1.09 11.75
9.12 0,915 0.88 8.85

These resulis are illlusirated in Figure 3.2 in which 1/i7 is plotted
‘l‘

vs., dose.

K

3.4.3 Effect of Storage on M..

A further smaller decrease in ﬁv was observed on storage
following irradiation at 195k . While kept at 195 K no decrease
in Ev occurred, but when the samples were warmed to room temperature
a decrease occurred over a period of several days, following which
M became constant. This change occurred over less than 20

\4
hours at 313 k. Some typical results are given in Table 3.3.

Table 3.3 Change of molar mass ﬁv with storage at room temperature

‘

following electron irradiation: at 195 K.

2,5 Mrad 5.0 lrad 10.0 Hrad
Initially 164,000 121,000 72,600
After 1 day 130,000 100,000 69,500
Ifter 7 days 101,000 69,000 58,000
After 3 months 102,000 69,000 544000
After 6 months 102,000 67,000 57,000

Samples irradiated at room temperature and then cooled to
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30

25

20

108 u 71
A%

15

10

Y,

A

© Ambient irradiation and storage

B Ambient irradiation; storage at 195K

A Irradiation and storage at 195K

-3
(open symbols : electron irradiation
closed symbols : ¥ irradiation)
Y 1 L]
10 15 20
Dose / megarad
. 6 ——1 ‘ ‘
Fig. 3.2 Plots of 10 Mv vs. radiation dose under different

conditions for isotactic polypropylene in air.




wntil measurements v . o
195 K asuremnenvs were made, showed similar but smaller
. reases in irradi .

~dec ses o When irradiated and storecd at room temperature

o s nangse 3 I . " .
the changes in if  over a prolonged period (up to 22 months), were

7

found to be negligible,

344 liiscellancous Holar Kass Results.

In this section apre collected the results obiained under
various irradiation conditions and pre-irradiation *reatments.
.

Unless stated otherwise the polymer wes unstabilised polypropylens

powder and the irradiation dose was 2.5 megarad (clectron) at

Table 3.4 Molar mass data of i

H

radiated vpolrypropylenc.

- . - “4._“ {
Sample / Conditions / Dose ygp/c Eﬁ] ?MV'XIO G(s) %
Vacuum: 2.07 1.92  25.1 0.92 |
!
Vacuaun; 3.48 Mrad( ¥ ) 1.82 1.705 = 21.6 0.98
i
Nitrogen 1.99 1.855 24.0 : 1.04
Hydrogen 1.62 1.53 18.7 1.90
Nitric oxide 1.79 1.675 2l.1 1.46
Sulpimr dioxicde (27BIQ 1.25 | 1,205 E 13.3 1 347
Vacuum, then S0, 1.68 1.58 19.5 1.74
Oxygen 1,60 1.51 18.3 1.96 ’
Aix 1.62 | 1.53 1 18,7 | 1.90 |
i £ ;
Chlorine (273 K) 0.89 0.86 ; 8.5 )-Z;
; a ! IS
Vacuum (pre-irrad.in air | 0.955 0.92 i 9435 | 0.
2.5 Nrad) | L e vy |
Lirv {pre~irrad. air 2.5krad) 0.795 0.71 % 135 i 2:74 3
5 oAL94
Air (pre-irred.in air 1Cired) 0.51 - 0.50 | 4.05 494 |
1 S Lro : 08 ! 839 . 2-70 3
Air (pre-irrad.in 50, 2.51red)0.92 0 ? | s i i
Stereoblock po%ypropyleng1 ;)1.645 : 1.55 i . | i
unirradiated (Hercules Gacm B 6.5 ? 7.57
Stereoblock polypropylene C0.71 % 0.69 | «35 ! 5 |
irradiated 2.5 irad j : ‘ ! l
I S




345 Ultlro Violet Irrediation:

Ultra~violet irradiations were made as describe

-

1 in 2.4.4

on non-irradiated poylmers and on sawples that had previously

been X —~irradiated to a dose of 2,5 megarad. . The pre-irradiated
polymers had been stored for 6 months to allow decay of any frec
radical species, lleaswrements were madec on both: unstabilised

powder and on lightly-stabilised films (2.1.2).

Tabvle 3.5 Holar mass changes caused by ultra-violet irradiation

of non-irradiated and pre-irradiated ( X ) polypropylenz.

ST _ Non-irrediated | Pre-irradiated
Duration of u.v. . 'VSp/c ﬁ; x 1074 '7sp/c Ev x 10“”;
0 hour T80 T 36,8 1a055 | 10465
1 hour 2.60 33.3 1.02 10,20
3 hours 2.49 31.T 1.00 9.95
6 hours 2.27 28.2 0.955 9.35
18 hours 1.92 23.0 0.855 8.05
30 hours 1.845 21.9 - -
66 hours 1.75 20.5 0.865 8.20
Stabilised film
0 min 2.33 28.4 0.93 9.05
2 min 2,32 28.2 - -
6: min 2.19 27.0 - -
24 min 1.94 1 23.3 - -
40 min 1.675 19.5 - -
60 min 1.67 19.4 0.885 8.45
180 min. 1.62 18.6 0.94 9.15
360 min 1.63 i 18.8 0.87—““ 8“25




Unstabilised powder

Non—-irradiated

Q% v
8 IDC%{3-~___~_C} 2.5 megarad

©

d ' 1 T T Y

10 20 30 40 50 60

Ultra-violet exposure time / hour

J
39 J Commercial film (containing stabiliser) ﬁ
¢ |
24 7
- Non—irradiated
10 % 1 © 5 5
A% - ] S
16 -
2.5 megarad
O]
8 b O ©
1 | . ] T T
1 2 3 4 5 6

Ultra-violet exposure time /hour

: T vs. ultra-violet exposure time for
Fig. 3.3 Plots of MV v

non—-irradiated and pre—-irradiated (¥) polypropylene.

——————————_—'——‘——_“""“
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Figure 3.3 is a plot Of'VSP/C vs. duration of ultra~violet

.radiation.  Plots of 1/3

}
s

i
v

. e e . )
indicating that the scission. process is non-random,

vs. duration were not linear

Tensile

testing of the pre-irradiated and photolysed film showcd that

greatly increased cmbrittlement occurred compared to the effect

of either individual process,

3.4.6 Melt Flow Index.

(Section 3.1.4).

The melt flow index of irradiated unstabilised polypropylenec

powder was found to be too large to be accurately measured.

Measurements were made on stabilised polypropylene pellets

(F E 61) that had been X -irradiated to a dose of 2.5 megarad

at

2 K, The resulis are given below together with corresponding
g P

measurenents of 7sm/c and H_e

Pable 3.6 Comperison of melt flowy index and solution viscosity date.

Polymer CMLFLI ‘7sp/c ﬁ;:x 1074 10@10%%%—’

Non-irradiated powder 0.98 2.80 36.8 2.79
2.5 Mrad irradiated powder - 0.945 9.3 -

FE 61 Unirradiated 0,78 2,96 39.4 2.92
Irradiated FE 61 (4 days) 10.85 1.61 18.4 1.72
Irradiated FE 61 (6 months) }11.60 1.68 19.5 \ 1.71
Irradiated FE 61 (12 months) 13.14 1.62 18.5 \ 1.66
Irradiated FE 61 (18 months)| 9.95 1.70 20.0 1.76
Irradiated 78 61 (21 months): 12.50 1.65 19.1 1 1.65

The time in braoke%s is the

time of storage after irradiation.

The values of solution a&n

related by the empirical equation
7sp/c = logy, ( 600 / MFI)

i

|

d melt viscosity are seen to be aprroximately
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o . s . )
Assuming that this relationship applied to the unstabilised irradiated
o, .

powder a melt flow index of 68 may be calculated, which valuec accounbs

for the experimental difficulties in iis neasurcment .

365 Atactic Polypronylene.

Two samples of atactic polypropylene were used. Sample A
was obtained by ether extraction. (section 2.1.4) and Sample B was
used as supplied (by Hercules Chemical Company). The radiation
dose was 2.5 megarad (X ) in air at 295 X. The number average
molar mass .F\-,\ vas determined by vapour pressure osmonmetry, as

illustrated by the results for sample A (non-irradiated).

Table 3,7 Calibration data for vapour pressure osmoneter (V.P.O.)

Benzil concentiration c AR AR Cf‘l
/107> mol am™> ' / ohm / obm an3 mo1™
0.64 0.16 250
1.60 0.40 250
4.00 0.985 246
10.00 2.38 238
25.0 5.60 224
50.0 10.60 212

A graph of AR/G vs. ¢ was drawn from which the apparent mclar

concentration and apparent molar mass of the polymer solutions

could then be calculated.
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Ta ° el o\ jate aine vy . .
Table 3.8 V.P.0, date obtained with non-irradiated ctactioc

polypropylere (Sample A)

o i ! B e s Bl e L R AT S———— —— feae heeree s wenrm— . I e L -.--4_.—_.—.,.—-::
Polymer . AR AR c Apparent | 106/ LI, |
Concengration % /ohm /ohm de Yolap Concni En Kapparenﬂz
- ; ~1 - ‘ , :
/g dnm i mol /10 3 mol | (apparent),
2 dn. g
| ”
~ |
40 2.99 235 12.72 | 318 . 3144
30 . 2.20 | 238 0.0 | 308 | 325
20 . 1.40 243 5.76 288 | 34m1
10 ': 0.67 247 2.71 L 271 L3694
6 0.40 i 249 1.61 ; 267.6 . 3735 i
|0y stwmststion), s
The true molar mass vwas then found by extrapolation of the linear i
plot of l/M“ (a2pp) vs. conceniration to zero concentrations. ;
The valuesg obtained together with the results of the solution: f
viscosity measurements (3.3.1) are given below 3 |
Table 3.9 lolar mass data for atactic nolypropylene
= ' = =
Sample & Eq [7] k L, N H,
Non-irradiated 3870 0.250 0.420 16 600  4.29
Irrediated 3600 0.232 0.428 15 000 4.18
Sample B
2 00 .68
Non-irradiated 5980 0.307 0.438 c .3
5 : 18 110 «40
Irradiated 5320 0.266 | o5 | M %]

- + 1 in solution and in the solid state
Measurements on both samples stored (S
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for up to 18 imonths, showed that no post—irradiation changzes in

.molar mass occurred,

3,6 Discussion.

3.6.1 Effect of Radiation Dose : (i-values.

e

) TR 3 an e 3 Y 5 e . N } .
The single point method of Mv determination. afforded 2 convenient

if limited mecasure of the extent of chein scission, The Huggins

/

constant K vas found to be unaffeclted by irradiation. for both

isotactic (3.4.1) and atactic (3.5) polymers. The plots of 1/MV
vs., dose (Figure 3.2) are seen to be linear over the dose range
studied. This indicates that a random scission process is taking

place. The ratios of ¥y A1 for the atactic polymer and results
n

rreviously recorded in the literature (126) suggest that a ovroad

initial molar mass distribution is present. From the argument

-1

presented in 1.2.6 curved plots of vs . dose might be expected
v

40
at low doses but this is not apparent. Keyser Clegg and Dole( )

have similarly found linear plois using samples with a broad initial

distribution.

The exact relationship between Ev and Mn~is necessary to calculate

the number of chain scissions and hence G(s). The G(s) values in

Table 3.10 are those calculated for various assumed initial and final

distribubtions, using eguation 1.2 to find the radiation yields., Both

i iati I ; ass changes
X and electron irradiation. produce the same molar mass fes

under identical temperature and storage conditions.
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- ¢ 1 n . .
G(s) values for isotactic polypropylenc having verious

X 3 3 Y
assumed molar mess distributions (irradia

tions in air).

E;/Hg} ratio G - value (scission)
T Fiﬁ;{ A"m.~mwM1T~WMJMMWm;MMan ”wmu”éw,
1.88 188 | 2,00 |  2.93 | s5.52
3.00 1.88 1.67 2.61 5.19
5.00 1.88 1.18 2.13 4.70
3.00 3.00 3.16 4.66 8.76
5.00 5.00 5¢33 7.85 14.66
A 3 Irradiation at 195 K, storage at 195 K.
B 3 Irradiation at 312 K, storage at 195 K.
C : Irradiation at 295 K, storage at 295 K (several days).
N.B. M_/M_ = 1.88 for a rendom distribution.

Since random. scission will lead to a random molar mass distribution

most likely

G(s)

although the changes of mola
for scis

The G(s) values for irradiation at room 1

i)

- ¢ (s) values are in the following ranges

1.20 - 2.00 for irradiation and storage at 195 K.

¢(s) = 2,13 - 2,93 for irradiation. at 312 K, storage at 195 K.

-G(s)

These results are further discussed in section 3.6.2.

t

4.70 - 5.52 for room temperature irradiation and siorage.

The results for atactic and stereoblock polypropylene show that

r mass are small, the calculated G-values

sion. are slightly higher than for isotactic polypropylene.

emperature are given below.
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Table 3.11 G{s) values for atactic and stereoblock polyvropylene. ?
Polymer From ﬁx; Fronm Ei,
_ h (assﬁming raQ&;;-
distribution)
Sample A 7.5 4.7
Sample B 8.1 7.0
Stereoblock - T.6.
USSR S ~ .

These results should only be regarded as approximate since they were
obtained in a rcgion of molar mass measurement where neither vapour
pressure osnonetry or solution:viscometry is particularly- accuraie.

The results were also oélculated for a single radiation dose only

(2.5 negarad). The results do however show that considerable scission

also occurs in systems that are not capable of trapring free radicals,

3.6.2 Effects of Radiation Temperature and Siorage.

Table 3.3 shows that more chain scission: occurs at higher irradiatiow g
temperatures and that the final extent of scission is affected by the
storage temperature and time before measurement. It is probable that

equal chain scission occurs initially in each case, However at low

temperatures during ad following irradiation the movement of chain

fragments away from one another is reduced, and recombinatiocn. can occur,

and thus less permanent scission.1s observed.

i i 111 in: does not appear
The dissolution process in stabilised decalin: doe app

to cause further chain scission and flow times were normally found to
CelioC 4l

be stable for several hours at 13006, It is possible that the chain

ere in fact stabilised by hydrogen:

fragmemts of irradiated polymers W

ioxidant duri casurement
abstractiom from either the solvent or antioxidant during measurement,
C 1 ) I




The decrcase in molar mass of samples irradiated at 195 X and ' .
jneasured at intervals during room %empcrature storage (3.4.3) shows

an approach towards the molar mass obtained by irradiation and storage

at 295 K.  The results below illustrate that the increase in G(s)

decreases with irradiation dose.

TNLL A A ~ - ~
Table 3.12 Tffect of storage at room temperature on polypropyleone

irradiated to various doses at 195 K.

2.5 lrad 5.0 Mrad 10.C HMred
Initial G(s) 2.32 2.10 2.01
Final G(s) 5.15 4.25 2.80
o e £ e s S [N SO |

The smaller increase of samples irradiated to higher doses may be
caused by the sé@nd—order process of radical recombination, This will iy
produce a proportionately larger decrease in radical concentration: in /!

samples having greater initial concentrations.

3.6.3 Irradiations in Various Gases and Effects of Pre—Irradiation.

The results given in section 3.4.4 allow calculation of G(s) for
the various systems studied. The ¢(s) valuesgiven in 3.4.4 can only

be regarded as approximate since they were in each case obtained at

a single irradiation dose and calculated by assuming random distributions

before and after irradiatioms.
The values of G(s) in vacuum and nitrogen are similar. In

hydrogen, the G(s) is twice that in inert atmospheres, and is similar
’ »

to that found in oxygen and air., It is probable that polymer radicals
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abstract hydrogen: atoms from the hydrogen atmosphere before
~.recombination of chain fragments takes place. This would encourage

ermanent chain scission: SEE . )
P »  Within experimental error, equal chain

scigsion occurs in pure oxygen and air.

In sulphur dioxide andchlorine increased chain scission: is
encountered, but this may be caused partly by the higher irradiaticn.
temperature (273 K) which is above the glass transition temperature.
Irradiation in vacuo, followed by exposure to sulphur dioxide, produces
more chain scission than exposure to air following vacuum irradiation.

Pre--irradiation: whether in air or in sulphur dioxide, produces
an increase in G(s) when irradiated again, This probably resulis
from decomposition of ROZHZand RSOZH;groups {that have formed from
previous radical decay in the polymer, The G(s) values for the

pre—irradiated polymers were calculated from the additional scission

caused by the second irradiation.

3.6:4 Ultra—violet Irradiation.

I

. . . , s o |

The reduction in molar mass caused by ultra—~violet radiation. is |
I

nuch greater in non-irradiated polypropylene than in pre-~irradiated
( X ) samples. This was observed for both powder and film samples

(Figure 3.3). The shorter time to cause molar mass changes in the

film samples probably results from the more even absorption of the

ultra—~violet radiation., The presence of ozone during photolysis

was evident and may have some bearing on the results obtained.

Degradation of pre—irradiated polymer through photolytic decomposition

of hydroperoxide groups causing reactions such as

CH 3
3 N t

| v - Ci.~-¢ + HO - CH, =~
- oy - ¢ — Oy T — 2y | 2

o H




might have been expected to produce considerable chain scission.
E.S.R results (4.3.6) suggest however that partial reformation of
peroxy radicals is the prcdominant reaction,

The relatively large decrease in molar mass of the non-irradiated
polymer may be caused by the presence of 'weak'bonds in the backbone
of the polymer molecule, and this suggestion is favoured by the non-
random nature of the scission process., The molar mass of the polymer
appears to reach a stable value following the rupture of these bonds.
Pre—irradiated polymers are unlikely to possess any remaining weak

bonds in the main polymer chain,

3.6.5 Melt Viscosity.

The melt flow index (and melt viscosity) is affected more by
high energy irradiation and .chain scissiomn than any other single
physical property. Even polypropylene in solid pellets and
containing stabilisers showed a 15X increase in melt flow index
following an irradiation dose of 2.5 megarad. This results from the

. . . 131
strong molar mass dependence of melt viscosity, which Fox (131) has

L d

showm: is related to Mw raised to a power3.4. The molecular mobility:

of the polymer in the bulk (melt) state is clearly greatly incrcased

by irradiationy and it is probable that a similar increase of

mobility.is also present in the solid state.




CHAPTER FOUR s ELECTRON SPIN RISONANCE

Aol Introduction,

4.1.1. Basic Theory,

Whenever there are unpaired electrons in an atom or molecule,
then they will act as magnetic diroles and will align themselves
in the direction of the applied magnetic field. The material is
said to exhibit paramagnetism, Paramagnetic properties are
exhibited most widely by free radicals and the ions of iransition
netals, One method of studying paramagnetic materials is the
resonance method termed eleciric spin resoﬁance (E.5.R.) or electron
paramasgnetic resonance (E.P.R.).
In the presence of an applied magnetic field there are only itwo
allowed orientations of the spin and magnetic momen{s - parallel and
antiparallel to the field direction. The electron has a spin S = &
and in accordance with quantization rules 1ts energy level is split
into 25 + 1 = 2 sublevels (Zeeman effect). The energy difference
between the iwo levels in a magnetic field strength I is given by
AL = gpH ceoness (4.1)
in which g is the épectroscopic splitting factor, which for a free
electron has the value 2.00232 and (B the Bohr magneton, given by

B = _eh = 0,927 x 10-'27 J ga.uss—1 ...{(4.2)

All of the el&ﬁréngcare divided between the two sublevels as

indicated in Figure 4.1.

B, + 3¢ # H (parallel to field)

&
/
/
4 AE = gf H
E, 4 }
AN
N
= 1 tiparallel to
N E - 4z B E (antip
S o field)

rey levels 1in nagnetic ficld.

Figure 4.1 Splitting of electron cene
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The populations, ny and Doy of the two energy levels is given by

1 = e R ceeee (43)

Transitions between these levels may be induced by interaction with
high frequency e€lectromagnetic radiation in a direction normal to the
applied magnetic field. There is a net absorption of energy, and
maximum absorption will occur when the quantum condition

AE = 1 = gBH cevos (4.4)
is satisfied in which Y is the frequency of the applied radiation
and h the Pl%@k consiant, In principle any combination of
magnetic field sirength and frequency of radiation satisfying Equation
4.4 should produce E.S.R. absorption. In practice most Z.8.R. werk
uses microwave radiatiom of frequency 90CC - 10,000 MH=z (X—band);
the magnetic field corresponding to this frequency is about 3200 to
3600 gauss for a free electron. Usually, the microwave frequency 5
is held consiant while the magnetic field sweeps through: the resonant
condition. The dependence of the power absorbed as a function of

magnetic field strength geﬂerally called an B.S.R. spectrum is shown

in Figure 4.2. The E.S.R. spectrum. is characterised by the following

guantities s g-factor, width and shape of the lines, and the intensity.

1
1
{
Power ! 0
absorbed : resonant
|
1
1

Magnetic field H

Figure 4.2 BE.S.R. singlet spectTum.
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In order to inc Ty
tnerease sensitivity, the absorption signal is not

“usually measured directly * T . . . .
u g meas directly, but the first derivative is obtained,

by modulaticrm of the applied magnetic field, TIn this case the d.c.

megnetic field sweeps slowly across the resonant value while a

simultaneous low--amplitude radio frequency magnetic field is applied.

The effect of this is shown in Pigure 4.3.

Resultant modulation:
of microwave signal

L JUTR 4

\\\\\‘_w. Absorntion curve

Maguetic field
modulation:

ST

Derivative curve

|
l
I
|

Figure 4.3 First derivative E.S.R. curve from modulation: of absorption

curve.

The alternating voltage with the modulatiom frequency 1s then amplified

and rectified by a phase-sensitive rectifier before the signal 1s fed

on to a recorder as the first derivative of the absorption line.

4.1.2 Qualitative Uses of EfS.R.

The spectroscopic splitting factor g, is a measure ol the inderaction

between the spin and orbital notion of the uapaired electron. For




s .
weak intveraciions, the g-value diverges little from <that of the free

celectron (g = 2,0023). The value of the g-factor can be determined-
with great accuracy and its measurecment is useful both for radical
identification and for estimation of the amount of spin-orbit coupling.
The width of the E.S.R. spectrum line is determined hy the 1ifebime
of the unpaired electrons in the excited state, This lafchime is

D

determined by three processes:
(1) spin-lattice interaction,
(2) spin-spin interaction and
(3) exchange interaction.

Hyperfine structure of E.S.R. spectra resulis from the interaction
of paramagnetic nuclei with an unpaired electron, which produces
multiple transitions. Bach electronic sub-level is split into 21 <4 1
equally spaced nuclear sub-levels of nuclear spin I. For a hydrogen

atom I = %, and this results in 2 nuclear sub-levels for each electronic

level. In practice the unnaired electron often interacts egually with
several identical nuclei, producing Znl + 1 equally spaced lines. For
interaction with n equivalent protons, n.+ 1 lines are observed, whose ‘%
relative intensities are given by the coefficients of the binomial

Interaction with n non—-equivaient protons results

expansion of n.

in 2n1equally spaced lines,

4,1.3 Quantitative Measurements.

. . o B.S.R since the arca
Spin wncentrations can be measured by E.S.R.,

beneath the absorptiom curve is proportional to the number of unpaired

electrons The actual area under the absorption curve depends on.

. 3 i4 is usual to compare the area
many instrumental factors and thus

with that of a standard of known concentration measured under identical

L]
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absorption curve is obtained, this must first be integrated before

- e e . .
quantitative measvrements are made., This allows calculation of the
-~ LY o "
actor relating E.S i - . . . .
£ g B.5.R. signal area to concentration of wnpaired spine.
a given e radi : - . . . .
For a given free radical, the peak-to-peak height on the derivative
curve will be directly related to its absorption area and this too

can be related to spin concentration.

4.1.4 Radicals in Polymers.,

The applications of E.S.R. techniques to polymer systems have

(53)

been reviewed recently. Applications have included the detection
and identification of free radicals during polymerisation., The most
common use however has been concerned with the detection, identificationm
»nd measurement of macroradicals produced by the action. of high energy

radiation, by photodegradation,or by mechanical degradation. of

polymers.

4.2. Experimental.

The objectives of the E.S.R. measurements were 1o identify the

radicals produced in irradiated polypropylene and to measure their

. . : 4o - 1 3 N ] C‘"—-
concenirations following ipradiation to obtain information on posT

irradiation radical feactions. Radicals produced by jrradiation in

air and in vacuo were studiedy together with some measurements in

other gases. The effect of ultra-violet light on nechanical properties

has been mentioned (3'1.4) and the radicals produced by photolysis
werne.

of non-irradiated and pre-irradiated polypropylenc,therefore also

examined. Atactic and stereqblock polypropylene werevstudied to

ici ree radicals, and measuremnents
observe the effects of tacticity on f

e 8 7 5 »
were also made on solid samples to observe the effects of diffusion
a S [ =4

controlled reaction with oxygelle

.
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- Ne e s
belal Descrintion of Intruments Used
sed,

rity, i ument
Two instruments wers used for the B.S.,R siudi
X 1eDpll BlLUC1lEes ¢

( _Ia’ ) “ 11[ ,81. anc ] -{J ¥ 1 T I‘ » I)C v . e C -
BACH d.b A C

of Aston e instrun
. The instrument was used in the Y¥-band microwave

region togefher witl ant i
g selhlier with an auwtomatic frequency conitrol accessory

154 I 6 3
9 ) o 1
(¥ 956), & block diagram of the spectrometer is shown in

Iigure 4940(161)

(r;:;:“““ﬁ
OO
1

/ i /e.:anfm‘i

Figure 4.4 Dlock diagram of a high frequency modulation 5.2

spectrometer.

The followinginstrumental settings were most frequently uvsed :

Magnetic field swecp H 500 Gauss

Scan time : 600 seconds

Time constant : 6. seconds
laget setting _ H 270 (approx. )
Modulation current : 0.24 amp. (max.)




B A Varian Associate -3 B
(B) ssoclates BE=~3 EB,P,R, spectrometery, in the Deparitment

of Physical Chenistr i j i
¥s University of Leicester. This instrument

was also operated in the X-band and was fitted with auwtomatic

temperature control. The following sectiings were used for this

spectrometer

Magnetic field sweep 500 Gauss

>

Field setting

.

3200 Gauss

Modulation amplitude 1 Gauss

e

Microwave frequency

Tige constant

0.3 second

Scan time . & 240 ge¢conds,

£,2.2 Measurements in air.

E.S.R measurements ow samples open to the atmosphere were usuvally
nade on approximately 60 mg of irradiated polymer in a thin quartz

tube sealed at one end with an overalldiameter of 6 mme It was found

for guantitative measurements that a refercnce standard was necessary’

. : +
and after some initial attempts with D.P.P.ll. and Co3 , the most

+ . L
convenient standard was found to be Cu2 . This was iniroduced by

using standard /1 or 1/10 solutions of CuS0,. 5H,0 in deionised
water. A few milligrams of the selected solution were introduced

into a capillary (melting point) tube, weighed, sealed and placed in

the centre of the polymer sample. Measurements at low temperatures

on the E.3 spectrometer required the use of cquartz tubes of maximum:

diameter 4 mm.

4.2.3 MNeasurements in Other Environments.

. . . ~ 5C8 > y nal th
For samples irradiated 1n vocuo and gases other than air, e

procedure described in 2,502 Was used. The tube containing the sample
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a cgsirned o : . . .
was designed so that during the irradiation the meagsuring poriion.

c g - ; - 4 .
could be soreened by a heavy metal shield, The weighed amount of

e e o . -
polymer was contained in an exposed portion of the tube. After irradiation

the measuring scction of the quartz tubgiglaoed in the spectrometer
and exanmined for the presence of free radicals in the irradiated
quartz. If radicals were found to be present they were rcmoved
by cautious heatings; if not, the tube was inverted to bring the
polymer iﬁto the measuring region, before inserting into the cavity

of the spectrometer,

4.2.4 Radical Decay Rates.

Since no temperature control facilities were available on the
Microspin instrument the following technique was used to measure the
rates of radical decay. The polymer sample with calibrating standard,

vas measured intiially and then quickly transferred to a scparate

thermostatyusually in the temperature range 25 — 5500, and a stopwatch:
started, After a known time interval the semple was removed and the
reaction slovwed by immediately transferring to a beaker containing

ice and .water. After allowing to cool, the sample was then transferred
to the instrument and a reading gquickly taken, Further measurements
manner at increasing time intervals.

were then made in a similar

4.3. TIsotactic Polypropylene : Resul®s and Discussion.

4.3.1 Electrou and ¥ -radiation in Air.

Electron and Xz-radiation produce identical effects, for a given

radiation dose in the type of radical produced and its concentration.

er ith the Harwell
Immediate effects however could not be observed with v a

ganples: and thus the following refers, in the main, to the Southall (elec-

| i ; spradiated sanples
tron) and Leicester (‘K ) jrradiated sail o




The derivative curve (solid line) infigure 4.5 shows a typical

.result obtained using the procedure in 4,2.4.(B). The brocd signal

. .f‘" x
at low field values corresponds to the copper ions introduced as a

standard.  The signal caused by the polymer is an asyégtric triplet
than can be identified as a peroxy radical RO’ The lack of

> .
hyperfine structure in the spectrum prevents a detailed assignment

of the nature of R in the ROé radical. The parallel and perpendicular
“components of the triplet are indicated by the symbclg gy and g;

in Figure 4.5.

Maximum struétural detail is observable at low scan speed, lime
constant and modulation current (Figure 4.6) but these conditions
coul@ not be used for quantitative measurments since a wide magnetic
field rengc is necessary to include the coppér ion spectrum, QOverlap
of the two adjacent peaks in the Roé spectirum was freguently observed

immediately after irradiation, but they became more clearly resolved g

with time and this is shown in Figure 4.7. This change in spectrum.

shape is probably caused by slterations im the polymer mairix holding

the radical, rather than changes in the chemical nature of R in the

ROé radical. i

g—values.

The speclroscopic splitting factor g, for the three peaks in

the RO radical spectrum were measured on the tmicrospin' instrument.
o T¢ ,

The slowest scan speed (200 gauss / 20 min) and the smallest time

constant (Bxt. Cap.) were used for these measurementis. The spectrum

conditions were calibrated using Fremy's salt, potassium peroxylamine

disulphonate, which produces & spectrum of evenly spaced lines at

o4 nd b
accurately known intervalsSe The g-values werc then four y

introducing D.P.P.H. (giphenyl pic¥yl hydrazyl) in a capillary fube

into the polymer sample. The D.P.P.H. has a known g-value (2.0036)

and for this substance the frequency at which absorption occurred
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Y = 9.499 GHz
- 3200 gauss Rt
I I [ —
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v
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\ / -1,;}
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(Scan conditions as in 4.2.1 B).

5 Derivative and absorption E.S.R. spectra

Fig. 4.
- and copper jon standard.

of RO2




Fig 4.6 E.S.R. spectrunm of RO, radical in polypropylene

measured at 100 gauss / 10 min.




Fig.4.7

(Scan conditions as in 4.2.1 A )

E.S.R. spectrum of ROé radical

(a) immediately after irradiation,

(b) after 4 days at room t

emperature.
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ra s MEASILTC o e
was measured acccurately.  Thus from the relationship in equation

“r

4.4 the magnetic field for the D.P.P.I . .
< D.P.I ,Ho, H(D.P.]”.E{,)’ nay be found.

'he separatior : hart bet : .

The separation on the chart between the polymer peaks and the D.P.P.H.

venlr 1o e - N DA, DR .

peak was then accurately measured, and using the rclationchip between:

chart length and magnetic field for the Fremy's salt, the values

of the mc'.rgnetic field for the polymer was fomld., The g,,,_va];rlcs

were then calculated, since for a coansiant frequency

S.p.pon) Hoppon) - g(ROé ) H(Ro;)

The following values were found

gj_ = 2.0039
gy = 2.0268
£ = 2.,0091 (for the central peak)

Radical concent:rations

As described in 4.1.3 the peck-to-peak lzight was used as a
measure of the polymer free radical concentrations, Integration
of the derivative peak was carried out insirumentally on the Varian
intrument and the absorption curves are shown as dotted lines in
TFigure 4.5.

For measurnents made on the !'licrospin' instrument. no automatic
integrator was incorporated and the derivaitive curves were nwaerically

(132)

integrated in a manner similar to that described by Ayscough o
The arcas under the absorption curves of the polymer radical and

copper ions were measured and related to the derivative signal beighis
by a factor 23
p

e e i e e 0 e

AC‘ll / dCU.
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mere [ ang 1S thdep - .
wner Ap nd Acu are the areas wder the absorption: curves of the

polymer and copper ions while dp and d__ represcnt the peak.to—
ou he pea

peak differential signal heights. ¥When d = g

y the factor Z
cu

measures the ratio of the polymer radical area to that of the copper
ions.
The factor obtained for the peroxy radical under conditions

4.2.2 (A) was

z = 0.041 + 0.01
and with conditions 4.2,2 (B) was

z = 0,035 + 0,01
The smaller value obtainced using the Varian instrument is probably
due to the faster scan conditions for both the derivative and
absorption curves, failing to respond to the fine detail of the
sharper polymer signal,

The number of radicals in one gram of polymer was calculated as

i
i
I
i

Radicals / gram = 6.02 x 1023 g 1 Z

follows

m .
p cu cu i

3 :
10: dcu' mp

in wvhich m and @ arc the mases of copper ion solution. and polymer
3L .

respectively, and II is the molarity of the copper ion solution., The
cu

values of the initial redical concentrations of samples irradiated in

air are given in Table 4.1.



m ~ 3 3 A S .
Table 4.1 Initiel peroxy radical concentrations preduccd by

mn%#radiation of isotactic polypropylene in air,

Dose/ Irrad. | 10“18 '}Z [Radioa.l]g ~ro0les Groay

1 legarad 'I'cr:zp/o(); [Radicaﬂ 10"’183C g;‘l RO / (RO2) |

' 8-.1 ; Megaraa' mole E

| | Lo polymer: N

| i f . Trepeat |

, (a) Lccelerated elecirons .ounit

; 2.5 s | 0.95 038 66.4 © 0.608

I 2.5 '35 | 1.00 - 0,40 - 70.0 0,640

‘ 2.5 ~78  1.17 0.468  81.9 0,749

| 2.5 ~78 1,27 0.508 88.9 0.813

5 2-5** -78  1.31 | 0.524 91,7 - 0.838

L 2.5 ~78  1.365  0.546 95.6 - 0.874 |

f 3.25 ~78 1.52 0.467 106.2 0.747 !

"2 x 2,5 | v350 1,87 0.373 130.6 0.597 |

f 5.0 ’ 1481 5 1.70 0.343 118.2  0.549 %

2x 2.5 =18 2,15  0.430 150.5 . 0.688 |

5.0 =78 | 2.18 . 0.436  152.7 . 0.698

2 x3.25 '39¢ 2.1 0.325  147.7 . 0.520
2 x 3.25; ~78 2,66 0.410 186.3  0.656 é
3 x 3.25 ~78 3,60 0.369 252 0.590

| 4 x3.25 =78 4,81  0.370 337 ©0.592

4 x3.25 139¢ 3,59 0.276 251 . 0.442
6 x 3.25 '39v 4,63 0.244 324 0.3%0
6 % 3.25 -18  6.15  0.324 431 . 0.518
& x 2.5 =718 | 6.56 10.328 459 0,524 2
(b) Y = radiation (Leicester) ; E
1.2 196 | 0.735  0.613  51.5 ' 0.981
2.49 -1.96 1.08 - 0.436 T5.6 - 0.698
3.48 ~196 | 2.14 0.615 150 . 0.984
5,52 _196  2.96 0.536 207 - 0.858

9.12 1196 4.64 1 0.55 326 '~ 0.880




1 sults nmorked # - HF re i . . .
The resulls marked #* and ** yworo obtained with samples that

had been previously irradiated to doses of 2.5 to 10.0 megarad
respectively, more than 12 months prior to the second irradiation.
The tambient'! temperatures indicated ' " in Table 4.1 weze the
estimated ones rcached in the irradiztion unit when the samples
vere not cooled, higher dose rates producing more heating of the
sample, Plots of initial radical concentration vs. dose arec
shown in Figure 4.8.

The values of the radical concentrations were reproducible
to approximately 10% accuracy. The results show that the
radical concentrations increase with radiction dose., There is
a dowvnward curvature of the plot in Figure 4.8 when the irradiation

ras carried out at higher tempzratures, The curvature is only

slight. vhen samples archeld at a constant lov temperature %o

minimise any radical decay before necasurement. The curvature

. . . . N 0
is not apparent in the samples irradiated and measured at -1967C.
The samples of polypropylene that had been pre-irradiated, showed
slightly higher radical concentrations, on a second irradiation.

This increase results from decomposition of hydroperoxide

EroupPs,

. ; U,
4.3.2 Tffect of increasing temperature on polypropylene irradiated

in air a2t TT K.

Pl

A stoppered tube containing polypropylene powder in air was
irradiated to a dose of 2.10 megarad at T7 K and using the variable
temperaturc control facility was measured at intervals of
approximately 20 K in the range 95 to 230 K. Some of the spectra
obtained using 2 minute scan times, are shown in Wigure 4.9. At

i i o] fanture —1line eantity
95 X the spectrum shows as the principal fcature an 8-1ine en Yo
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Fig. 4;8 Initial peroxy radical concentration
as a function of irradiation dose, showing the

effect of irradiation temperature.
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lliu ' €71 .‘ 5€ Vi ?huh i‘,*nlf)_i\l Cd. in aCuo (AO )
¥ S octetd 1S a].S() ob 5381 @d - t VaCcu i 564
a«nd pl OLLIbJ.b cox re v pO ndS tO th(} I’E..(L_:_C(v_;.

AN CI—I2 - C° - CH

As the temperature increases the octét diminishes in intensity
while the asymmetric peak marked * grovs. By 199 X the radiczl
is almost completely converted to the peroxy radical ROé. At
228 X there is no trace of any remaining hydrocarbon radical
and the reaction cannot be reversed by lowering the temperature.

Similar experiments (4.3.7) with bulk specimens show that
the peroxy radical is only formed slowly,and thus it appears
that diffusion of oxygen: into the sample after irradiation is
hecessary for the production of this radical. With the powder
sample this diffusion occurs repidly even at temperatures well
below the glass—iransition temperature.

The most probable structure of the peroxy radical initially

formed can be deduced by assuming that that oxygen.becomes

attached at the site of the free electrons

9,
!
: * - CH Ar - —  CH, AAS
AN CH, - f CH,AV + 0, > CH, ;; CH,,
CH. -
3 CH,

he a A 3
. However this structure cannot be confirmed from its own B.S.R.

spectrum. due to lack of hyperfine splitting.

4+3.3 Decay Rates in Air,

Preliminary observations showed that a few minutes heating

at lOOoC wos sufficient to remove &ll traces of the peroxy radical

. er 21 resent several months
but at room temperature some were still present seve B

after irradiation.




Decay rates were measured as

Eal
L

of decay werc

single rate constont over the period observed.

43

described in 4.2.4.

ound to follow second-order lkinectic

Sy

The ra

with a

in Toble 4.2 were obtained with a sample Xmirradiated at Hexrw

to a dose of 5.0 megarad,

Table 4.2 Radical decay rate data at 25, 40 and 5500.

[ Time/inin f lO"IYX%adioailg“l! 1018 [?Oé l/w%
i : ) bl
awmwmww”» ' o : redical™t ?
3@00 i 0 2.06 4.85 ;
. 15440 1.59 6.29 |
2,880 é 1.27 7.26
| 5,760 | 1.05 9.56
| T, 200 0.972 10.4
| 10,080 0.779 12.8
; 11,520 0.779 12.8
14,400 0.599 16.7
18,720 0.520 19.2
. 20,160 0.461 21.7
o e | -
40°c 0.0 1.04 @ 9.62
. 120 0L867 LS
3% 0.693 - 15.9
§ 1,350 0.629 ; 21.3
2,940 0.332 | 30.1
L 5,720 ; 0.211 474
6,150 | 0.197 - 50.8
7,130 j 0.162 i 62.0
; 8,560 ? 0.144 % 659.3 -
55% o i 0.373 L 268
] 120 0.296 . 33.8
240 0.232 43
« 330 | 0.215 ‘ 46.5
420 | 0.194 .56
540 | 0.17T 5949
| i

pEBRAR Y

tes

ell

SN IO ST




The second-—-order plots of 1/ (Roé] vs. time arc shown in
Migures 4.10 - 12, The rate constents were found ac follows ¢
2

-22
ko = 8.0 %107 (radical / )™t minh (25%)

~21 . — -
k, = 6.73 x 10 (redical / g) L pinl (40°¢)

- - 1420 - I
1;2 = 6920 X lO (rao_lcaj_ / g) 1 min ]' (SSOC)

Decey’ rates measured on samples irradiated with accelerated

-

electrons were in agreement to within 109

P
A Archenius plot of log k, vs, 1/T for these deta gave a
good straight line (Figure 4.13) from which the Activetion
Energy = 114.1 kJ molm1 and the pre-exponential factor A =
-2 . -1 . -l .
8.32 x 10 (redical /g)”" min™" were obtained.

The rate constant of the decay reaction it given by s
- -1 rm -1

k, =8.32x107° ¢ 37200/,
The pre-exponential factor may be more conventionally expressed as

A= 9.24 x 1017 (mol dm"B)-l g1 assuning a polymer density

adical / g)”l min

of 0.9 ¢ om ™.

Becausc polypropylene is highly crystalliney and peroxy
redicals are considepred to be trapped in the crystalline regions,
long~range migration of polymer segments is not considered
responsible for the decay process. A sequence of hydrogen
abstractions according to the chain process

ROé + RH — R° + ROZH

. ~  ROJ
R + 02 \-2
will allow mowement of the radicals until tio radicals were

. I F e e
sufficiently close to combine.  The approach of the radicals

would be controlled by local movements of scgments of the polymer

chaing,

. - ~ °
The radicals combining could be any conbination ci R° and

ROé s Viz.
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Fig. 4.12 Second-order plot of ROé radical decay at 55°C.
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R + R° ~— RR
The rapid diffusion: of oxygen in <tho finely divided polymer would
explain the non-appearsence of R° in the E.3.R. spectrum, Thus
the peroxy radicals decay observed im only an overall dccrcase
caused by removal of free radicals by the recactions given above,
This sequential process is confirmed by the large hydroperoxide
concentrations that are eventually produced in the polymer
(Section 6.2) and which show that several oxygen molecules are

absorbed for each radical intially present.

4.3.4 Irrazdiation in vacuo.

When a suitable evacuation procedure was used (2.5.2), no
traces of the peroxy radical were observed after irradiation in
vacuo, and thus the amount of dissolved or absorbed oxygen was
insufficient 1o causc detectable peroxy radical formation, At
liguid nitrogen temperatures (77 X) the E.S.R. spactrum shown
in Figure 4.14 was produced. In the centre of the spectrum there
ig a signal from the irradiated quattz tube and this is shown
dotted, while the dashed linc shows the probable spectrum without
this contribution. The 'wing' lines of the spectrum are only

indicated with arrows in

1

recognisable as shoulders and are

Figure 4.14. The splitting of the lines is approximately 23

gauss which corresponds to that expected for interaction. with

(=3)
P ~ protons.

o T ] B 1 e -
The basic spectrum is an 8-line one which would result from

interaction with the 7 near-eqguivalent protons in the radical
- - I AAN
~nem, - ¢ CHy y

]
CII3
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[$2] 15 L . . .
The intensities of the lines are not in the expected binomial

distribubion: (l T1521435,35,21 s Thl, )9 because of overlap of the

lines.,
On warming to room temporature the spectrum becomes more
complex (Figure 4,15). The octet can still be identified
(with arrows in Figure 4. 16) while the additional lines include
a scries (wmarRed 0 ),

again with a line separation. of about

23 gauss, This 9~line series may correspend to the radical

v CH, - fH - ? = f — ¢ - CH  AA
.
CH, i 01»13 H 011-3

in which there would be interaction with 8 protons.. The slight
asymmeiry in the centre of the spectrum may be due to the presence
of some peroxy radidals, in addition to the effect of the irradiated
quzrtyz tube, In general, the céntral_portions of E.S.R. specira
are somevhat complex and difficult to interpret.

When the irradiation. and measurement is made at room itemperature
the octet is the major feature (Figure 4.16) although the
contribution of the allyl radical can again be observed. The
1nterpretationathat it is an unsaturated radical that produces

the nine~line series is supported by the observation that in an

atmosphere of hydrogen (4.6.5.) the E.S.R. spectrua is unaffected

by increase of temperature.
The radical produced by irradiation at room temperature

. I En 5 s L vy cid ey -
was also neasured with copper ions preseny &s an internal standards

so that quantitative measuremenits could be made. The integrated

. . . h Sy st rUme nd a factor
(absorption) signal was obtained instrumcntally and a Z-1ic

. . ~ et S » he wvalue
for this radical obtained as described previously, the wve

being found

7 = 0,083 + 0,02
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v = 9.504 GHz

3400

3600

Fig. 4.16 E.S.R. spectrum of polypropylene in vacuo,

irradiated and measured at room temperature.
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m LN . .. . i
The initial radical concentration found at a dosec of 3.48

: 18 -
megarad was 2.25 x 107 radical g™l giving a Govalue of 1 03
(of 0.984 for ROé). After 30 minutes at 55°¢ Scetion 4.3.4)

1

shen the radi At ; e - 18 . -
wh ical concentration was 0.747 = 10 radical g o,

the vacuun was broken and the E.S.R. spectrum immediately changed
to that of the ROé radical, the concentration of which was fownd
to be 0.862 x 1O18 radical g~l. Within the experimental error
of quantitiative E.S5.R. measurements, this shows that complete
and quantitetive conversion. of the hydrocarbon radicals to
peroxy radicals occurs on exposure to air, The slight differcnce
may be caused by the ihcreasing complexity of the specirum
(Figure 4.19) which would modify the value of the Z-factor given
above,

Irradiation in vacuvo of samples that had been previously-
irradiated in air and then stored to allow all of the peroxy
radicals to decay produced a complex E.S.R. spectrum. This wvas

considercd to be caused by a mixture of hydrocarbon and peroxy

. 17 .
radicals, the concentration being approximately 7 x 10 1 radical

g = for a dose of 2,5 megarad. (G value = 0.45).

4.3.,5 Decay Rates in Vacuo

. 0
The decay rate of the hydrocarbon radical at 55°C was measured

giving the results in Table 4.3.




Ta.blc 4-03 Radi(:fll dCCEl.‘V da'ta j_n vacuo at 5500
J LT .

Time/min ] Radical ¢ Yy 10730 1/ [‘Hi]x 1017
i 4 1,285 - 7.78
8 0.998 | 10.02
15 o 0.836 ; 12.60
o l 10

0.747

Figure 4J7 is a2 second-order kinctic plot of these results
(l/R’ vs. time) which shows that in this case the rcaction

is not occurring bty a simple second~order process, Th

o

change from essentially an alkyl radical (8 lines) to a

mixture of alkyl end allyl radicals (8 plus 9 lines) described
) again

in 4.3.4 as the teumperature increased,vas observed. The
change of specirum when the sample is held at 5500 is shown
in Figure 4.18.

A probable explanation of the decreasing rate of decay is
that if a small guantity of oxygen is precent then an enhanced
rate of decay'woﬁld be observed until this is used up. The
initial rate of decay is in fact very similar to that obtained
in air for -O. decay at the same tenperature, shown by ‘the

2
v K & 3 -~
s01lid line in Pigure 4.18, while at later stages the R® radical

o )
. . . w7 ~irene imilec e ate
decay rate is considerably slower and similar to R02 aecay ra

. . 4+ is postulated that the amount
in vacuo (see Figure 4.19). It is postulated that amo

io 4 e t roduce dectecctable amounts
of any oxygen present is too small to produce

of peroxy radicals.

Decay rates of the RO; erdical in vocuo were also

. 4 - St al “ 5
measured 4 sample of polypropylene was irradiated 0 2.5
. [S] 2 P ! -~ o

i . PR ey electrons at 195 K and divided
megarad in air with high energy eleciTons &t 195 h and d1vic

4
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Fig 4.18

(a) (b)

Change of E.S.R. spectrum during radical decay
of ¥Y-irradiated polypropylene in vacuo at 5500_
(a) Initial shape.

(b) After 15 minutes.
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into two parts; one was measured i 4 &
Pe 53 n vas meanured in an open tube os in 2o (5 ) 5
} o * o b

the other was sealed in a e .
e s sealed in a guartz tube as in 2.5.2. The results

: vor s . o) )
of the decay rates at 557C ere given in Table 4.4

Table 4.4  Decay of RO2 radical in air and vacuo at 55°C

- Jime/min 510"18x Redical g = ; 10 '® [Roé]wl/g radical™
Inair 0O CLom o
43 o.2m2 3.68
70 .23 4.30
120 | | 0.155 ’f 6.47
171  0.118 8.43
In vecuo 0 | 1.27 ; 0.792
22 f 1.00 0.987
o7 | 0.654 | 1.53 ,
| 135 0.438 | 230 '

The sccond-order plots of these data are showm in Figure 4.19

giving rate constants s

k 1.12 x lO“ZO(spin/g)mlmin'.—l (in vacuo)

2

ky

. . o - IS PR conirat S
The rate of decay is therefore less in vacuo, this observation

4.75 x 10"20(spin/g)~lmin"l (in air)

i

cs

being consistent with a hydrogen ebsiraciion process followed

. R ‘1 e T
by Turther oxygen absorption, when this is available. Further

i _ _ it en a1 o s
evidence of this explanation is that when a less cfficient

evacuation: preccedure was used an initial decay rave similar to

that found in air was obtained, followed by a slower rate,
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10'% [ro,]™" / g radical

9 0] : in open tube

in vacuo o
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Time / min.

i ° radical decay
Fig. 4.19 Second-order plots of RO2 radic 3

o
rates in vacuo and in air at 557C.
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similar to the effect observed in the decay of the vacuvum
- - . At -~ G ULl

radical (Figure 4.18),

4.3.6 Bffects of Ultrﬁ~Violet“RadiatiOn,

When the polyproovylene was irradiated ag described in
2e4.4 free radicals were detected and the E.5.R. specirum
obtained is shown in Figure 4.20 . The same radical was algo
found with a sample of commercially produced polypropylene
film, Acctone extraction of the polymer removed a small
amount of oily material, that appeared to be responsible for
the formation of this redical. The infra-red spectrum of

mo!
hat it was a form of low mass polypropylesnc
A

P

the exiract suggested
(1argely atactic) with a high carbonyl content, since there was
a strong absorption at 1740 om-l, but this may have been
rartially cauvsed by remaining acetone. The carbonyl group

in the polymcr.would probably be the cause of the radicals
produced and indeed following extraction no radicals were
produced by ultra-violet radiation.

The integrated signal for the radical is considerably
symmetiric and could not be identified. Tiie E.S.Re spectrum
decayed by a second-order process without any change in line-
shape, The integrated signal for the radical measured under
conditions 4.2.2. (A) was obtained manvally and the Z-faclor
found to be

% = 0,067 + 0.04

The concentrations of free radicals produced in a typical

) . . - ,\ e civen 1in Table
series of uwlira-violet irradiations are given in 4.5

. At 4ot 3 T o R
and illustrated as a function of irrvadlation vime 1n Figure 4.21,
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Fig. 4.21 Free radical concentration in isotactic poly-

propylene as a function of ultra-violet irradiation time.
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Table 4.5 Concentration of free radical produced in

' . N , .
polypropylene Py ultre~violet irradiation,

/ 30 E 2,63
| 90 E 5,08
180 | 7.21 f

Thesc concenirations were reproducible to about + 15%. The
radical conceniration was found to become constant after

1

600 scconds irradiation,and this was the usual time selected
for radical production in the decey experiments. The E.S.R.
spectrun was unaffected by evacuation or by treatment with
sulphur dioxide,
. o 2

The decay rates were measured at 23, 40, 50°C and ihe
data obtained is given in Table 4.6. The second-order plots

i in Fi 4,24 The following rote
are given in Figures 4.22 -~ 4,24, 1¢ rollowing rp

i NE T R o

constants (reproduclble to ilOp) were obvained s

. -]l . =1 o]
k, = 0.484 x 10~ (radical/g)” min (237¢)

2
-~ ] _.l le)
k, = 5.26 x 10 19 (radical/g) Lnin (407¢c)
) - . 5 R | o
k2 = 18,40 x 10 19 (radical/g)” min (507¢C)

fn Arrhenius plot of log kga VS l/T for these data, shown

in ¥ 3 lineari o3 i an activatio:
in ¥igure 4.25, shows good linearity and provides an activation

o PO S L2~y ] o= [
energy of 106 kJ mol 1 and pre-cxzponeantial factor A = 3.55

. =] Lo tant of this decay recaction
(F&dicgi/ﬁ)wl min ~,  The rate constanv © J

is thercefore given by
0 : -1 . ~1
- 1271//T(radical/g) min .

o [
k2 3.55 e




Table 4.6

9T

Redical decay 1

ate data at 23, 40 and 50°C for

polypropylene irrediated with ultra-violet light,

|
Time/min

120

180

40°¢

10
16
36
60

10
15
22

lomlo

Ve

¥ radical g“lf

3,22
2.68
2.35
1.65

1.27

8.20
5.72
3.87
3.17
2.38

1.90

A;.A__.,;[___..,_;_,. e e e
|

107

g radical”

1.18
1.26
1.35
1.55
1.66

2.17

2.66
2.86
3.11
3.73
4,26
6.05
7.89

1

. i
e e ey
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Fig. 4.283 Second—-order plot of decay rate at 4OOC of

radical produced in polypropylene by u-v irradiation.
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Fig. 4. 25  Arrhenius plot of log k, vs. T ° for radical

produced in polypropylene by u-v irradiation
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q PG snntial oot .
The pre-caponential fector may alse be oxpressed as

1

- 19
— - 3 R -
A = 3.55 x 1077 (mol du 3) 1 s
wealn assumning a polyi Tane -
again assuming o polymer density of 0.9 ¢ om 3. The activation

nergy of the decay as 3o s - . . .
energy decay process ig quite close to that found Tor the

peroxy radical recombination process. This observeblon suzgesis
S ' bion sugeests
“the po\\jmer rale i

s KN ER. - AN . .
that , 1is the controlling factor in the radical decay process,
‘as supgested byuLobedev(So).

:

EBffcct of ultra~violiet light on pre—irvalicted polyvronrlenc

¥hen polypropylene, that has been irradiated Wi{h high-
energy radiation to produce peroxy radicals and then allowed
to decay, is subjected to ultra-violet radiation, partial
regeneration of the peroxy radicals occur. Figure 4.26 shows
that there is a slight chenge in the E.S.R. spectrum uncer these
conditions, an additional peak (arrowed) being formed, as well
as an increasé in intensity. The spectra in Figure 4,26
were obtained using a sample that had been irradiated to
15 megerad several months reviously and allowed to decay at
normal temperature. Although these spectra were obtainecd
without the use of a calibration standerd {they show that at

least 5 or 6-fold increase in the redical concentration has

+o 10 megerad had

of 0.54 x 100

occurred, Another sample pre-irradiated

~ IO U
decayecd to a peroxy radical concentravion

radical g"l and following 10 minutes ultra-violel rediatlion
~1

16 Y PR &
this had increascd to 4.75 x 10 radgical g . This is 1.3p

of the original radical concentration.

. 13t 103 olypropylene is
Vhen freshly irradiated (electron) polypropylenc 1S

adistion there is no neasurable

subjected %o ultra-violet



. Fig. 4.26

E.S.R. spectra showing increase of Rog caused .

by ultra-violet irradiation of pre-irradiated

&) polypropylene.




increase in the number of ragi baey “ i
radicals observed, Even with

irrodiated polymer samples thet had decayed to undetcctable
levels of peroxy radical concentiration; radical regeneration
was possible. ¥The maximum concentration of radicals that
could be regenerated increezsed with the initial radiation

dose and up to approximately 2,0% of the initial concenirations

given in Teble 4.1 could be rcgenerated.

4e3.7 Effect of Physical Form,

The radical produced on irradiation in air is dependent
on the physical state of the polymer. Semples of polypropylene
in the form of injection moulded discs,!8¥mm thick vwere \X«ir?adiated
to a dose of 2.10 megérad at uncontrolled temperature,(approx.325 K)
and the radicals observed. The initial radical produced
(Figure 4,27) is identical to that generated in vacuo (Figure
4.16) i.e. a mixture of hydrocarbon radicals but mainly-

AA SRS ¢ - AN
CH2 ? CH2

CH3

On storage at room temperature the Roé radical is only slowly
formed and traces of the hydrocarbon radical are present for
several days. At 550C the formation of ROé radical is more

rapid, and Figure 4.27 illustrates the change in B.5.R. spectra

. -~ - 5 4y S v o 1
with Time. The hyperfine structure has complctely disappeared

. ~t AAaneAa - + 5 0
within 40 mins, this chonge belng considercd to be controlled

by the rate of diffusion of oxygen into the sample,

[y 0 k]
Tn view of the high temperature (50 - 55 ¢) and the

. . . : ‘rpradiation unit, the lacl
considerable length of time n the irradiation vu s aclt

1 1 cymediatel £ ‘;' o
of any evidence of the Roé radical, immcdiately following
This would rcsult if the

irradiation is perhaps surprisinge
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(a) (b)

() (d)

20 gauss
Fig. 4.27 E.S.R. spectra of Y-irradiated solid

polypropylene; (a) initially, (b) after

9 min, at 55°C, (¢) 11 min., (d) 30 min.




LUV

the rcaction . N - . .
* R k 02 = -RUZ 1s reversed in the

presence of high-encrgy radiation, In comparison, the
polymer in powder form is much more rapidly converted to
ROE (4.3.2) occurring virtually instanteneously above ~SOOCn
However, at temperatures low enough to minimisc diffusion, tle
radical initially formed is also R° .
The initial concentration of hydrocarbon. radicals produced
in the solid polymer is the same as for the powder sample, if
the irrediation temperature is low enough to prevent radical
decays, The concentration of ROé radicals eventually formed
in the solid sample is considerably less than that found in
the powder since considerable R°® radieal recombination. occurs
before the oxygen can completely diffuse into the sample. Thus
a solid sanple, immediately following irradiation to 2.10

. n 1 . -1
negarad had a radical conceniration of 6.6 x 10 1 radical g :

which had fallen to 2.40 x 1017 radical gul vhen all trace of
hyperfine structurc haod disappeared. Some measurements were
also made with solid samples irradiated a2t 77 K in a stoppered -
tube containing air. The radical found on measurement at

room temperature was the same ﬁixture of hydrocarbon radicals

found in vacvo (4.3.4) and the G-value of 0.96 agreed well with

= 0.98 for RO end 1.03

those for the polymer in powder form (¢ 5

for R*) .

4.4 Stereoblock Folypropylene

. . . atnad o R I
4.4l Irrediation with acceleraccd electrons

: ok T lene 1 i sroduced
Trradiation of stereoblock polypropylene in 2ir produc
$W<,\(-\_\ﬂ\ , -t R . ‘-a L . o
: ‘g » oo v identical to that for xsovactic
peroxy radicals, with an Looau»llﬂtntlc L to ¢ 1
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polymer (c.g. Figure 4.6). When irradiatcd to 2.5 megarad

under uncontrolled temperature conditions the radical

concentration found was : 18 i = i

SOk & n found was 0,84 x 10 radical g = compared with
18 | .

0,97 x 10 for isotactic polyprovylene,

4.4.2 Decey Rate Heasurement

2

The decay rate of the peroxy radical in stereoblock
i . . . .\ .0 _
polypropylene in air was measured at 55 C,giving the results

in Tebhle 4.7T.

Table 4.7
vine/win | Teaieslgl
0 8.43 x 107 |
7 | 2,05 x 10%7 |
127 L 1.34 x 1007 }

The second—order rate constant for these data is found to be
4.95 x lO“onmdkA\/g)nl min~Y which is similer to that found

for the isotactic polymer (6.04 x lO“QO(ﬂ@kak/g)ml minml).

4.5 Atactic Polypropylene

A

4.5.1 Accelerated Rlecltron. Trradiation at Ambient Temncratures.

Attempts to produce stable free radicals by irradiation
of atactic polypropylene in air or in vacuo at room temperature

were unsuccessiul. When irrediation was carried out at 195K

and maintained at this temperature until measvrement at room




temperature, all radicals had diseppeared during

X
.
-
—
far
o
o
NN
-
=
N
H
cr

time necessary to set up the spectrometer,

4obe?2 \{mirradiatiqgﬁgt 77 K

Irradiation and meosurement in air at 77 K procduced the
E.S.R. spectrum shown in figure 4.2%. The characteristic
line-shepe of the peroxy radical cain be identificd together
vith an additional broader species. Comparison to isotactic
polypropylene irradiated at 77 ¥ (Figure 4.9) and to atactie
polypropylene irradiated in vacuo at 77 ¥ (Pigure 4.29) shows
the same initial species is produced in ecach case. Although
the outermost lines can be scarcely discerned, the spechrum
is considered to be an 8-line one corresponding to the species

/\/\/\C}I2 - f - CHz/W
CHS
The partial formation of ROé indicates that even at this
temperature diffusion of oxygen and reaction with R® can occur.

Figure 4.89 shows that in vacuo a more symmeirical specltrun
is obtained, ecxcent in the rcgion of 3260 gauss where a signal
from the quartsz tube is present. Huantitative measurenments
vere not made using a copper ion standard, but the intensity
of the signal was very similar to that obtained for the isotactic

518

polymer under eguivalent conditionse.

4.5.3 ILffect of Temverature

The Y-nirradiated atactic polymer was increased in
temperature using the variable temperature control facility
on the Varian spectrometer. licasurenents using a 2 minute

scan vere made at approximately 10 K intcrvals.  Representative
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spectra are shown in Figure 4.30. These show that no
additional radical is produvced, but the intensity decreases
as given in Table 4.8, All measurements were made at the
same gain and magnetic field conditions and the time taken to

stabilise the temperature betwveen readings was approximately 1 minute.

Table 4.8 Effect of temperature on B.S.R. spectrum of

‘Y ~irradiated atactic polypropylene

— s e i

{

§ Temperature / K | Peak—to-peak l
; Signal Height !
é (Arbitrary units)g
1 55
141 53
150 49 i
160 46 "
170 43 |
180 40 §
190 38
200 | 35
210 32
220 ' 28
230 25
240 22
.250 20
260 10
270 | - |




134 K r" .
1
'y
T
160 K n

IR
/ “'W

270 K "
—_—— i
/|
L_——__——J \\{W\——————-—"\—-
20 gauss

Fig. 4.30 Effect of increasing temperature on E.S.R.
spectra of X—irradiated atactic polypropylene.

(= indicates spectrum resulting from quartz tube)




atoan A s es :
A steady decrecase occurs over this ranse until the

temperature approaches 250 K after which = rapid decreose

0CCUrS, This is shown in Pigure 4.21. The final ravig

decay tekes place in the region. of the g1l

(1, = 255%) (132)

e 4 above which the flexible polymer matrix

and increased chain mobility would explain the accelerated

decaye. The relative constancy of the signal from the quartsz

tube, shown dotted in Figure 4.30 zhous that the efficiency
of radical detection by the instrument does not change with
the temperaiure, The steady and relatively rapid decay up
to Tg’ shows that even in the glassy state the rolymer

. a . . , ; . .
radicls arc much less stable than those trapped in the
A

crystalline regions of the isotactic and sterco-block polymers,

4.6 Effcct of Caseous Environment

1

Table 4,9 shows the irradiation conditbions that were used

for the various gases,

Table 4.9
e anijﬁw-m*umﬂmww%JWMM(MUM”_»wwmwwmw
Gas ' Irradiation g DoSe/Kegarad i  Temperature |
’ SN U
[ e e . e e n e e eemamene ;»—»—-—---w-‘ e | E
Nitrogen Flectron ; 250 ; 195 K i
f P _
| Nitrogon X . 2,10 TTX
Hydrogen Flectron : 2.50 195 K i
: {
Hydrogen ¥ ' 2.10 TTK
Oxygen. | EBlectron 2.50 195k
i e : i |
Oxygen ; Y | 1.19 E 7T K é
! | |
Sulphur dioxide | Electron l 2.50 E 273K
| |
Nitric oxide | Blectron - { 2.50 |

195K




amplitude (arbitrary units)

Peak—-to—-peak E.S.R,

50

40

30

20

10

T \j T ‘ 1

200

T ] 4

140 160 180

Temperature / K
Fig. 4.31 Disappearance of free radicals inxt—irradiated

atactic polypropylene with increase of temperature.
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The electron-irradiated samples were measured at Aston on

-3 T3 w1 ] 3 -boans

the Hilger Hicrospin instrument. The X —irraciated somples
wore measured on the Varian § 3 spectrometer at Leicester

4 0

4.6.1 Nitroren

The radicals initially produced and the conversions on.
increasing the temperature and exposure to oxygen werc
identical to those produced in vacuo,. 7ithin cxperimental
error the concentration. of radicals was also the same as in:

vacuo,.

4.6.2 Hydrogen
The initial radical produced on X ~irradiation at

77 X corresponded to that found in vacuo

AN CH, - G = G, AWV
l
CI

3

It was also found that irradiatiom: with fast electirons at
195 X and measurement at room temperature again produced a
simple 8-line spectrum corresponding to the above radical,
whereas samples krradicted in niﬁrogen or in vacuo produced
a cecmplex specirum at room temperature that was considered
to be due to a mixture of radicals. The fact that such a
mirture wes not observed in a hydrogen atmosphere supports

the conclusion that the secondary radical formed is an

unsaturated species probably

AN GHé - C - CH: = ? - CH; - C N
] |
: 1. CH.
CH.3 CIlj 3
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4.6.3  Oxysen

m n 3 - " . . . . - .
The B.S.R. spectrum obtained in oxysen is identical to
e v . .
that found in air (Figure 4.6). The concentration of RO?
1 | :
was found to be 5.90 x 10 4 radical gml for a dose of 1.19
L ararel : 1
megarad ( X ) at 77 K. This may be expressed as a G-value
of 0.79, vhile irradiation in air carried out simultaneously
gave o G-value of 0.77. It can be concluded that irradiation
in oxygen: does not produce significantly more peroxy radicals

than in air,

4.6,.4 Sulvhur Dioxide

Irradiation: in sulphur dioxide at 273 X produced a
radical, of which the E.3.R. spectrum was very similar to

that of the peroxy radical but covering a magnetic field

range of 60 gauss comparcd to 88 gauss for the laiter. The
radical was stable when exvosed to air and was considcred to be

the sulphinyl radical RSOé . The same radical was also
produced when the hydrocorbon: radical produced by irradiation
in vecuo was exposed to sulphur dioxide at room temperaturc,

Ll

however exposure of the peroxy radical R02 to suvlphur dioxide
did not cause production of RSOé .
The Z—Tactor found for this radical following manual
integration of the B.S.R. spectrun was found to be
Z = 0,024 + 0.02

The initial concentration: of radicals was found to be 0.70 x 10

gml for a dosc of 2.5 megarad, giving a G-value of 0.45.

18
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Irradiation in vacuo followed by exposurc to sulphur dioxide
gave a radical concentration of 0,74 x 1018 gfl (G = 0.47),

m . . .
The rate of decay of the radical in air was measured at

) o} -
40°C and 557C giving the results in Table 4,10,

Ta le g " " - £ a -
feble 4.10 - Decay xate dota for RSOZ redical in polypropylenc.

| Time /min RSO}, concentration 1/fasoy ]
i 2 Yo
| -1 l
! / &
¥
|
(o} ' i 7 .
0% 0 | 1.26 x 1077 7.9 x 10728 |
: i |
{ ! o i
42 | 0.97 x 107 | 10,3 x 10720
80 | 0.73 x 10*7 | 13.7x 10 18
264 | 0.45 x 1087 | 22,2 x 10718
i !
5500 0 3.80 x 10071 2.6 x 20728
26, 1.21 x 107 1 8.3 x 1070
66 0.62 x 10T 1 16,1 x 10710
S U
The seccond-order rate constants obtained were t
k, = 5.10 x 1070 (radical ¢ V)Y min™t  (40%)
k, =20.8 x 10720 (radical &) min™t (55°C)

These rates of decay are slightly greater than those for ROé in
air. The approximate activation energy from these results ig
H "'l + ~ ,,.s.r'o 2
found to be 80 kJ mol ~. Decay rates measured at 55 C in
sulphur dioxide and in vacuo of the RSOé radical geve nore

scatiercd data but indicated an initial rate similaer to that

found in air. Tn all casges there was no change in the shape

of the ©.5.R. spcctrum during decay.
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The eifeo i 4o 3 - L B
1fect of vlira-violet light on samples that had been.

<

pre-~irradiatced in sulphur dioxide and then allowed to decay was

to regeneratc the RSOé radicals but only in very swmall amounts.
When similar dccayed samples were re—-irradiated with fast eloctrons
in air, only peroxy radicals could be observed but there was a
strong esmell of evolved sulphur dioxide, The concentration

of RO;I produced in this way was 1,28 x 1018 redicals g—l for a
dose of 2.5 megarad at 195 K, which is almost the same as that
obtained with polymer that had not been irradiated previously
(1.27 x 1018 radical g”l). It can be concluded that the sulphur
dioxide is incorporated into the polymerAafﬁcr radical decay,
presumably by hydrogen abstraction: to produce a sulphinic acid

T,

species RSO2

4.6.5 Nitric Oxide

No free radicals were detected when the polymer was irradiated
in nitric oxide probably because of reaction of this gas with any
initial radical formed to produce the diamagnetic species RNO.

The E.S.R. measurements wcre made within one hour of the irradiaticn.
On transferring the sample to an open tube, small amounts (<0.03
18 ~1 o~ oy 4 £ N P e 5 a m
10 g ) of a fairly stable frce radical were produced. he
E.S.R. spectrun is an overlapping doublet covering 35 gauss and

may be caused by the species RNOzo

4.7 Conclusions Obtained from I.S5.R. lMeasurcmentse

4.7.1 Wature of Radicals Produced

(1) The initial radical produced at low temperatures is the
alkyl radical

g - - . VNV
A CHé ? 042
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which produced an 8-line spectrum. The same radical is
formed from isotactic and ataciic polypropylene, using X
or electron irradiation. At 77 X oxygen does not react
with this radical.
(2) On warming to room temperature, the B.S.R. specirum
becomes more complex, due to partial formation of a 9-line
radical, thought to be an allyl radical

ANVCHE = € - CH - CH AWV

\ |

CH3 CHB

In a hydrogen atmosphere this spectrum is not observed.

2

or by exposure of vacuwn irradiated polypropylene fo air.

(3) The peroxy radical RO, is formed by irradiation in air
’

Phe exact site of the oxygen cannot be found from E.S5.R,

measurenents but the initial radical is probably
02
NN CH - C - CH, MV
1

CH3

The radical ROé yas considered to be decomposed by high
encrgy radiation, put unaffected by evacuation or photolysis.
The radical ROé wvas also formed by ultra-violet irradiation
of pre-~irradiated polypropylene containing hydroperoxide
groupso

(4) The radical produced by ultra—-violet irradiation.of
polypropylene was not iientified, tut appeared to be caused
by the prescuce of corbonyl impurities in the polymer.
Carlson and Wiles(133> heve shown that carbonyl impurities
in the presence of moleculor

cause significant oxidation

en, end that the following recaction chiefly occurs :

0xYE
I 6] H N H H
i ) i h - i i & . £
~ . — CH. — C-W-C M —— — CH, - C - CH +0 =0 = CH, ~ C
‘ H CH ol
CII3 C 3 3 {
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My < e R " ST .
This mixture of alkyl and carbonyl redicals could be responsible

for the complex vpeetrun illustrated in Iigure 4.20.

(5) Tue polymer sulohinylredical RSO; can be produced by
irradiation. in sulphur dioxide or by exposure of the
hydrocarbon radicals to sulphur dioxide. The radical iz

stable on exposure to oxygen, and the method affords a

simple way of incorporating sulphur into the polymer.

4.7.2 Radical Concenirations,

(1) The radiation yields of ¥ and RO are very similar,

N

0.984 and 1.02 respectively. The values agrece well with

the values Tound by Libby (55).

A possible reason for obtaining
similar redistion yields is that any peroyy radical produced in
oxygen is decomposed by high energy radiation: to reform alkyl
radicals.

(2) The maximum concentration of free radicals is produccd
by irradiation at low temperaturcs, The peroxy radical however
is not formed when irradiation is at 77 K.

(3) The radical yields from ‘bothl\J and. electron irradiation

are the same.

4.7.3 Decay Rates.

(1) The decay retes and activation energies of all the

is in the

man

radicals studied arc similar, when the decompositios

]

presence of air. The decay processcs are second—order and the

rate is probebly determined Dy the rigidity of the polymer matrix,
The radicals were stable for several wecks at room temperature,

(2) The ROé and R802 radicals are not alltered during the

decay but the hydrocaribon radical Produces an increase Of allyl

o e

radicals during the decay processe.
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4oTod Effects of Tacticity and Crystallinitx.

(1) Amorphous rolypropylene (atactic) can only trap free
radicals at temperatures bGIOW’Tg. Stereoblock and isotactic
polypropylene show similar E.S.R. specira and free radical
concentrations, The ability to trap free radicals is thus
determined by the physical form of the polymer and not by the
chain structure (tacticity),

(2) The radical found in finely divided isotactic polypropylene
irradiated in air is the peroxy radical ROé, whereas in solid

samples the radical initially found is a hydrocarbon radical

mixture that slowly changes to ROé following irradiation.
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CHAPTER YIVZ s CRYSTALLISATION. AND IRLTTNG STUDISS

5ol llelting Behaviour

5.1.1 Introduction

s

Polymer fusion may be treated as a first order phase transition

(135)

For many polymers however, a brozd melting range that may

(136)_

be as large as 100°C, is frequently observed A broad
melting renge occurs when the crystalline regions are small,
causing suvrface free energies (betwoen amorphous and crystalline
phases) to be comparable to the free encrgy of fusions.

The broad range of melting cauvses problems in melting point
gdetermination, and in pgactice, the melting temperature is taken
as the temperature at which the last trace of crystallinity
disappears, when using the slowest practical heating rate. The
methods for melting temperature determination include, dilatometry,
specific heat, optical (polarised) microscopy, and differential
thermal analysis (D.T.A.). The method of measurement, heating rate,

and previous thermal history will each affect the observed melting

temperature.

5.1.2 Experimental

Melting temperatures were determined by D.T.A., polarised
microscopy and temperature — programmed Microscopy. During melting

evolution of gas was observed particularly for samples irradiated

to high doses. This was caused by decomposition of hydroperoxide
groups in the polymer.

Differential Thermal Analysis

The instrument used vas a Du Pont 900 thermal analyser, which.




bagically consists of a temperature controller, D,C. amplifier,

and X -~ Y rccorder, Full details of its construction and operation
are given in the instrument handbook(137). The. reference material
wvas glass powder and the thermocouples were chromel/alumel. The
cold junction of the thermocouple was maintained at 0°¢ in crushed
ice. The polymer sample was placed in a slow stream of nitrogen

at a nominal heating rate of ZOC/min (actual rate = 1.500/min).
After melting the temperature was increased to ZOOOC, held for 10
ninutes. and then cooled at a rate of BOC/minute until the sample
crystallised, The sample was again melted at a heating rate of
ZOC/min° Iultiple endotherms were obtained with the original and
crystallised samples. The melting temperature was taken as the
temperature of the larger peak. This occurred 7 — 8OC higher .than =
peak which was larger for the crystallised samples than the original

ones,:

Polarised microscopy (manual)

Melting temperatures were also determined on a Reichert~Kofler
heating stage with manual temperature control. The sample, between
microscope cover slips was pre-melted at 200°C for 10 minutes and
then crystallised at 115 - 120°C on the heating stage. Using
crossed polars and a final heating rate of about 1°C/min, the meliing

temperature was the temperature at which the last traces of birefringence

could be observed.

Temperature — programmed microscopy

The Du Pont 900 thermal analyser accepts interchangeable

modules for various aspects of thermal analysis. A hot-stage

138
microscope module was designed and constructed by Harvey( ).
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9

A Swift-polarising microscope was modified by the incorpcration of

an insulated stainless steel hot-stage. The temperature was controlled
by the Du Pont 900 and rccorded on the X-axis of the D.T.A. recorder.
A HMullard cadmium sulphige photoresistor (ORP 12) was supported
on a demonsira’ion eyepiece and its output fed via a control circuit
to the Y-axis of the recorder, Illumination vas with a mains—
stabilised 6V 15 watt lamo through brossed.Hicol prisms,

Polymer samples, pre-melted and crystallised between 16mm
cover slips were placed on the hot stage and heated at a nominal
rate of QOC/min° The graphs of depolarised light intensity (D.L.I.)
vs. ‘temperature were used to assess pre-melting changes, melting
temperatures and crystallisation processes during cooling from the
melt, Calibration using benzoic acid and ammoniwn nitrate, shoved
that the transition temperatures observed by D.L.I. occurred at the
same temperature as the D.T.A. peaks and that no correction was
necessary in the'range 100° - BOOOC, provided that heating rates of

(138)

o .
2°C/min or less were used .

50143 Results

The melting and crystallisation onset temperatures are given
in Table 5.1. The melting temperatures obtained by the different
nethods are in good agreement and are considered accurate to + loC.
A seriecs of temperature - programmed microscopy traces (D.L.I.)
are shown in Figure 5.1. The melting temperature is taken as the
temperature at which the trace joins the final baseline. Visual
observation of éhe melting temperature on the Reichert~Kofler hot
stage was aided by the large sphérulite size»and the low viscosity

of the irradiated polymers when molten,
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w—  MNelting curve
—w— = Crystallisation curve
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® g D o
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Fig. 5.1 Temperature programmed microscopy

of polypropylene.A



Table 5.1

115

lielting Temperatures,

Jrradictions at 195 ¥ T / % !
Dose/ #lectron/¥ Progran- D.W.A, Kofler Average Cryst— Cryste |
megarad radiation med liicr— alline allis™ *

- ~oseony . _Trection onset/°C

0 - 172 172 172 172 1,00 134
2.5 E 170 170 170 170 0.96 132 i
3.25 B 169 - 170 169.5 0.95 |
5.0 E 168 167 168 167.7 0.91 132

6.5 E 167 - 168 167.5 0.91

9.75 B 164 - 164 164 0.85

10.0 E 166 165 164 165 0.87 131

13.0 F 164 - 164 164 0.85

16.25 E 162 - 163 162.5 0.83

19.5 E 160 - 160 160 0.78 130 |

Irradiations at Room Temperature
o - 172 172 172 172 1.00 134
1.0 X 169 169 - 169 0.94 134
2.5 X 166 166 165 165.7 0.89 -
2.5 B 166 165 166 165.7 0.89 132
5.0 Y 161 160 161 160.7 0.79 -
5.0 E 162 - 159 106.5 0.79 130

10.0 X 154 - 155 154.5 0.70 128

10.0 B 156 156 155 155.7  0.7L =

15.0 Y 149 151 150 150 0.63 123

20.0 1§ 146 147 145 146 0.58 121

Stereoblock Polypropylene
0 - 148 - 148 0.61 122
2.5 Y 142 - - 142 0.53 116

The average melting temperature as a function of radiation dose is shown

in. Figure 5.2.

Irradiation. at 195K produces & much. smaller decrease

. v o —
in melting temperature than does irradiation at room temperature. The

. s o .
crystallisation onset temperature under cooling conditions (5 C/min)

also decreases with increasing radiation dose (Section 5.3¢3).



Q
170 -
irradiation
160 |
Ambient irradiation
Tm/°C
150 7
140 ' i ' ’

5 10 15 20

Dose / megarad

Fig 5.2 Melting temperatures of irradiated polypropylene

as a function of radiation temperature and dose.
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The temperature ~ programmed microscopy traces show an increase
D.L.I. preceding the melting temperature for some of the samples
tested. This was not observed with samples irradiated to high
doses (> 10 megarad) at room tenperature. The D.L.I. curves of
commercial (quenched) polypropylene film samples (Section 2.1.2)
heated at 2OC/min.are shown in Figure 5.3, The irradizated

sample showvws 2 much larger/inorease in D.L.I. prior %o melting,
than that exhibited by the non-irradiated film. Iﬁdividual
spherulifes of these samples could not be observed at the

magnifications used (200 x).

5¢1.4 Discussion of Results

The melting temperat;re obtained by temperature - programmed
microscopy was taken at the point at which the final baseline
commenced, This produces a slightly higher melting temperature
than in the method empléyed by Harvey (138) and Gilbert(139),
who extrapolated the final steep portion. of the D.L.I. curve to
the continued baseline. This eliminated the final curvature
thought to be caused by slow photocell response, However
(1) low molar mass compounds do not show this curvature;
(2) visual observation shows that spherulites are still present

up to the higher temperature;

(3) the higher melting temperature agrees well with. that microscopically

observed and by D.T.A.
Figure 5.1 shows the melting to be a complex process beginning
well below the final melting temperature. The melting curve of
unirradiated and low dose - irradiated polypropylene can be

divided into several sections

(1) melting of imperfect crystals, beginning immediately-

of
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5.3 Temperafure programmed microscopy of irradiated

and non-irradiated polypropylene film (quenched).
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heating commences and causing a decrease in D.L,I.
to approximately 140°¢.

(2) an increase in D,L.I. probably causéd by an increcase
in the perfection of existing crystals and recaching a
maximum in the range 151 - 155°C.  The peak temperatures
were quite reproducible.

(3) a rapid decrease in D,L,I. as true melting commenced.

(4) a second increase in D,L.I. for which the reasons are

uncertain, This may be caused by sample collapse
bringing more spherulites into the field of view, but
may be of more significance since the peak temperature
coincides with thé:géak observed by D.T.A. Interruption
of the heating programme and holding at temperatures
between the 'peaks! did not cause the second peak to

be affected.

(5) a final decrease in D.L.I. with slow disappearance of

the well-developed spherulites,

Samples irradiated to high doses showed only a regular gradual
decrease in birefringence. This probably results from the imperfect
structure of the spherulites (Figure 5.5 (d) ).

The effect of irradiation temperature on melting temperature
is surprisingly large. A possible reason for this is that
considerable local melting, during;rradiation, takes place in
the uncoaled polymer. In additionsy the energy of the radiation
is probably more evenly distributed when the amorphous regions
of the polymer are in the glassy statg. At higher temperatures
the radiation damage is probably‘concentrated in the crystalline

regions where the free radicals betowe trapped,and at the crystalline/

amorphous interface.
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The decreases in melting temperature are much larger than
those reported by Kusy and Turnort 112) and Rybmikar(lo9) but
Natta et al(l4o) found similar decrcases for thermally degreded
polypropylene. This probably resulis from the smaller particle
sige of the polymer used in this study, causing larger extents
of oxidative degradation, The erystalline fraction calculated
from the Flory equation (1.13) assuming a heat of fusion. of
32,6 kJ mo1~t (141), deereased to as low as 56% of the original
crystallinity fdr a 20 megarad dose at room temperature.
Calculated crystallinities are given in Table 5.1.

The intial G-values for loss of crystalline units, as defined
in 1.3.5 are G{ - cr) = 102 at 195 K and>= 267 at room temperature.
Such large values show that changes of chemical siructure are
taking place in addition to the simple thermodynamic effects on
which the Flory equation is based. A plot of l/’l‘m vs.
radiation dose is shown in Figure 5.4. The change in slope
of the room température series at high doses ig thought to be
caused by the change in spherulite stiructure fcr these sagpples,
(Figure 5.5(4) ).

The very large increase in D.L.I. of tﬁe irradiated guenched
film (Pigure 5.3) is caused by increased crystallinity occurring
becausé of greatly reduced bulk viscosity of the polymer. At

temperatures approaching the melting temperature the crystallinity

. _
js greatly increased compared to the small change in the non

irradiated fiilm., It is probable that similar increases in

crystallinity ocour slowly at room temperature. For irradiated

samples this probably.plays an important part in the deterioration.

of mechanical properties on storage.
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562 Spherulite Studies

Isothermal growth rates of irradiated and non-irradiated
polypropylene were measured and photographs taken of the

spherulite appearance in a polarising microscope,

5.2.1 Experimental

A small gquantity of polymer was placed between microscope
slide and cover slip and melted at ZOOOC for 10 minutes on a
hot plate. The cover slip was gently pressed to produce a
thin uniform f£ilm, The slide was then rapidly transferred to
a Reichert - Kofler mic?oscope hot stage controlled a2t the required
temperature in the range 1300 - 13500. The diameter of a
single spherulite was measured with a calibrated micrometer

Veyepiece over a period of time until it impinged on another
spherulite, The number of spherulites in thé field of view
were counted. Spherulite growth rates of samples irradiated
to doses > 2.5 megarad were not made, because al high: doses
the spherulite was non-symmetrical.

| Photographs of the spherulite structure were taken on the
Swift microscope used for temperature—progrémmed microscopy.

The polymer samples were melted between cover slips at 200°¢
for 1 minute (10 minutes for unirradiated polymer) on a hot
plate, The plate was then switched off and allowed to cool
at room temperature. The cooling rate wvas initially'SOC/min
and decreased to 3OC/min in the range 120 - 130°C. .Photographs

shown in Figure 5.5 were taken on a Beck reflex attachment

camera, using Ilford HP 4 £ilm with exposure times between 1 and

5 secondz.
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5.2.2 Results

my 3 .
The isothermal increase of spherulite diameter as a function of

time is given in Table 5.3 and illustrated gravhically in

Figure 5.6 .

Table 5.3 Spherulite diameter as a function of time at various

temperatures for irradiated and non-irradiated polypropylene

NOH « TRRADTATED | IRRADIATED (2.5 Mrad, § )
Time / Diameter/ } Number Time/ ; Vggéééter/ ?‘ ﬁﬁmber
Min. n in view Hin L em i in view
5.0 153 10 5.5 164 2
6.0 186 . 11 6.5 195 3
7.0 213 12 T 215 3
8.0. . 244 12 8 248 3
9.0 214 13 9 278 3
11.0 ‘; 321 13 10 311 3
132% | 4.0 | 84 18 4.75 89 4
5.0 102 18 5.5 110 4
6.5 132 19 7.0 138 4
7.5 152 19 8.0 160 4
9.0 180 20 9.0 183 4
10.0. 198 20 10.5 212 4
——t
133.5%] 3.5 50 14 3.0 oA 2
o 5.5 L 78 14 5.0 63 2
7.0 97 15 6.5 85 3
9.0 124 15 T.5 97 3
11.0 . 146 15 8.5 112 3
13.0 182 16 9.5 123 3
12.0 - 160 3
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Fig 5.6 Plots of spherulite diameter vs, time

for irradiated and non-—irradiated polypropylene,.



7.0 76 4 8.0 80 1
9.25 96 4 10.0 9 1
11.0 110 4 11.0 113 1
12.0 121 4 12,0 121 1
13,0 131 4 13,0 133 1
14.0 139 4 15.0 149 1
16.0 158 4 17.0 168 1
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Table 5.3 continued

©e e cnrneecoe

The growth rates of irradiated and non-irradiated polypropylene were
found to be identical at each crystallisation temperature and are

given in Table 5.4,

Table 5.4 Growth rates of spherulite radius for irradiated (2.5 MNragd)
and non-irradiated polypropylene at various crystallisation

temperatures.,

Temperature /°C Growth rate / am min™t

130 15.5
132 10.2
133.5 6.8
135 5.0

An estimate of the number of nuclei/unit volume was obtained by

counting the average number of spherulites in films 0.1 mm

thick, prepared using metal spacers. TFor irradiated polypropylene

the nucleation density was 2 X 105 cm_3 and for non-irradiated

. o .
polymer was 4 x 105 om—3, vwhen crystallised at 132 C following

melting at ZOOOC. These valucs must be regarded as approximate
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because of (1) difficulty in obtaining a uniform film without
excessive bubble formation, (2) large variations in the number
of spherulites in the field of view. The sphervlites appeared
to nucleate at two levels in the film, which suggests nucleation

was taking place at the glass surfaces.

5e2e3 Discussion

Figure 5.6 shows thatl nucleation of Spherulité groWth is
predetermined with zero induction time, and that growth rates were
not affected by a radiation dose of 2.5 megarad. The growth rétes
vere faster than those observed by Falkai (142) who quotes growth '
rates of 4.3 and 1.6 mm min" at 130° and 135°C vespectively
(of 15.5 and 5.0 mm min~! in Table 5.4). A probable explanation
for this lies in the higher melting point of the polypropylene
used in this study (172°C compared to 165°C).  Limbert and Baer
(143) have compared spherulite growth: rates of several authors
at equal levels of undercooling, Tm;- Tc, and found good
agreement, The results here also agree well when they are
compared on this basis, Analysis of these results will be
deferred to Section.5.3.3 following consideration of the overall
rates of crystallisation.

Thé photographs of épherulite structure show that at 2.5
' megarad (Figure 5.5 (a) ) the spherulite appearance is similar
to non-irradiated polypropylene, but with an increased tendency
towards crack formation between spherulites. This probably
results from the thid%ss of the irradiated film, but may be
an important factor in causing britileness of irradiated
Spherulite cracking has also been observed in

polypropylene.

144) 44 i
thermal oxidative degradation of polypropylene (164), " 4t nigher
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cos s . s .
doses structural imperfeciion of the spherulites can be

observed (Figure 5.5 (b - d) )

.
The spherulites in polypropylene irradiated at 20 megarad
grew from elongated nuclei, producing oval or rectangular
spherulites. The spherulites initially grew with an open.
fibrillar structure, of dendritic appearancé. Degradation
impurities probably concenirated in the interfibrillar regions
and these crystallised at a later stage as the temperature was
reduced. The final appearance is shown in Figures 5.5 (c) and
(d). At low magnification the structure appears grainy, but
at higher magnification the sheafilike appearance can be seen,
Keith and Padden have observed similar siructures in thermally

(145) and in mismtures of isotactic and

(146)

oxidised polypropylene
atactic polypropylene In the latter case however

the interfibrillar materiai did not crystallise. Polypropylene
irradiated to 5 megarad (Figure 5.5 (b) ) shows an intermediate
level of structural imperfection,

The smaller number of nucleating centres in the irradiated
sample may be caused by the reduction in melting tenprature Tmf
At a given crystallisation temperature Tc, there will thus be a
decrease in the extent of undercooling, Tm:“ Tc’ which usuvally

(135)

causes a reductiom in the number of nucleating centres N

5.3 Isothermal Crystallisation

5.3.,1 Introduction

The isothermal crystallisation of polymers is frequently

. 147
described by the Avrami equation ( )

% = exp ( - k‘tn) evessrcee Dol
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hY L] .
vinere E) i1s the volume fraction of polymer which has not

=t2)lisco + i ST . .
crystalliscd at time 1, k is the crystallisation rate constant

and n is an integer. The equation assumed that nucleation
occurs at randomly spaced locations in the crystallisation
system and that crystal growih then occurs in one, two or three
dimensions to form rods, discs or spheres. For instanfaneous
nucleation, as normally occurs in polypropylene, itwo dimcnsional
growth corresponds theoretically to an Avrami exponent n = 2
and three dimensional growilt to n = 3. When nucleation is not
instantaneous but sporadic, these values are increcased by l.
In practice, the value of n may not be an integer and may change
during crystallisation.

Equation 5.2 can be written as

n /8 = xt” veeee 5.2

or log ( m 1/8 ) = log k+nlogt ...5.3
and thus a plot of log ( In 1/ b ) vs. log t may be used to
evaluate k and n. Computer methods of analysis have also
been developed (139) and are useful where n changes during
crystallisation.
The half-time of crystallisation t%_(when D =132) is

widely:used as a measure of the crystallisation rate. At t%

nd = In - -kt 4" veee 5.4

ol
i

'« ( m =2/ x) Yo ... 5.5

whence +

m .
and k = ln. 2 / t'?)f' ev e 5.6»



Crystallisation rate of polypropylene has been studied by

. 142 .
dilatometry ( ), differential scanning calorimetry (148) and

microscopic investigations (149),

The effect of crystallisation temperdure on rate of

crystallisation has been the subject of several theories (135)

A series of equations have been derived of the general form

2

ink = 1nk0-—niﬂ}L—fK> *Vm___}57
RT TC(AT)2

in which Tm is the thermodynamic melting point, Tc is the

crystallisation temperatvre, AT is T, - T, k isa constant,

ED is the activation energy of.segmental diffusion and f is

dependent on the nature of nucleation and growth. In terms of

crystallisation half-time

2
In 1/.t1 = _1. ( I kO- In In 2) - D - fl TITI
E n —= —
RT 7 ( AT)?
e o o o %
2 : 2 .
A plot of In. l/t%nvs. T / T (AT ) © should yield a
/
straight line of slope £
f’ = 8 -Tr 0_-3 ’ eo s o 5.9

2
R(A}Eu)
in which 6 is the mean interfacial free energy and [&Hu

the latent heat of fusion.

5.3.2 Experimental

Two techniques were used to measure isothermal crystallisation

rates,
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Differential scanning calorimetry

For this work the Du Pont D.5.C. cell was used with the

Du Pont 900 thermal analyser. The temperature difference
between sample and reference is recorded and is therefore a
D.T.A. method rather than D.S.C. as conventionally defined.
The Du Pont 900 was modified to improve the sensitivity, and
the modifications amd technique are deseribed in detail by
Gilbvert (139). The temperature difference Td between sample
and reference was in the range 0.02 - 0.1°C and this was
displayed on a sensitive external recorder (Honeywell Electronik
19) fitted with a disc integrator (Model 352). The sensitivity
range szlected for all runs gave a recorder deflection of 1 inch
for a temperature difference of 0.015300.

10 -~ 15 mg of polymer was placed in an aiuminium sample
pan and a similar weight of glass beads used as reference.
The D.S.C. cell was rapidly heated to 200°C to melt the sample,
which was then held at this temperature for 10 minutes (unirradiated)
or 1 minute (irradiated). The short melt time for irradiated
samples was to prevent excessive degradation but was sufficient
to tﬁoroughly melt the smmples having very;low melt viscosity.
The cell was then rapidly cooled to the -selected crysﬁallisation
temperéture which could normally be controlled to_i_O.loC.

As crystallisation proceeded Td was observed to pass through

a maximum before returning to the baseline. A typical crystallisation.

trace is shown in Figure 5.7 (2). The area beneath the crystallisation

curve was obizined from the movement of the integrator pen. Figure

5 (b) shows the integrated crystallisation curve. When the recorder

trace did not return to the original baseline, linear baseline-

integr T 7as
drift was assumed and allowed for.  The integrated curve wa
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Fig. 5.7 Typical crystallisation curves

(a) Td vs, time
t

(b) At = szﬁy dt vs. time



used to obtain values of t%, At and Lop s

where

[}

.l
N

(o]

W)
jo3
e
o

8
i}

The Avrami equation may be

which can be rearranged to

n = 1 a At

s

dt

A computer program (139) was used to evaluate n for each value
of At’ The program selected values of n

error limit of + 0.2, from which an average value of
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Td . dat

U
ld . dat

written as

- b

(Aco —

=u&- kt "] corr 5.12

Ay

)

e e oo 5.10

eses D1l

within an arbitrary

computed, together with the crystallisation rate constant

calculated from equation

Isothermal microscopy

A Swift polarising microscope fitted with a double hov
stage and photocell was also used for isot

rates. Its design, construc

Harvey

on one stage and then tpansferred with a pu

(138). Samples on dust-

5.6

second stage held at the recguired crys

tallisation temperature.

hermal crystallisatilon
tion and use are described by
free cover slips wvere melted

sh rod to the

n was

ee 5,13
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The depolarised light intencsity as a function of time was
recorded and vas of similar appearance to the integrated trace
from D.S.C measurements (Figure 5.7 (b) ). The results were
analysed with the same computer program used for the D.S.C.
results,. The crystallisation half-time agreed well with that
from D.5.C. measurement but the n values showmed greater scatten
The convenient limits of crystallisation werc found to De
3 minutes and 40 minutes. Faster crystallisations could not
be measured becausce of difficulty in rapidly obtaining the
crystéllisation temperature (D.S.C.) or relatively slow photocell
response (microscopy). Slower crystallisations result in

very flat crystallisation curves and difficulty was experienced

in maintaining temperature control over a long period. In all

‘cases induction period for crystallisation were absent.

5.3.3 Isothermal Crystallisation Results

Plots of in 1/(3 vs time on log. log.paper were
linear, over most of the crystallisation. range, but computer
analysis to obtain Kk and n was preferred. The values of
n listed by the computer,were‘constant (within + 0.2) for

> 70%;of the crystallisation range. The average value of
n waé found to be close to o for all samples studied up to

radiation of 20 megarad. Corrected rate constants, assuming

n =2 are given in Table 5.5 together with other crystallisation:

data. The irradiated gamples were electron irradiated at 195 K

and stored at room temperature for several weeks before

neasurement. Figure 5.8 is 2 plot of crystallisation half-

time as a function of orystallisation temperature for unirradiated

and irradiated samples (2.5 and 5.0 megarad).
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Fig. 5 8 Crystallisation half-times at various temperatures

for non-irradiated and irradiated polypropylene.
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3 ~» 5 L . .
Figure 5.9 shows the crystallisation half-time plotted against

undercooling AT ( = T, - T, )s T, vas taken from

a4 1O [e]
Table 5.1 to be 172°C, 170°C and 168°C for the non-irradiated,

2.5 megarad and 5.0 megarad samples respectively.

Table 5.5 Crystallisation Kinetics Date

. e : N -
?ose/ Techni- Tempe;—;‘ti_ Fverage Tk ox lO3 Corpected
legarad que ature/ 1, 2 by . -ni kxl

0 | D.s.Cc.| 133.8 15.5 2.16 | 1.96 | 2.88

0 D.S.C.{ 131.0 9.5 2.12 5.86 7.67

0 Mic 128.0 5¢5 2.14 | 18.1 22.9

0 D.S.C | 125.0 5.3 1.99 | 38.1 | 37.5

2.5 Mic 133.8 28.6 1.75 1.96 0.85

2.5 D.S.C. | 133.4 29.0 2.11 | 0.57 0.82

2.5 Mic 131.0 14.5 2,08 | 2.67 3.30

2.5 Mic 127.8 7.2 2.03 | 12.6 13.4

2.5 Mic 125.0 4.65 1.84 | 41.1 32.0

5.0 D.S.C 130.6 43.0 2,10 i 0.25 0.37

5.0 Mic 129.8 33.0 2.26 0.23 0.63

5.0 D.S.C.}{ 127.5 18.7 1.99 2.05 1.98

5.0 D.S.C.| 125.0 12,0 1.86 | 6.82 | 4.81

5¢3.4 Discussion
Figure 5.8 and Table 5.5 show that D.S5.C. and microscopy
produce similar results for %he crystallisation rates of

polypropylene., Secondary crystallisation. couses a slow increase

in the latter stage of the microscopy crystallisation curve

but did not affect the D.S.C. curve.
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undercooling for irradiated and non-irradiated

polypropylelle .
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When compared at cqual temperatures, the crystallisation
rates are found to decrease in the order : non-irradicted >
2.5 megarad > 5,0 megarad, Figure 5.9 snows hapver, that
the crystallisation retes of the 2.5 megerad and non-irradiated
polypropylene are almost egual when compared at equal levels
of undercooling. This is not +the case for the gample irradiated
to 5 megarad, presumably because the imperfections in the
crystalline structure, observable in Figure 5.5(b) causcs
additional reduction in the crystallisation rate.

The effect of fenmperature on crystallisation rate can
also be assessed by plotting log crystallisation rate (as log
l/t%_ ) vs 'I'mz / A 12 T, (Figure 5.10). T _ was taken as
445 X, 443 X and 441 K for the non-irradiated, 2.5 megarad
and 5.0 megarad samples respectively. The linear plots
suggest that these temperatures can satisfactorily be taken
as the thermod&namic melting points. Linszar graphs were also
obtained when the temperature function Tm,/ TcéﬁfP vas used,

The slopes for irradiated polymers, -6.8 K are greater
than for non~irradiated, -=5.2K. The slope can be eguated
to 81r8‘—3/ R AHﬁz (Equation 5.8) and thus the change of
slope may be explained as an increase iq the mean interfacial
or a decrecase in the heat of fusion llHa following

energy © ,

irradiation, The total area beneath the crystallisation

curve, A.,, measured by D.S.C. was found to be constant

for each of the samples, suggesting that ZXHﬁ is unaffected

by irradiation. Direct measurement of Zligl using a
Perkin-Elmer differential scanning calorimeter (model 1B)

confirmed thise. Using the literature value of 10.9 k&
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Fig. .5 .10 Plot of log t Vs, Tm / TCABT for irradiated

and non-irradiated polypropylene,
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veat unit(14l)
mole repeat unit s § may be calculated to be Hed x

‘ w3 -2 -2
10 Jm (5.4 erg cm ) for non—~irradiated and 5.9 x 10“3

J m for irradiate -
irradiated polypropylene, These values agres

well with those found by Tamide et al (150)

& =5-6x 1070 J o °.

who obtained

At equivalent temperatures, the crystallisation half-
times of the non-irradiatedpolymer are in good agreement with
s (14
those obtained by Falka1< 42) using dilatometry, Parrini

(150) : )
et al using microscopy, and Godivskii and Slonimskii

using thermal methods (148). The Avrami exponent n = 2

was also found by Godivskii and indicated 2-dimensional
growth since pre-determined nucleation was observed (5.2),
Dilatometric investigakions by Falkai and other workers
gave an Avrami value of n = 3, corresponding to volume growth
on pre—determined nuclei. The explanaiion adopted by
Godivskii to account for the discrepancy is that it results
from: the multi-stage character of the crystallisation process.
The spherulites in polypropylene consist of fine ribbons or
sheets with convoluted polymer chains (152). Such planar
sfructural elements are chiefly responsible for the heat
evolution. In conirast, dilatometry detects the three-
of these structural elements, by its

dimensional packing

effect on the overall polymer density. The Avrami value

n = 2, obtained microscopically, may be due to birefringence

of these planar structural elements, but an alternative and

more likely explanation is that the film thickness is small

in comparison to spherulite dimensions and this causes disc-

like growth. Irradiation does not affect the Avrami exponent
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and thus the same stallisats .
g same crystallisation mechanism can be assumed

for the irradiated polymer.

5.3.5 BSpherulite Growth Rete and Crystallisation

The spherulite growth rate S may be related to temperature

by

) = S ¢} - B *
° P [ _D - AG ] eees 5.14
RT RT

in which S0 is a constant, ED is the activation energy of

viscous flow for transport of polymer segment across the liquid-
. - * 3

spherulite interface and AG i8 the free energy barrier for

formation of nuclei., Since ED 1s cervainly reduced by irradiation

there must be an increase in [SG* to explain the unchanged
spherulite growth rate, This increase in [&G*‘would cause
a decrease in nucleation density and hence produce an overall
lower crystallisation rate. The linearity of log S as a
function: of temperature is predicted by Equation 5.14 and is
illustrated in Figure 5.11 using the data from Table 5.3.

Equetion 5.14 may te deveioped as

2
3 7
S = Soexp{-ED - 8 0'3 m. ] 5.15
BT R Amuz 7 ( A 1)°

2 N2 . .
™ accordance with
A plot of log S vs Tmi/Tc(A)- in ac

equation 5,15 is shown in Figure 5.11. The T values used

were 445 K (non-irradiated) and 439 K (irradiated 2.5 M rad

at room~temperature). The slopes of the lines in Figure 5.12

arc-4.6 K (non-irradiated) and-7.0 X (irradiated) giving

— -3 -2 .
respective values of © 4 5.1 and 6.0 x 10 J m in good
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agreement with those cbtained from overall crystallisation
rates (Figure 5.9).

The spherulite growth rate , Sy can. be related to the

crystallisation rate constant k, by the eguation derived by

(153) .
Horgan ), for three-dimensional predetermined growth
k = A
L wsd oy vees 5.16
3

in which N is the number of nuclei/unit volume.

If the crystallisation half--times are used to calculate k,
using equation 5.6 with n = 3, nucleation densities of 1.1
X 105 for non-irradiated and 0.3 x 105 for irradiated (2.5 ol rad)
polypropylene may be calculated. These are of the same arder
as those directly observed, but better agreement cannot be
expected because of the inaccuracy of the observation method,

and the use of rate constants calculated assuming n = 3, when

this was not experimentally found.

5.4 Conclusions from Melting and Crystallisation Studies

5¢4.1 Melting Studies

(1) Optical and thermal methods of melting point determination

were in good agreement.
(2) A lzrge decrease in melting temperature occurred as a
| result of irradiation of polypropylene in air. The
temperature decrease, incrcased with radiation dose,

and was much larger than that expected to result from

chain scission onlye.
(3) The melting temperature decrease was smaller for

irradiations at 195 K, compared to those at room.

temperature.

(4) Irradiated gquenched polypropylene film shows a mucl:
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greater pre-—m i | i i i
: P melting crystallisation increase in

depolarised light intensity then when non-irradiated

Spherulite Studies

(1)

(2)
(3)

(4)

Spherulites grow from pre—determined nuclei at identical
rates for 2.5 megarad — and non-irradiated polypropylene.
The nucleation density was reduced by irradiation.
Polypropylene irradiated to moderate doses (2.5 and

5.0 megarad) shows a tendency towards crack formation:
between spherulites,

At high doses, polypropylene spherulites grow in a
distorted manner, and produce open sheaf--like

structures.

5.4.3 Crystallisation Studies

(1)

(2)

(3)

Isothermal crystallisation rates of polypropylene
by D.S.C. and microscopy agree well, giving similar

crystallisation half-times and an Avrami integer

n=2.
At egual temperatures, irradiated polypropylene
crystallises more slowly: than non-irradiated

polypropylene. At equal undercooling, 2.5 megarad

and non-irradiated polypropylene crystallise at equal

rates.

Theories of the effects of crystallisation temperature

on crystallisation rate can be applied to both:

non-irradiated and irradiated polypropylene.
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6.1 Thermal Stability

6.1.1 Introduction

The progress of pyroly_iic decomposition rezctions which
produce volatile products can bhe dotermincd by continuous
veighing of the sample the techniguc being known as
thermogravimetric analysis or T.G.A. The fraction of the

substance not yet decomposed, y, is relatcd to the weight,

W,, at time 1+, by the cquation

"
y- = .w.t - "Tuo e s o0 6.1
WO - Ve
vhere Wo and Vo are the initial and final weights.

For isothermal pyrolysis the reaction rate is given by

“‘dy kyn L X 4 6~2

oo

at
in which n is the reaction order, which is frequently found

to egqual one.

. s
Most T.G.A. measurements are made in a manner in which the

temperature T is a lincar function oI t, i.€.

T = T + u't cece e 603
o}
wvhere u is the programmed heating rate.

be t -rhenius equation
If the rate constant k obeys the Arrhenius equax

k = Ae-E/RT oo s e 604

. i ed i for a first order
then the cquations can be combined to give (for e

reaction )
- B/RT
e ,dt e o e 6 & 605

i
i
2ir



Bgquation 6.5 may be integroted to

. 1/ A T ~5 /R
: = - e °c 6~t ® e 6 ¢ 6 e 6
¥y u p
o
Various approximations for the intogral in Bouation 6.6 have
o¥e ) Ty Ty - . . 15/ 3
been mode, by Van Lrevelen et al. ( 'l), by iorowitz and

(155) )

N

o s 15 .
liet zzex and by Broido ( + Broido has made theoretical

calculations which show that the relationship

1 -1
In  In = = e ( -1-) + const cee. 6.7
y 0.960 R T

is the most accurate of the three methods. For %he range
0.999 > ¥y > 0,001 %he error in B obtained from the slope

of 2 plot of 1n 1In 1/ ve l/T

¥ is less than 0.4%,

6.1.2 IExperimental

The thermal decomposition of polypropylene was mceasurcd
using the Dupont 950 thermogravimeiric analyscr module attached
to the Dupont 900 thermal analyser. The weight of the sample
is monitored as a fuaction of temperaturc on the Z -~ ¥ recorder

of the Dupont 900, Tsothermal operation is also possible in.
Details
(157)

. 8 o L0043 A
which the weight is measured as a functlon of time.
of its construction are given in the insirument handbook

The sample is held in 2 plati num boat attached to a

balanced quartz rod. Change in weight causes a movement of

nich 1 : ho- trically and recorded on
the rod which is detected photoelectrically &n

the v- axis of the recorder., A thermocouple in the vicinity
- — 2 rder

e . Aerature which is disvplayed
of +he somole boat measures the temperature wnlcl 18 GISDLAS

. . nle was maintaine
on the X—axis. The cold junction of thermocouple was maintained

o,. . )
at 0 C in crushed ice.
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Fhe Following operation conditions were normally used

bample weight ¢ 10.0 mg

Temperature scale : SOOC/inch

Initial weight scale ¢ 0.2 mg/inoh:

Inital suppression ¢ 9.0 ng

Final weight scale : 2.0 mg/inch

Final suppression ¢ O nmg

Heating rate : 15OC/min

Atmosphere flow rate 1 BCRI (Ez, 02, or Air)
Time constant t 1 second.

For increceaced accurecy during the early siages of decomposition
most runs wvere made using a 9.0 mg suppression and Y-zxic scale

of 0.2 mg/inch, Tais expanded *the whole of %he first 10% of

the decomposition to cover the Yiaxis span (5"). The suppression

. . . . /. . -
was removed and a sensitivity of 2 mg/inch used during the

remaining 90% decomposition.

6.1.3 Results

Tllustrative T.G.A. curves are shown in Figure 6.1 (nitrogen
atmosphere) and Figure 6.2 (oxyeen). Table 6.1 gives the
temperatures at which degradation commences and at 10, 20 and

o, . L
7 . LU B o5 reases 1 S a8.5¢
100% conpletion. The weight loss at 275 C increases on siorage

and is largely determined by the ROZH.Conccnt?atiOﬂe
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Teble 6.1 L.0.A. dota, (Isotactic polymer unless stated)
-:3:";-;3 .@&Q:.‘.L_J&f@"_\ SPEERE ¢ leating rate s 15°C/min
‘m0§*“”aﬁ ’ i 0% 1op 20% 100% e
! Isotactic (0) - : 340 435 455 505 | 0
' 4+ 5% Tonox 330 - ] 325 470 495 530 0
Atactic (0) - ? 95 430 460 500 § 1.5
' Stereoblock(0) - ; 280 425 440 490 % 0
2.5 (8) 1 é 200 430 460 500 % 0.4
2.5 (¥) 140 é 160 425 445 500 | 0.7
5.0 (&) 1 170 405 435 500 0.3
5.0 (E) 70 | 170 400 430 495 | 1.2
5.0 preheated at 70 330 405 430 510 -
260°C for O mins
10(E) 1 155 410 455 490 0.5
10 (B) 5 150 400 440 490 0.8
10 (B) 60 140 400 430 490 2.4
10 (B) 390 130 395 450 490 | 4.0
10 (B) + 5% Tonox 5 200 450 480 540 0.T
20 (Y) T i 150 380 430 500 2.0
20 (Y) 60 | 130 365 420 495 | 6.2
20 (Y) 140 | 110 375 400 495 | 6.9
20 (Y) 365 i 110 320 400 490 | 9.0
20 (Y) 700 % 105 260 385 470 | 12.0
20 (Y)+5% Tonox 60 | 80 330 405 495 + 1.9
2.5 in 50, | 1335 420 440 490 | O
| 2.5 in 10 ) o8040 455 490 | O
2.5 in IL, 1200 45 40 485 | 0.2
2.5 in N 1 210 405 430 450} 0.3

2
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Table 6.1 continved
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® 69 o0

ATR ATLHOSPHERS

60 155 235

0 - 205% 220
0 + 5% Ionox - 230% 305
2.5 (Y) 140 190% 210
10 (E) 5 180% 235
10 (B) +5% Tonox 5 1.80% 250
o0 (X)) 140 140% 190

2.5 (8) in SO 1 215 250

2

245(1)
310(4)
215
245
265
205

255(1)

390 5.0
400 26,0
385 3.5

245(1i) 100

310(1); 0
380 E83
340 i56
420 i 28
320 %80

255(1) 100

¥ Pemperature at which maximwn. weight

occurred prior to decomposition

(i) Ignition occurrcd

ﬁ= Irradiation and storage wase 2% room

temperature
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Isothermal deccmposnitic - : o
LS | iZhLoaecaoern St o e e a; A -
hl ). Tlon rates o " 180 C m O}_'y ,TG n were

P I < T arayyn . .
meosvred for polypropylenc irrediated to o dose 01 .5 nmegorad
D 2.5 megorad

and 1oy non-irradisted e . . . A
and 1 I-lrradieted polyprovylenc. Toble 6,2 cives the

results obtained end Ficure 6.3 is a plot of lop. . W,  vs
' “10 "%
time for each sample.
. 7 o - - .
Table 6.2 Isothermal decomnosition of polypropylcne in
Ry O(
oxygen at 1807°C
Irradiated Non irradiated
m4r 5 1y mnap i
it ] i i 3]
Lluc/mln nt/:ng Llne/mln Lﬁ/ng;

0 10.00 0 10.00

4 9.55 10 9.97

; 8 9.02 16 9,88

12 1 8.44 20 9.76

15 8.04
20 7.40 28 9.14
30 €20 34 - 8440
40 5036 40 1.80
50 4.5T 50 6.80
60 3.95 60 - 6.00

. s e Ter B
Figure 6.3 shows that the decomposition 15 first order but

- - - B iy} + hy
that Tor non—irradiated polypropylene there is an inductiion.

The ratc constanis obtained from

pu

period of about 20 minutes.
the slope ( = ﬁk1/2.303 ) of Figure 6.3 were

0.0157 min~» (ixradiated)

e
I3l
It

0.0130 nin~y  (non-irradiated)

w
it



‘ 1.00 "€

0.80 1

1
og Wt

©® Non —irradiated
B 2.5 megarad

20 40

Time / min.

Fig. 6.3 Plot of log WtAvs. time for irradiated and

non-irradiated poly

propylene in oxygen at lSOOc,



Mhc I € ~ o B ol AN - . [ |
bhe decomposition of froshly irrcdicted polymer (2.9 megerad)

Yo s e 0o 3 NETS E 3
was measvred in a scrics of isotherial neasurements to oblain

" the activ ation o o f - 2 - 33 1 i
the activ ation emergy of vhe decomposition in nitrogon.

4y ) saults elve 3 e .
The results given in Table 6.3 vere obtained Ly increcasing the
iner ing the

LA .
temperature,steps and mecasuring the slope of the weipht  wvs.

time graph at each temperature.

Table 603 First-order deconposition rate constants of

irradiated polypropylene in nitrogen

0 o=l
Temperature / ~C kl / min

328 0.00065
357 0.00298
379 0.00724
398 0.0198

426 0.0600

449 0.195

l . . s T3 17
An: Arrhenius plot of log . k, vs /T is shown in Figure 6.4

from which the activation energy is found to be 157.0 kJ mol .

6.1.4  Discussion

i i a 2 at which weight
Irradiation decreases the temperature TO at whic z

loss commences. T  occurs in the regiom of the meliing point
o

. . g o Veirnt decrcase in th
and decreased with radiation dose. — Welght decrease dn BAC

~ K}
. ; o 1 irradiated polymers of high
initial stages, except for stored 1rradis P

. M - 0
. S s e bably duc to evaporatior ol
hydroperoxide concentration is probably du i

i 2 a. hemical degradation.
low molar mass species rather then chemics &



-0.6
-1.27
-1.87
log k1
-2 .4
-3.04
¥ T 1
1.40 1.50 1.60
10 17t kT
Fig. 6.4 Arrhenius plot of log kl vs. 1/T for thermal

decomposition of irradiated polypropylene in nitrogen.



inalysis of the T.G.A. curves i : -
Analy f the T.G.A. curves by pl:tting in In & Vs L
N T
o P e . S
to obltain activation ethergies 1s shown in Wigurcs 6.5, 6.6,

. - 3 - NI . N . .
6.7, and the activation energles given in Table 6.4

Freshly irradiated polypropylene was found to decompose
with steadily increasing activation enerey (Pigure 6.5) bt
cther decompositions could be divided in%o 1, 2 or 3 linear
oS e o f 1
seclions of the 1n 1n -§~ plot. Temperatures corresponding
to 1, 25 3, 55, Ts 10, 20, 30, 40, 5C, 60, 70 and 80% weight
loss were usced in the construction of the plols. We was in
all cases found %o equal mero, i.e. with no solid residue.
The stabiliser lonox 330 was Tound to have a2 single activation
energy over the deconmposition range 1 - 90%. This shoved
that the method of anzlysis was applicable and that changes of
apparent activation energy were not coused by instirumental
effects such as non-linear heating rate. Linecarity of the plot
for freshly irradiated polypropylenc was not improved by
plotting the avpropriate functions for zero and second order
Processes,

When the irradiated samples had been stored for a long
period, the decomposition occurs in separate stoges, shown in
Figure 6.6 for a sample irrediated to 20 megarad, A moderately-

L - . e o
high activation energy, 70 kJ mol ! is initially found (£215°¢C)

followed by a stage (215OC - 377OC) with a very low apparent

activation energy (12 kJ molml) and slow decomposition rate.

. 3 E -P"
The low activation cnergy 1S however only an apparent effect

reflecting the virtual lack of reaction in this temperature

o e « - S b | . »
range. At temperatures > 37770, decomposition again becomes

-1 .
~ T ‘ .1
rapid with an activation encrgy of 104 kJ mol™". Figure &

. . ~ LS mm ition
clearly shows the stepwise character of this decomposil °



4 .04
3.0+
2.0]
in 1In 1/y
1.0
Non-irradiated
¢® 2.5 megarad, stored 1 day.
] 5.0 megarad, pre-—heated
at 260°C for 80 min.
0.0 |
1,3 1.4 1.5 1.6
3 .-1 -1

107 T / K

Fig 6.5 Plot of 1n 1n 1/y vs. 1/T for irradiated and

non—irradiated polyprdpylene innitrogen.



In 1In 1/y

Fig 6.6 Plot of 1n 1n 1/y vs. 1/T in nitrogen, for poly-

_propylene, jrradiated to 20 megarad, stored 70 days.

.



A Non-irradiated
® 10 megarad, stored 4 days.
4 OQ = 2.5 megarad, stored 140 days
3.07
2.07
1n 1n 1/y
1.0 7
0.0 A1
' 1.9 2.0 -1
1.7 1.8 ' 1
.-1 -
100 7 /K
. 1/y vs. 1/T for irradiated and
Fig. 6.7 Plot of 1n In

i i - p y]. ‘i(‘\’py

no
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Table 6 / ILYL(J,,_JS 3 of T.G.A, curves in nitroren for

polypropylene irradisted and stored in air.

| }‘“olg-mer ?T dose ES"GOI‘agc By / *”“PCI\;UL i)c.;c ‘,).\)gll‘glon‘é
o negarad Q/day ka . Range / o ; Rene / c
} o mo1 "t i 'l
Isotectic (mom-irm) - 102 346 - 398 17
Isotactic - % 190 398 - 447 7 - 80
Isotactic + g@ fonox ‘ - ‘ 109 366 — 490 % 1 .~ 15
% T % 400 3 490 - 523 é 15 - 70
Atactic (non-irr) ‘ - 144 285 — 451 1 - 15
-8 i 451 - 470 15 - 60
tercoblock (non—irn;‘ - % 125 é 342 - 422 | 1~ 15
% - | 190 é 422 - 471 15 ~ 80
Tonox 330 |- 155 | 323 -~ 458 1-90
2.5 (B) 1 Variable 345 - 498 1 - 90
2.5 (Y) 140 96. 348 - 423 1~ 10
140 200 447 ~ 479 20 - 70
5 (8) 1 |Variable 345 - 485 1 - 90
5 (B) 70 105 355 — 432 3 - 20
190 432 ~ 463 20 - 60
10 () 1 Veriable 337 - 485 1- 90
10 (B) . 390 f 39 186 —~ 240 1 -3
| § 11.5 240 -~ 331 3-5
116 | 400 - 465 | 10 - 60
20 (%) . 140 % 70 170 - 215 | 1 =5
| 12 1 215 - 377 5 ~ 12
104 2 377 — 476 12 - 80
i 20 (X) + 5% Tonox | 60 | 78 156 -~ 198 1-5
| 1o | 198-332 | 510
i 181 332 - 484 10 - 80 |
i [ - T B —_
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Table 6.4 continuved ....

| !
2.5 (&) in 50, 1 142 ¢ 362 -426 . 1 -10
188 426 — AT4 f 10 - 70 ,
2,5 (B) in NO 1 150 385 — 435 1-17

The initial weight lose is almost certeinly caused by hydro-
peroxide decomposition, The weight loss that has occurrcd

at 27500 (Table 6.1) is correlated with the hydroperoxide
concentrations mecsured by iodine liberation in Table 6.8

(page 153 ). | A sample irradiated to 5 nmegarad and stored for
140 days, was decomposed isothermally at 260°C.  The sample
lost weight rapidly until 1.2% had decomposed following which
further weight ioss was ncgligible.,  After heeting at.260°C for

0 - e
80 minutes the sample vas heated at 15 ¢/ming no further weight

loss occurred until 33000 but then decomposed with a uniform

L . ; ~ T - my 4 5 02 e comparcd
activation energy, of 141 kJ mol This value may b E

L - 1 . . L : L n
{0 that of 157 kJ mol 1 obtained in the series of isothermal

measurements (Table 6.2)e

. . P P
It may be concluded that followlng decomposition of the

hydroperoxide, the irradiated polymeT is relatively stable and

3 Liom s relv thermal similar to non-
that further decomposition: 18 purely %h(.

Fad m
mhe latter stoges Oi the T.G.A.

<

irradiated polypropylene.

measured. Attempts

. . 0 R - Nt 1 ot
traces were quite similaer for most samples
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TE T adce - N [ .
wvere made to identify the Products of the hydroperoxide

decomposition by gas ohroma%oxraphy of samples heated to
- 3 L il ) 1L Ce L

]
160 - 1807°C, ne gas o tog r
The gas chromatogrem proved to be comples

however showing 3 major peaks end at least 24 minor peaks

Hass spectrometry confirmed this observation,

The presence of anticxidant, Tonox 330, cncouraged the
decomposition of hydroperoxides as may be obscrved by the
reduction in To from 130°C to 80°C for o stored 20 megarad
sample. Ior freshly irredizted snd non-irradisted polyner
there is however an increcase in the tewperature at which
welgnht loss occurs.

Semples irradiated in gases in which peroxy radicals are
not formed on exvosure to zir (niiric oxide and sulyphur
dioxide) show degradetion similar to the non-irradiated
polymer i.e., high TO and no weight loss at 27500. The T.G.A,
curves of samples irradiated in niirogen znd hydrogen are very
similar to those irradizted ‘o the scme dose in air. This is
due to the immediate conversion of the hydrocarhon radicals
to peroxy radicals on cxposure o air during the initiel
welghing,

Air aend oxyren atmospheres

3 =7 53] ar ) 144
The . G.4 curves in oxygen freguently shoved small initial

. . . ¢ o 1 bsorpti oxygen., This
incroases in weigat ( << 1) due to absorption of oxys

- c1 o3 oht log The 8% welight loss
vas followed by a rapid veicht loss. The rate of velg

. . e gt the —irradiated polymer
and activation energy was largest for the non poly

o 0, m
s sk ‘ -0 5] ; F 129 at 240 C The
and ignition occurred 2t & weight loss of y o

. O e temperature but
irradiated polymer began to decombosc at lo p




- .
1id so wore siteads c s L

did s ore steadlly and without ignition. The In 1n L

& . The 1 =

¥

1
vE . /m plots are given in Pisure § ]
" & 1 1n ¥igure 6,7 and corresponding

b pry ok S Ay o ey 3 .
SCLIVRALLOMN Ol’l'.?,,.-glgs in T&OIO 6,5.

Tf’,ble 60{' AYlf‘;‘. Arera e oMo A . . .
5 nalysis of T,G.A., cvrves 1n aly and oxyren

Polyne - dos Lom | :
Polynmer ox dose Storage R,/ Pomprrature  Docoanosition
in negarad / aon N ST g Decommositi
& 2y KT Range /°C  ©  Rense / %
--1 i
rnol

S——
Isotactic (non-ire) mii-_ 259 z 243 — 231 ¢+ 1 - 10 %
- 100 281 - 363 | 10 - 90
o0 (¥) 60 66 151 =193 . 1-5 2
31 0 193 - 242 5 - 15
64 242 ~ 361 | 15 - 90
2.5 () 4in SO 1 275 261 —~ 274 1-3
% et 315 ) 3 10

Isotactic (non-irr) -~ 482 210 - 220 1 - 10 (i)

+ 5% Tonox - 428 | 290 - 301 1 -7 (3)
2.5 (B) 140 341 197 - 210 1 - 10

200 © 210 - 243 10 - 70

U T—

25 243 - 305 70 - 90
10 (1) 5 190 208 - 252 1 - 20
5 72 250 — 310 30 - &0

20 (%) 140 100 165 ~ 235 2 ~ 60

2.5 (£) in 50 1 208 227 - 251 1 -7 (i)

2 i e TS e A e § AR S

i iia : in ai ess stated
N.B. samples were jrradiated and stored in air, unless

(i) = ignition




M ~ dos L
The entioxidant. s 22 . ~ .
05 Ianox 330, was effcctive in increasing
[

1 oS A R - ; . . ..
10 ior irraclated and non-irradiate

>

L sanmples. Polypropylene

Smradiatoe ' et | P . . .
irrediated in sulphur dioxide showed much gieater thermnl

stability thon when irradiated in air. The T.C.A. curve
e - oliedle 2 U] 3]

& PR S N . . )
(QO? sample) was similar to that of non-irrediated polypropylenc

(=N

- 3 - - ~ A N . . .
but without an initial weight increcse.

The lower decomposition temperature of irradiated polypropylenc
is probably becauvse there is no induction period preceding
decompogltion, wﬁereas such an induction is found for non-
irrediated .polypropylene (Figure 6.3). This was also confirmed
by direct measwrewent of the volume of oxysen absorbed in the
temperatuwre range 100° - 13000. The non-irradiated polymer
showed an induction period before absorption steadily occurred,
whereas none vas present with irradiated polypropylene.

P.G.A. curves in air were brozdly similar to those in
oxygen, but cdecomposition temperature were higher and rates
of degredation less, Polypropylene irradiated in sulphur

dioxide showed slightly greater thermal stability than non-

irradiated polypropylene.

6.2 Hydroperoxide Analysis

6.2.1 Experimental

s

% ‘ sur wdroperoxide concentration
After some attenpts to measurc hydroperoxid E

(=g 3 1.’ -
by infra~red spectroscopys it was found more suitable to use a

technigue of iodine 1iberation under acidic conditions, 1n wvhich

the reaction
- A 0+ E.0
RO+ 21 + 2B > 12 + ROH: + 2

o

took place,




0.100 g of polymer we ] s
N potymer was refluxed in 5 om” of spectroscopic

§ . ). . K
) e e ~ . N o i
grade methanol with 2em” of agueous potassiwn iodide (1 ol am

. =)

and (.6 cm3 of purific »1 oo » -
c ° ! purified glacial acetic acid for 10 minutes under

nitrogen, 5 om3 of aoueou

0]
'3

ovassium hydroxide (l mol dEB)
vere edded and the mixlure cooled. Addition of the base,
which buffered the mixture at pH = 5, elimineted oxidation of
the ilodide during measurement, The solution was filtercd to
remove the polymer and the solution analysed speciroscopically.
An absorpltion maximum vas found to occur at 370 nm. The
absorbance was measured at this wavelength using a Unicam. SP 600
with 5 mm silica cells, using standard dilutions if nccessary.
Distilled water was used in the reference beam and blank runs
without polymer gave zero absorbance, Duplioate analyses

were made and found to be reproducible to i_4§. It is possible
that not all of the hydroperoxide in the polymer reacted, but

prolonged reflux for 2 hours pave only 2 slight incrcase in

absorbance and may have becen due iIn part 1o atmospheric oxidation.

The iodine conceniration was calibrated by the usc of

. - -3\ ...
potassium iodate solution (10 3 ol am ) which wvas added to

tassiun iodide using the same total volume

acidified methanolic po

as in the polymer analysise. The iodine concentrations were

. S RTINS .
calculated from the following reection equation @

- + .
103 + 517 +6H._5>3I2 +3H2O



66202 Results

o NSRS

0 . PN -
Pable 6.6  Coelibration Bata for hydroperoxide anal

yeis

7 a0 e R oh St ssara i

L o
Volume Sf lOmsi loles of Absorbance IAbssgg;ggé
mol dm~ KI0./ I, liber~ | at 370 mm x 10°/ I, |
Cm3 f ated x 106 in 5mmcellsg moles

_6‘Mﬂmuﬂ-,w“mm{wwumahm._“ummwwum,o MWWM_W“VWw_:fHM‘nMWW
0.05 0.15 0.12 0.80
0.10 0.30 0.225 0.75
0.15 0.45 0.355 0.79
0.20 0.60 0.47 0.76
0.25 0.75 0.59 0.79
0.30 0.90 0.70 0.78
0.45 1.05 0.83 0.79
0.40 1.20 0.925 0.7T
L ) - ) ) B j
The iodine and hence hydropcroxide concentrations were

calculated from the absorbance using the averazge value of

0.78 //* mOlG,(gfom A\ \ot  coloma ogj‘o‘\o\e CG)
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Table 6.7  Hydroperoxide ntrat

P concentrations for polyprupylene
irraciated ond stored at room temperature

“Dose/ | Storage/dey

Absorbance Hydroperoxide

: conc’ / ‘
a b a e e m me v v . e e | j&mO]. gul :

i 1
BT o 0.04 | 0.51 }
| T 0.06  0.77 }
28 0.11 ; 1.40 i
| 56 0.145 .85 |
| 90 0.15 | 2.45 %
{ 130 0.225 2 2.80 |
i 190 - 0.29 | 3.70
| 315 | 0.42 5.40
i 365 % 0.45 5.75
10 | 0 § 0.07 0.90
E 7 i 0.11 1.4
* | 21 ; 0.175 2.25
1 30 % 0.26 3.35 |
t 49 é 0.32 4.10
| 119 ; 0.84 11.0 ?
| % 210 % 1.06 13.6 |
& 315 % 1.37 17.6
| %5 4 LT o el
1 B |
| g ;
15 : 365 i 2.30 ]
| ~ o s o i S
20 | o | 0095 | 120
E E 365 é» 3.5 40.4

B i
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68 vime on hydronperoxide concendretion

iz shown in Vigure 6.8 fo orepyle:
; . r polywvropylene

neenrad e POPOT O . .
10 megrrad. Lhe hydroperoxide conconiration ns a function of

B PR P NS S TP veen -~ 3 vy N
radiation dose for samples stored for 365 days is shovm in

Pigure 6.9,

b N R T a . . . -
ne councentration of species that libervates iodine From

}..
o]
Q,
'_J .
e
o}
A3
o

sswied to be accessible hydroperoxide groups, can be

SRTNS

seen to be vepy eopell immediately following irrvediation. This

o]
o
3
]
o
v
o+
&
<l-

nat the peroxy radical itself is cither not capable

of oxidising iodide iong or is trapped within crystallinc regions
not penetrated by the reflux nixiuvre. The hydroperoxide
concentration increases sicadily following irradiation and is

P

st11l incrcasing more than one year after irradiation,
The hydroperoxide concentrations may te compared to the

initial RO, conceniration measured by E.S.R. which for room

2
-1 -1
temperature irradiation were 1.67 mmol g and 4.83 /k\m01 &

for 2.5 and 10 megarad reppectively. It can be seen from
Table 6.7 that after storage the hydroperoxide concentrations
are scveral times greater than the radical concentration.

Villioms (159 ) has similarly observed thet polyethylenc

scule T , adical in post
conswurnes more than 4 oxygen molscules per free rad pos

. L. T 21 Ss
irredintion oxidation. It is evident that the choin proccss

Ro,” + ML > BT+ RO5T

]10 + 02 ——ﬁ- ROZ'

. : fore rTecombination of radicels
is ropeated several times before recomninat

occurs,
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in polypropylene, 1 year after irradiation.
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The time scale over which the hydropsroxide conceniration
T AL sentration

i - increases is perhaps

sweprisine “ oo PP .
SUEPTLSIing when the free radical concentrations

+their deca e e ‘ .
and theilr decay rates are censidered, Assuming an cveroge

n n 0
: T LOTH e srat11e o ' o s ..
labore ¥y temperature of 18°C, for which the radical decay rate

constant (SeCtiOD-4a3.3) is calculated to be 2.52 x 10727

lical -1 . ol Ly C .
(radical /g)™" min™, the remaining redical concentration aficr
- . 1. ~15 -1 - -
365 deys would be 7.6 x 1077 g7 (1.26 x 1079 mol gV) ana

.. enfrallon
Ol‘l{jlnal COHCA arger

would be < 1% of the

10 veeks, This

should causc only very slow reaction rates.

Bhe hydroperoxide

growth may therefore involve processes in which some existing

hydroperoxides decompose to produce radicel sites from which
further chain reaction. develope.
The hydroperoxide concentration may also be compered to

the weight loss in the initieal stages of T.G.A.

o

in nitrogen
(Table 6.1). Table 6.8 compares the weight loss at 275°C to
the hydroporoxide concentrations interpolated from Figure 6.3
for the, megarad sample. The number of repeat units lost, for

each hydroperoxide group is also given.

. N K e P ¢’
Table 6.8 Comparison of hydroperoxide concentration and %

On . = - s
weight loss at 275 C in irradiated (10 megarad)

| polypropylene.
irradiation 4¢Lmol g i hydroperoride i
' growp
,___wmw;.“‘qw mw»,wma:96 - o 1o
5 1.30 0.8 146
| 60 5.2 244 109
390 20.8 4.0 46 .
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o 3 2
the data dn Table 6.8 show that the initial weight loss

230
in the thermal decomposition of irradiated polypropylene is

caveed by the presence of hydroperoxide groups, Kach hydro-
peroxide group causes the loss of hany repeat units from the

polymer chain,
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CHAPTER SEVAN @ GRILAL DISCUSS T
5 tOGEIE2AL DISCUSSION AYD CONCLUSTONS

Detailed discussi ana i
11scussion and conclusions of each arez of

measurement or stu as ¥ : c .
- study, has been given in the appropriate chapler.

is chaptes iciders the gener i ;
Th pter considers the gencral conclusions that may be mode

erning th vPfects of ionisir adinti
concerning the c¢ffccts of ionising radisntion on polypropylene.

7.1l Discussion and Conclusions

P

7.1.1 Bffect of Radiation Tvpe

In all arsas of study both ¥ and eleciron irradiation
produced identical effecis in volypropylene for a given racdization

dose. This is perhaps svurprising when the duration of irradiation

2

ig teoken into account, since the lengta of time in contact with

K ~irradiation was more than 1000x greater than with eleciron
irradiation, In this study the use of finely divided polypropylenc
powder has eliminated the effects of diffusion-controlled oxidative
processes, but with bulk specimens such processes are expected to

causce differcnces to be observed with the different types of

radiation.

7.1.2 Effect of Radiation Temperabure

- ~lves o [e129%4
Large differences were observed in the G(-values at 195K and
- i ssion (from I and loss
at room. temperature, for poth chain sclssion (from Mo ) ¢

i i rast, the B.S.Re results
of crystalline units (from Tm). In contrast, the & .

: i on 7 s1irht temperature
of free radical concentirationy show only a 138 P

effect, Table T.l ;1lustrates this.
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Table T.1 G—values for ¢ . . .
¢ 1 ues for electron-irradiatend polypropylene at

[oell S PR
195K and ot roon temperature

195K R Ten
Gvalue oom Tenp GRTemp/(}195 |
%G(s) 2.00 5eH2 2,76
¢( ~cr) 102 267 2,61
G(Ro?_' ) L 0.78 0.63 0.81
k:;w“ S e e mensdeens e et S e e Dt

Assuming random molar mass distributions.

fhe smaller free radical formation (G (ROé ) a2t room
temperature is explained by the bimolecular decay of radicals
guring irradiation and before measurement, The initial process
in radical formoiion is loss of a hydrogen atom from the 'cage!
in which recombination with the parent radical can take place,
A small hydrogen atom can presumably escape from this cage even

at low temperatures.
n ! \ .".I >
liolar mass decrease, however, will only be observed wien

there is movement of newly-formed chain ends away irom one

another so that scission becomes permonent,  This will

undoubtedly ve favoured by the additional mobility that the

nas tronsiti jemperature. The
polymer has, when above the glass transition temr .

. e , .
radiation temperature cffect on melting temperature can bhe seeln

h) ey - Fal
ia in T ‘ncreased mobility oI
from the C—value ratio in Table T.1. 1

sidery ssist loss of
the polymer matrix can thus be consilc red to assis

. . . . + hain SCiSSiOno
crystalline units 1n addition w0 Gk

o ; < L i 3 g [J-Ozur) cXa nre
lL] lhO ¢ L Cca i o 1h g mass 81'1\] me 1-{' in >
21 ~-')h. b h.o aecr €] se in f) 1 ‘; *

Co y C < t T i crea SC
T Si Hllll t m.,lulIL tenm )\,I‘cl pure ac
* [ ne Ouul [ ihe 1 ,LI‘éG : S

. seine molar mesSSe
. . . terms of decreasing
is not explicable solely in €
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EOI‘ = "':‘p € - ". ) 11 v 68 ‘
e XA X C(].Ll() 10N in l‘I j] (O} 3 { - i P !) ] 5 1C Y
< S ‘ -4 G OO’O\)O (nOll 1I‘I“,~Ql€"(rcd DO 71 )

to 31,000 (caused by a 10 mesarad a
Yy & 10 megarad dose at roon temperature)

would not be cxzpected, in itself, to cause the reduction in
SN o) 0
m from 172°C to 154°C 5 is T 3 i
- 1 54 C that is found, Considerable chances in

chemical structure (viz. hydroperoxide formation) ave alditionally
responsible for the decrcase in Tm and the consequent large values
of G (-~cr).

Irradication temperature effects have previously been
observed with polyethylene (160), where those properiies
determined by crosslinking, show e marked temperaturc cffect,
vhile hydrogen evolution shows little change with temperature.
Charleshy (6) has sugnested that the temperature effect is a
characteristic featu%e of certain types of radiation induced
reaction, which may serve as a method of classifying chenical
reactions in terms of fast and slow radicals. Because of the
limitation of the irradiation facilities employed in this study,
it is nol possible to.say whether the temperature effect on

Hv and Tm ig gradual or stepvise.

Tel.3 Bffect of Storage

The major effects of storing polypropylene after irradiation

i i i - adi y ~ation and an
in air, oc2 a decrease 1N peroxy radical concentration €

s ] IS, g
increase 1n hydroperoxide concentration. However, the process

; . | hed rison of the two
is not a simple equimolar conversion and comparils

i hat » after irradiation ap roximately
concentrations show that 1 yeal afte:x P
ecach initial radical.

) . _ d for
4 hydroperoxide groups are formed foI

. . . - sonihs after
The hydroperoxide concentration ipereases for many moOnuvia® <

dical concentra

»tion is less than

irrgdiation, while the {ree 1a




PPN
1% of the original, a few weeks afien irradiation
- e~ VAL JLCu . .
The failure of frechlw 34
iariure ol freshly irredizted polypronylene to cause

P T R N 3 L3
quantitative cxidation of iodigde indicart
-0€ 1ons 1ndicates thel the peroxy

radicals arce trapped within

Q

rystelline regions, which the ions
58y with which the hydroperoxide
groups rcact with iodide ions, sucsest thet they are much more
accessible and probably are not contoined within the crystalline
regions, The rejection of hydroperoxide groups from the
crystalline regions mey account for some of the changes of

mechanical propertics on siorage.

2

sible Remedies

Tele Post - irradiation Degradation and Pos

7.2.) Post--irradiation Depracation

The two most importent effects of irradiation of polypropylene
in airy, in reletion to service of irradiated polypropylene articles
are @

(1) reduction in molar mass,

(2) dincrcase in hydroperoxide concentration.

The deterioration of mechanical properties is Largely caused by

. ) n ¢ L > NG st 1 11
the molar mass decrcasc, with the conscqvent large rcduction 1n

. : . V11T 1 be Qs coult
bulk viscosity. Cracking arvound spherulites as & result of

the 1a.rge. viscosgity decrease 1s thought to be chiefly responsible

i et britt 4. The large aydroperoxide
for post-irracdiation embritilement., The large hydrojl

. . . . o o onvlene will cause
concentration 1n irradiated, stored polypropy

.. .
. - taroaratures, or if exposed 1o
problems in use at clevated temporaturcs,

sunlight.




o ev om0 4 Py .
Te2e?2 pusnestions for Overcomins Post-irrediotion Dersradatio
! reclaviaon 24 aan N

The problcms of post-irradisss i
1 POSt—-1rradiasion embrittlement o a result

of molar mags decrease can be alleviated in the followine
LLowing

(1) Use higher molar ass polyprovylene.,

(2) Irradiate at low tenperatures.

(3) Irrediate  in inert atmospheres.

(4) Use anti-radiation or antioxidant additive,

Suggestion (4) however may cause Tormation of unaccpetable colour
in the irradiated articles, and may also prescnt possible toxicity
problemng,

The problems of hydroperoxide build-vp may be rcduced in

the following ways i

(1) Irpadiate end store in an inert atmosphere.
(2) Trradiate in sulphur dioxide.

(3) Lxpose to free radical scavenger €.g nitric oxide
or methyl mercaptan, folloving irradiation.
o) . . .
(4) Heat to around 70 C for 1 dsy or more in nitrogens

to cause ac&lerated free radical dQUNj.
A

Suggestion (4) howvever may cause weakening by favouring

crystallisction end crzck formztlone

X R st_irradiation
Possibly the most convenient way of minimising postT—1YT diatiol

rradiction under an inert atmosphere

damage is to carry out the 1

; ; : . 1 peadioted articles could then
in air-tight contalnerS. The irradia

(= i B - [ b =2 ¥ GkS
‘ e < & G i v’ D¢ .' nima,1
IBRSES] k ee * (l 'l(', R l (:()11081’1 l:.;.'c-;l:lon hOU.ld bu mi ]
[)] 1 or ‘t el N 8 o 2d.’ ,
O =i h n e

) 3 S 110
and eventual oxidative degradation only very sma

" I r
Tol. guereestions for Further Vork
e et e 1 R R 8 2 e e e e e T b ) f
] 3 ie b «ig 2 numder

i the work descrlbcd in this thes1s &

Following e work
rarrant further investigation,
§ (e x

points have arisen which may ¥




(1)

(2)

1A

An investigati )
A e Zation of the effects ar vwrdsnn-
effects or radiation temperature

on If and T 4 2w .
v m? “O cover a wide and continuous temperature

range.

i . e
Joentification of the initial products of thermal
decomposition or irradiated polypropylene by the

simulvaneous use of gas chromatosraphy and/or mass

spectrometry with thermogravimetric analysis.

(3) LEffects of irradiation in other gaseous media.

(4)

(5)

Irracdiation in sulphur—-containing gases e.g. sulphur
monochloride, may prove to be effective in stabilising

polypropylene to oxidation.

Investigation of the effect of sample size and shape,
with respect to the importance of diffusion processes

in post-irradiation. changes.

An investigation of the offects of ozone on irradiations

. . . —
in airj the presence of ozone cannot be avoided in 2ir

. s . cy s . ed. Tn
jrradistion, since it 18 continuously formed

i iati i ; : ced air
irradiation units that do not have enfor

i i 11 ® ogone can become
circulation, the concentration of

i 1 fect idation
quite high and may considerably affect ox d

pI"OC}GSSGS.
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