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" "ABSTRACT

The mechanical properties of a styrene-butadiene-styrene
block copolymer (Shell Cariflex K101) have been feund to be
dependent upon the morphology of the polymer, which could be altered
by thermal or solvent treatments. Films cast from tocluene, methylene

chloride and methyl cyclohexane and moulded samples are compared.

Small angle X-ray scattering, electron m;croscopic and swelling
techniques have been used to determine the morphology of the
samples. Macro-lattice models based on the microphase separation
of the two chemical species into domains and matrix have been

proposed for the toluens and methylene chloride cast samples.

Properties which have been found to differ are the dynamic
mechanical spectra, stress—strain behaviour, stress relaxation and
creep. The dynamic mechanical apparatus as described by Bowman
(161) has been improved and modified and has been used to measure
the Yogng's moduli and loss tangent of the samples over a wide

.temperature (-150 to +120°C) and frequency range (0°0l to 1000 Hz).

The network characteristic 'of this system has been attributed
to the entangleménts of the polybutadiene chains, the physical
adsorption of the polybutadiene chains onto the domain surface and
the polybutadiene-polystyrene junctions. The ultimate properties
have been shown to be- those of the rubbery matrix but arelhighly

. enhanced by the polystyrene domains acting as reinforcing fillers.

Preliminary work has been carried out in the synthesis of the
XYX type of block copolymer where X is a crystalline segment
(Poly 3,3-bis(chloromethyl) oxetane) and Y is an elastomeric

-segment (tetrahydrofuran/3,3-bis(chloromethyl) oxetane copolymer.)
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CHAPTER 1, INTRODUCTION.

1.1. DEVELOPMENT OF COMMERCTIAL BLOCK COPQOLYMERS

The earlier work on block copolymers had centered on design
of materisls with npvel or improved mechanical properties and an
extensive literature (1-3) on the preparation and characterization
of block copolymers developed. In terms of commercial success, the
return has been meagre i comparison to many other areas of endeavourt
This was partly due to inherent synthetiz difficulties, but probably
also because no major physical property improvement over simple
polymer blends had been observed. The block copolymers had been
synthesized by a variety of ionic and free radical reactions
induced by heat, catalysts, radiations and mechanical stressing.
These older methods of preparation are often inefficient and give
block copolymers in low yields, accompanied by large amounts of
homopolymers., Fractionation of these mixtures, even in analytical

quantities, is difficult, often impossible.

The development of anionic polymerization techniques,
particularly with living systems, was the first breakthrough in the
synthesis of block copolymers. (4,5). Anionic methods and

_organometallic methods (6-8) of polymerization are now widely applied
to block conolymer synthesis. Although these new methods are not
without unsolved problems, mainly because they require starting
materials of extreme purity, they have the potential of overcoming
the two major deficiencies of previous methods of préparatiun:

low yield and undefined structure.



The molecules of block copolymérs copsist of two or moré
chemically dissimilar segments, covalently bondéd énd to énd.
The latter feature distinguishés thém from graft copolymérs.
Each segment or block is usually a long séquéncé of units or a
single monomer (A or B or C etc.), but it may also be a leng
sequence of randomly ccpolymerized units (A »lus B or C étc.).
Therefore even with only two monomers, A and B, thére can bé

many combinations, some of which are given below.

A-B AAAAAAAA - BEBBBBBB
A/B - B AABAAABBA - BRBBBBBB
A-B-=-A AAAAAA - BBBBBB =~ AAAAAA
A-A/B-A AAAAAA - BAABBBAA - AAAAAA
B-A-B BBBBBR - AAAAAA - BBBBBB
B-A/B-B BEBBBB - AABABBAAB — BBBBBB
(A - B) ~AAAAA - BBBBB - AAAAA - BBBBB - AAAAA ~ BBBBB -

In the last type (A - B)n’ as the block length becomes smaller and
smaller the polymer becomes more nearly a kind of alternating

copolymer,

It was the discovery'of the thermoplastic elastomers (9) that
spurred intensive work in the block c0polymér field. The thérmoplas;ic
elastomers are novel in that they can be processed as thérmoplastics
at elevated temperatures, while at ambient temperaturés, they exhibit
most of the useful properties of.vulcanizéd rubbér without any
chemical vulcanizatien (10). ThéSe materials aré triblocks of the
type A - B - A, where A is a thermoplastic block polymér and B is an
elastomeric block polymer, Choicé of monomers, block 1éngth, and
the weight fraction of A and B are crucial in achieving elastomeric

performance.



Thermoplastlc elastomers can Dest be anpreclated as a class
when the properties are placpd in the context of those of uther
polymeric materials. Such materlals can be characterlzed as
either thermosetting or thermoplastic and also as éithér ﬁard,
flexible or rubbery: As shown in Fig. 1.1. of the six classes,
the first five are well known. Thérmoplastic elastosers constitute

the sixth class.

FIG. 1.1. Classification of Polymers

Thermosetting Thermoplastic
Rigid Epoxy Polystyrene
Phenol-formaldehyde _ "~ Polyvinyl Chloride
Hard rubber Polypropylene
Flexible Highly loaded and/or Polyethylene
Highly vulcanized rubbers 'Plast1c1zed PVC
,Ethylene—VLnyl acetate
copolymer
Rubbery Vulcanized rubbers : Thermoplastic elastomers

(Natural rubber, polylSOprene,

styrene- butadlenerubber)

In the past few years, most of the attentlon 1n block copolymersl
has been confined to those of styrene and butadlene or isoprene,

because these block c0polymers have found commerc1a1 applications.
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They are marketed by the Shell Chemical Company under the trade
names THERMOLASTIC and KRATON (11,12). However there are many
other block copolymers that have created theorétical as well as
commercial interest. (13).

Copper and co-workers (14-17) published recently a series
of papers on the physical behaviour of SPANDEX and ESTANE
urethane elastomers. (18,19). These poly(ester - urethanc)
elastomers have been shown to be segmented linear polymers with

two glass transitions and to behave like filled crosslinked rubbers,

The poly(ethylene oxide) - polystyrene - poly(ethylene oxide)
block copolymers display marked differences in the properties and
behaviour,kof the individual components. While poly(ethylene oxide)
is crystallizable, polar and hydrophilic; polystyrene is glassy,
non-polar and hydrophobic. Because of their hydfbhilic-hydrophobic
nature, these materials can be regarded as "macromolecular surfactants"

. (20-22).

A thermoplastic elastomér with a higher use températuré has
been obtained by réplacing the polystyrene blocks with poly o-
méthylstyréné blocks in thé polystyréné—polyisopréné - polystyrené
copolymer. (23,24).

Alternating blqck copolymers haying the structuré (A—B)n, where
A is a polycarbonate and B is a polyether have been prepared and
found to be both thermoplastic and elastomeric. (25-27). These block
copolymers contain either crystalline units or bulky three-dimensional
polycyclic groups in the hard segment, which act as crosslinks for the

elastomers.



Other block copolymers that have been synthesized, include thosé
based on ethyleni¢ monomers—-propylene sulphide, silomane znd cyclic

imino-ethers. (13,28).



1.2. STRUCTURAJ. PARAMETERS OF THERMOPLASTLC .E1ASTCHERS

A block copolymer of the type A—B—A where Ais a thermoplastic
segment and B is an elastomeric segment forms a stable network Thi.s
structural formation is due to the phase separatlon of Lhe two
dissimilar polymers into glassy domains of A segmentcz, dlspersed
in the elastomeric matrix, The crlass:.y domains act as mu1t1ple
crosslinks and fillers for the elastomerlc chains. Above the
softening temperature of the thermoplastic segment, the system
becomes a viscoelastic fluid and thus may be processed 1ike any

‘conventional thermoplastic. On cooling, it behaves like a rubber

vulcanizate again, and the thermal cycle can be repeated indefinitely.

An uncrosslinked, amorphous polymer will show dynamic modulus-—
temperature behaviour as depicted in curve A of Fig. 1.2, The drop
of a factor of 103 in modulus through the glass transition, Tg, is
typlcal ‘of linear amorphous polymer. The rubbery Rplateau region
(106—107 dynes/cm ) is sensitive to the molecular weight of the
polymer and to crossliinking which extends it to higher temperatures
(curve B.). Semi-crystalline polymers, for which data are shown as
curve C, generally have a very high plateau modulus above Tg which
extends to the melting point, Tm., of the crystallites. The region'

between Tg and Tm possesses high impact strength and high rigidity.

1
i

A thermoplastic elastomer dlsplays glass tran51t10ns at two
temperatures correspondlng to the Tg for the respectlve homopolymers.
The dynamic modulus—temperature curve (D) exnlblts a two-step feature
analogous to that of a semierystalline polymer. However ,the modulus
in the plateau region of a useful thermoplastic elastcmer is generally

close to the modulus of the rubbery region of a conventional vulecanizate.
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At temperatureSabove the Tg of the elastomerlc nomopolymer rubbery
and liquid flow is suppreSSed by rhe presence of the glass, domalne
The thermoplastic elastomer behaves as a rubber vulcanijzate in the
regicn between the two Tg 5- Commerc1a1 applications of the
thermoplastic e;astemer requlre that the termlnal blocks remaiu
rlng up to temperatures well in excess of service temperatures,

while the central block remains flex1b1e down to low temperatures.

The morphology of the A-B-A block copolymer is dependent upon
the weight fractions of A and B. At low A content, the thermoplastic
'may be the domains in the elastomerit matrix, At 1ntermed1ate
compositions of A and B, elther A or B canm be the dlsperse phase.
Inversion of domains 1nto matrix can be effected by thermal or
solvent treatment, At hlgh content of A, the system is that of Lubbery :

domains in a rigid matrix.

The stress-strain behaviour of the A-B-A polymer at very
low A content is similar to that of amlundercured gum vulcanizate.
On the other extreme, at high A content, the stress—strain curve
approaches that of the thermoplastic homopolymer. however,since
the stress-strain properties change gradually with increasing A
contents, there is a range of weight fractions of A and B such that
the A~B-A polymers display stress~strain curves approximate those

of conventional vulcanizates. . ,

The range of molecular weights of A and B that can give a good
balance between processing performance and elastomeric character is
set at the lower limit by the minimum A chain length required to
ensure the formation of a heterogeneous phase. The upper limit is
set by the high viscosity of both blocks which might seriously hamper

domain formation.



A bleck cepolymer of thé typé B-A-L whére Alis a
thermoplastic segment and B is an-élastoméric ségmént undérgoés
phase separation but does not form a metwork. For in this
sequential arrangement only oné end of B ségmént is attachéd
to the glass-forming A segmént. Such polymers aré similar in
behaviour to that of a blend of A and R.



1.3. INTRODUCTION TO THE PRESENT WORK,

The fundamental pr1nc1p1es regardlng homogeneous anionic
polymerization of block c0polymers are well establlshed (5, 29 31).
It is possible ro synthe51ze block copolvmers of the A- R—A type
such as polystyrene- polybuoadlene-polystyrene havxng a precise
and predictable structuro. However at the commencement of th;s
study, the basic pr1nc1ples concernlng the relatlonshlp Letween

morphology and mechanical behav1our are still unresolved.

It has been suggested that each Segment of A—B A block copolymers

have characteristic conformation in solution dependlng on the

nature of interaction between solvent and polymer. And that the
conformation in solution is retained, at least partly in the bulk
copolymer, which are produced by slow evaporation of solvent.(32-34)
Therefore the morphology and properties of a bulk copolymer prepared
by casting from different solvents can be expected to differ from
- each other and also to differ from a compression-moulded sample.

In this studv it will be demonstrated that the dgree of phase
separation and the morphological details of a polystyrene-polybutadiene
-polystyrene block copolymer (S~B-S) is-dependent on the thermal or

solvent treatment used in its fabrication.

X-rays are reflected by inhomogeneities of matter, If Fhe
inhomogeneities are of colloidal dimensioné, the effect will bé confined
to very small angles with respect to the primary beam of incident
x-rays. The details of this scattering will dépénd upon the
morphological structure of the system. It was decided to use small
angle x;ray scattering to observe the morphology of thé various samples.
Howovér detailed information on-the size, shape and arrangement of
thé domains in the matrix of the various samples cannot be obtained
from small angle x-ray scattering alone. As such electron microsopyg}
studies will provide a complement to the small angle x-ray scattering

measurements,
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The dynamic mecharical propérties of A-B-A block copolymérs,
such as the two distinct péaks in thé lcss modulus—tempér&ture
relation curve and :hé two~-step character of the dynamic modulus-—
témperature relation as well as the high elasticity havé béen
explained in terms of a two phase structure originating from
microphase separation of thé block ségments. (35-37). It was
decided to relate the dynamic mechanical behaviour of each sample
to its morphology. 1In order to obtain more iuférmatian on the
transitions observed, the dynamic mechanical properties will have

to be measured over a wide temperature and frequency range.

The S-B-5 block copolymers have been shown to possess high
tensile strength and high ultimate elongation. (10). High tensile
strength is usually associated with rubbers modified by the addition
of reinforcing filler, or in rubbers which have the ability to
- erystallize when stretched (e.g. Natural rubber). Because of this,
it was thought that a study of the stress strain properties of
the S-B-S block copolymer will provide an interesting comparision

with those of conventional rubber vulcanizate.

There are few references to blouk copolymers syntheses through
cationic polymerization. M.P. Dreyfuss and P. Dreyfuss (38) have
obt ained crystalline poly 3, 3-bis{(chloromethyl)oxetane {BCMD) and
a rubbery random copolymer of BCMD and tetrahydrofuran (THF) using
pmchlorOphenyldiazonuim‘héxafluorophosphate as a catalyst. The
polymerization mechanism is cationic. T. Saegu8aet al (39) have also
obtained rubbery random copolymers of BCMD and THF, using various
Friedel-Crafts catalysts. An attempt will be made in this work to
synthesize an A-B-A block having poly (BCMD) as the end segments and a
random copolymer of BCMB and THF as the elastomeric céntrél segment,
Such' a blokk copolymer would behave as a vulcanized rubber. Since poly
(BCMD) has a melting point of 180° ¢. (40,41), this block copolymer would
have a high effective service temperature. Also a comparative study of
the crystalline domains and the glassy polystyrene domains in the S-B-§S

block copolymer is of interest.






11

CHAPTER 2. THEORETICAL BACKGROUND

2.1. THE ELASTICITY OF RUBBER NETWORKS

Whereas the Young s modulus of crystalllne sollds and
glasses lies in the range 10'% to 1013 dymes/cm?, the Young's
modulus of natural rubber and of a tremendous varlety of
synthetlc rubbers 11es in the approximate range 105 to 108
dywmes/cm?. Furthermore, whereas the elastic limit of many
crystalline and glassy solids is substantially less than 1%,
natural and synthetic rubbers may often be reversibly stretched

several hundred per cent.

A typical stress-strain curve for rubber is shown in
Figure 2.1, Experimentally the curve is obtained by subjecting
a piece of vulcanlzed rubber to a simple elongation. The
features of this curve are (1) an initial bending over towards
the extension axis, and (2) a final upward curvature in the
region immediately preceding the breaking strain. These
characteristic features of rubber are explained by the well-
establlshed theory of rubber 11ke e1a5t1c1ty There are many

excellent reviews of this subgect. (42 - 45).

All natural and synthetic rubbers have a common molecular
morphology. They are formed from long flexible chaln-llke
molecules occasionally cross-— llnked to form a three-dlmen51ona1
network. There is approx1mate1y one cross link to every few
hundred chain atoms in a typlcal rubber of good propertles.
Llnear polymers of sufficiently hlgh molecular welght also show

rubbery propertles in a suitable temperature interval. In these
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cases the ' entanglements between the zhains act as tranSLent
cross links, but the llnear polymer will flew at suff1c1ently

high temperatures.

In the unstretcued state the netwo*k chain is raﬁdomly
c01led and i3 rapldly changlng from one conformat101 to the
other, all, however, consistent with the flxed dlqtance between
the crossllnks. When the rubber is st*etched the average
distance between the crosslinks 1ncreaseb, and the number of
possible conformations of the flexible chaln between its cross
llnks is reduced from Q to 2. The chanoe in entropy between
the stretched state and the unstretched state is related to the

number of configuration in the two states by the relatlon
s-5s =K ¢n = ' (2.1)

where K is the Boltzmann's constant.

By evaluatlng the number of configurations Q and Q

using the statistical theory, (43,44 ,46)

- - -1 2 - ‘ '
55, = =3 Nk (a? + 2/a - 3) (2.2.)

where N is the number of network chains in the sample, and
a is the exten51on ratio, deflned as extended Iength L leLded

by unextended length Lu'

From thermodynamic treatment of simple tension for an

ideal rubber, the tensile force X is given as
_— ,
, T (2.3.)

where T is the absoclute temperature. o
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Combining Equations (2.2.) and (2.3.)

. N kT 1.
X= "o (a- = (2.4.)
: 2 _ o2
L
u
The stress-strain curve for an ideal rubber is obtainod by
dividing both 51des of Equatlon (2.4.) by A 0’ the cross-
sectional area of the unstretched sample.
1
g = = nRT(a - =) (2.5.)

X
Au a?

Where n is the number of moles of network chains per unit

volume (in cubic centimeters) of rubber and R is the

gas constant.

The number-average molecular weight of the network chains,

Me, is defined by the relationship
mMc = d

where d is the density of the rubber.

Thus. Equation (2.5.) can be expressed in terms of Mec instead of n.

= SRL (- 3;) (2.6.)

In general, it has been found that experlmental stress strain
data on most rubbers cannot be fitted by Equatlon (2.6.); but that
such data can be fltted at low to moderate elongations, by the

Mooney-Rlvlln equat10n(47):

6 = (2C; + 2C, a_l)(a - a_z): (2.7.)

Many authors (48,49) have shown that C, approaches zero with

increased sweltlng in swollen vulcanizates. At the same time,

C, remains essentially constant and is 1dent1f1ed emplrlcally
with the dRT  term of the klnetlc theory equation.

M
c
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2.2, VISCOELASTIC BELAVIOUR AND DEFINITION OF TERMS

Polymers have mechanical properties that are common to
perfect solides and perfect liquids. Various theories have been
developed over the past century to describe the behaviour of
perfect solids (30) and perfect liquids.(51) The classical
theory of elastlclty deals Wlth the behaviour of solids for which
the stress is directly prOportlonal to the gtrain., This type of
solid is known as Hookean solid or perfect elastic solid. The
theory of hydrodynamics descrlbes the behav1our of perfecﬂyvrscous
liquids for which, in accordance with the Newton s viscosity law,
the stress is directly proportional to rate of strain.

A viscoelastic body is 1ntermed1afe in behavlour and does
not maintain a constant deformatlon under constant stress but
slowly deforms with time. (1.e. creeps) When such a body is
constralned at constant deformatlon, the stres requlred to hold
it dlmlnlshes with time (i.e., relaxes). Also when subJected
to SLDUS01dally osc111at1ng stress, the strain 1s nelther exactly
in phase with the stress (as 1n the case of a pertectly solid) nor
900 out of phase (as in the case of a perfectly viscous llquld),
but somewhere in between. Some of the energy input is stored and

recovered in each Cycle and some is dissipated as heat.

In many of the materlals of 1nterest 1n clasgsical physxcs
as well as of phy31cal 1mportance in englneerlng, v15coe1ast1c
anomalles are negllglble or of minor 1mportance. In polymerlc
systems, by contrast mechanical propertles are dominated by

viscoelastic phenomena which are often truely spectacular.

Mechanlcal proPertles are obtalned from deformatlon of the
materlal by applied forces. The three basic types of deformatlon
are 51mp1e shear, bulk compreSSLon, and 81mple tensrle elongatton.
Figure 2.2. Slmple shear deformation produces a change in snape
with no change in volume. This feature facllltates 1nterpretat10u
of the mechanical behav1our in molecular terms. Bulk compresvlon

1nVOIVes a change in volume without change in shape. The simple
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FIG. 2.2, Geometrical arrangement for (a) Simple shear

(b Bulk compression () Simple extension,
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ten511e aeformatlon whtch can be eas1ly produted in laboratory,
has the dlsadvantage that 51mu1taneous changes in hotn shape
and volume make the behav10ur more difficult to 1nterpret on

2 molecular ba51s. However the various moduli are related

by the following eguations:

E(t)
D(t)

96{tyK(e)/ [6(t) + 3K(t)] (2.8.)
J(t)/3 + B(£)/9 (2.9.)

Where E(t) is the ten51re relaxatlon modulus, D(t) is the ten51
creep compllance K(t) 1s the bulk relaxat1on modulus B(t) 1is
the bulk creep compllance, G(t) is the shear relaxation modulus

and J(t) is the shear creep compllance.

In polymErlc systems, in certaln board ranges of tlme
scale K(t) is often greater than G(t) by two orders of magnltude

or more. In this case, Equations (2.8.) and (2.9.) become'

E(t)
D(t)

]

3G(t) {(2.10.)
J(t)/3 (2.11.)

Then simple extens1on glives the same 1ntormat10n as Smele

shear, and the results of the two experlments are 1nterconvert1b1e.
Physically, this fact arises because the change in volume caused
by the extension is negligible in comparison with the change in

shape. ‘
H

The most 1mportant mo chanlcal tests used to study v1scoe1ast1c
materlals include creep, stress relaxatlon, stress strain, and

dynamic mechanical behaviour.
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In a creep experiment a shear stress ny. ie sdddenly applied
at time zero and held constant during the test. The strain is
measured as a function of time. The strain lias been found to
increase monotonically with time. For a 11near v1scoelast1c

solid, creep strain can be related to the stress by

= J(t) ¢ _ (2.12.)
€ xy - . xy .
where J(t) is the creep compliance function,

J(t) can be decomposed into three parts corresponding to the
observed instantaneous deformation, retarded elastic deformaticn

and flow
J() =3+ J¥(e) + t/n (2.13.)

where J is the glass or initial compllance J is the decay
compllance Y(t) is the retardatlon function and n, 1s the

viscosity function.

In figure 2.3. is plotted the logarithm of creep compllance
functlon with the logarithm of time. This kind of plot clearly
explalns the characteristic features of viscoelastic behaviour in
polymers.

| | |
At very short times the material behaves as a perfect elastic

solid, and is termed "

glassy". 1In this region, the deformation is
a function of stress only and is thereFore 1ndependent of tlme.

As time progresses the materlal dev1ates from perfect elastlc _
behaviour. The creep compllance monotonlcally increases with time
untll it reaches a constant value again. At this time the material
has softened LonSLderably and shows large elastlc deformatlon
indicative of the behaviour of a rubbery mater1al The tramsition

from perfect elastic behaviour to finite behaviour takes place



NEWTONIAN 1.
FLOW .~

/
RUBBERY e

-

TRANSITION _ | ozz= e~
GLASSY .

Creep
Compliance ;
Function |
- - - linear polymers
LOG XD ——crosslinked polymers

rs
o I

|
i

- ‘Iog',TER LOG ¢

FIG, 2.3. Typical creep compliance curves for
linear and crosslinked polymers,

GLASSY TRANSITION RUBBERY NEW TONIAN
G _ .
o) .
— — — linear polymers
Relaxation crosslinked polymers
Modulus
Function
LOG G
Ge Rl
S~
~—
e
S~
PR (] 1 LOG t

FIG. 2,4, Typical relaxation modulus curves for

linear and crosslinked polymers,



17

over several decades during which the material shows predominant
viscoelasticity This reglon is characterlzed by 2 transition time,
L After still longer tlmes the behaviour of polymers depends
upon their chemical structdre -~ that is, whether the polymers are
llnear or crossllnked quear polymers show Newtonian flow and
behave almost llke viscous llqulds, after the rubbery regLOn is
exceeded dowever, crosslinked polymers do not show Newtonian
flow but remain in a rubbery state 1ndef1n1te1y, prov1ded that all

chemlcal bonds maintain their 1ntegr1ty.

When a sample of polymeric material is subjected to an
lnstantaneous straln > that lS held constant durlng the test
X
the stress is formed to decrease with t1me and can be expressed by

the relatlon

oxy‘ = G(t) exy (2.14.)

where G(t) 1s the relaxation modulus function.

The relaxatlon modulus functlon is a monotorically decreaSLng

function of time and can be written as

G(e) =6 +6VY(5) (2.15.)

where ¥(t) is the relaxation function having the initial and final

values. - i

¥E) = 1

¥(=) = 0

and Gé is the equilibrium modulus
At time t = 0, Equation (2.15.) reduces to

G(0) =6 +€) = G T (2.16)

where G0 is the initial modulus.



The stress relaxatlon behav10ur of hlgh polymers can be
desarlbed by a dlagram 1"elatlng the logarlthm of 1"elax:—rtlon

modulus G(t)} to the logarithm of tlme t(Flgure 2.4.)

Dynamlc behav10u; of polymers can be studeed by subjectlng
a sample to a 31nu501dal stress S and observ1ng the strain
as a function of tlme or vice versa. Slnce the appeled °1vu501dal
stress and the resultlng 51nuso1dal strexn, or vice versa, are
perlod;c in nature v1scoeleast1c parameters are determlned as
functions of frequency of fluctuations which is the rec1prora1 of

time,

Suppose a specimen is subjected tc a stress variation

given by

o =0 sin wt (2.17
Xy Xy .

where ¢ is the amplitude of stress in any cycle and w is the

angular frequency.

The strain has been observed to vary with the same frequency

"as the stress but lags behind the stress by an angle 8 which is

usually termed the phase angle.

(2.

€ =g  sin (mt—G) : '
Xy - Xy ) : '
The wvariation of stress and strain with time is indicated in

Figure 2.5.

The dynamic v1scoelast1c behav1our can be descr bed by
meaSurlng two quantltles, namely complex dynamic compllance

J*(w), and the phase angle, §.
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The complex dynamic compliance cau be expressed in terms

of a real part and an imaginary part

J*(w) = Jp(w) = 1 Jy(w) (2.19.)
where Jy{(w) is the storage compliance and J,(w) is the loss

compliance,

The ratio of amplitude of strain to the amplitude of stross

is the absolute value of complex dynamic compliance. That is

|J*(iw5| =% /o

[
Xy Oxy (2.2\,-)

The characteristic features of viscoelas t1c behav1our under
dynamic stress are clearly shown in a diagram relatlng the 1ogar1thm
of storage compllance, and the logarithm of loss compllance with the

logarithm of frequency of fiuatuation. (Flgure 2.6.)

If a sample of high polymeric material is subjected to a
51nu301dal strain and the resultlng stress is measured as funct1on

of tlme, then the stress can be split into two parts

.Exy = exy [Gl(w)sin wt + Go(w) Cos wt] (2.21.)

where G,(w) is the storage modulus and G,(w) is the loss modulus.

A complex modulus function can be defined just as in Equatlon (2.19)

G*(iw) = G, (w) + iGy(w) (2.22.)

where ‘G*(im)| = nyfzgy , 1s the absolute value of complex

modulus fwnection.



Corresponding to Figure 2.6., the variation of storage and

loss moduli with frequency are shown in Figure 2.7,

The rebdtion between these quantities is illustrated in
Figure 2.8, It is'apparcnt that the phase angle, §, can be
expressed as

tan § = Gp{w) / Gy(w) = J,(w) /J;(w) (2.23.)

and that
J*(iw)y = 1 { G®(iw) ) (2.24.)

It should be noted, however, that nelther Gi(w) and J,{(w),are

rec1proca11y related in a 51n@1e manmner.

If Gy (w) and J;(w) functions are plotted against log (1/w),
this has the effect of reflecting the curves about the log w egual

to zero. If now G(t) and J(t) curves are plotted against log t

to the same scale, it is found that the storage modulus and storage’

20

compllance curves c01nc1de with relaxatlon modulus and creep compliance

curves respectlvely. This 1is a consequence of llnear viscoelastic

behaviour.
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2.3. PHENOMENOLOGICAL CONCEPTS OF VISCOELASTICITY

In his pr1nc1ple of supcrp051tlon , Boltzmann (52) suggested
that the mechan1ca1 behaviour of a 5pec1men was a functlon of 1ts
entlre prev10us loadlng history. He furthe1 postuxated that Lhe
effect of each deformatlon was 1ndependent of the others and that
the behaviour of a specimen could be calculafed by a 51mple
addition of the effects that would occur when the deformatlons took
place singly. This implies a linear mechanical response of the
material. It is upon such linear viscoelastic behaviour that the

phenomenological theory of viscoelasticity has becn developed.

The tneory gives a purely mathematlcal descrlptlon of the
stress strain behaviour of a body. It is concerned solely in
establishing the mathematlcal characterlstlcs of a glven v1scoe1ast1c
response, and the exact predlctlon from these characterlstlcs,
of all other viscoelastic behaviour. In this objective the theory
is essentlally complete. The varlous mathematlcal forms of linear

v1scoe1a¢t1c theory are dlscussed in a number of works. . (52 - 56)

The phenomenological approach has developed with the aid of
mechanlcal models which are plctorlal representatlons of Lertaln
equatlons of motion, but the theory is of general appllcablllty with

most discrepancies arising in the ch01ce of a particular model,

The two 51mp1est mechanlcal models are the Maxwell model
and the V01gt or Kelvin model These are shown in Flgure 2. 9
The Maxwell model has a spring of modulus E , connected in series
w1th a dashpot of v15c081ty n- The Voigt model has a spring of

modulus Ev’ connected in parallel-w1th a dashpot of viscesity n,



MAXWELL MODEL YOIGT MODEL

STANDARD LINEAR SOLID

FIG, 2.9.



Denotlng the load applled to such a model by o and the exLenSLOn

by ¢, the relatlon for the Maxwell model is
g + tdo/dt = €, de/dt (2.25.)
where 1 = nm/Em and is called the "relaxation time"™ of the model.

Similarly, for the Voigt model, the load-extension relation

is

a=Ee¢+ EVTRde/dt _ (2.26.)
whére g = qv/Ev, and is hére termed the "retardation time" of the
model.,

However most real v1scoelast1c solids do not behave even
approx1mately like the Maxwell or Voigt models and more complicated
models have been used in attempts to simulate the behaVLOur of real

materlals.

The model shown in Flgure 2. 9. consisting of a Maxwell
body with another spring in parallel, is known as ihe "St;ndard linear
body". It pOSSéssés singlé rélaxapiOn and retardation times. As
such, its response is the archétypé of all real linear viscoelastic
reSponsés.

The responses of a standard linéar body are in fact those of
an ideal polymer with a singlé relaxation. Thus, bt thé instantaneous
modulgs 1s Go’ thé equilibrium.modulus, Ge, and thé rélaxation time

T,then Equations (2.2?—2.29.) represent the behaviovr of both a standard
linear body and an ideal poiymer.



G(t) = Ge +(G0 - Ge) exp. (-t/1) (2.27.)
where G(t) is the relaxation modulus at time t.

Gr(w) 7 8, + [(6, - 6w /(1 w22 ) (2.28.)

|

[}
~~
£
L
1]

©, - 6 et / Q1 +0212) (2.29.)

where Gj(w) and G,(w) are the storage and loss moduli, as

defined in Sectiom 2.2. » at the angular frequency w.

The compllanaces of the system (derlned in becclon 2.2.)
w111 be given by equatlons of a 51mllar type to the moduli, but

with a retardation time, T in place of the relaxatlon tlme.

R’
A real relaxatlon process can usually be cons1dered as

the superp051t10n of numercus smaller, ideal relaxat1ons. Each

contrlbutory relaxatlon has its own relaxation and retardatlon

time, so that a relaxatlon (and retardat1on) tlme sPectrum has to

be introd-ced. This approach was first used by Wiechert (57) and

Thomson (58) and many empirical and theoretical forms of spectra

have since been suggested.

In general, a continuous relaxatlon time spnctra can be

conven1ent1y defined as H(T) where Hd(lnr) is the coﬂtrlbutlon to

23

the rigidity modulus of relaxatxon times whose logarithms lle between

(¢n1) and (xnr + .dint).

A corresponaing relaxation time spectra, L(1), may be defined as a
similar contribution to the compliance. The expressions for the
dynamlc modull, analogous to Equaclons (2.28.) and (2.29.), but

in terms of the relaxation spectra H, and of the retardatlan tlme

spectra L, are thus.



+co 22 -
6 () =c + |  HDeiridtam) (2.30.)
. € e 1 + m2.[.2
+w . ) .
G, (w) = H{t)wtd (AnT) (2.31.)
1 + .w?t2
+
Jyw) = J_ + L(t) d(2nt) (2.32.)
. _; 1+ w?t?
+ .
Jo(w) . = L{twrd (¢nT) (2.33.)
1 + v22

In prlnc1p1e thp phenomenologlcal approach enables a apectrum
to be determlned and allows all other viscoelastic behav1our to be

obtained from this spectrum. (52,55;,59,60)
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2.4, MOLECULAR INTERPRETATION OF VISCOELASTIC BEHAVIQUR OF POLYMERS

The mechanlcal models used in the phenomenoroglcal approach
can provide 11tt1e 1ns1ght into the molecu]ar orlglns of the observed
viscoelastic behav1ours. Thls may be conf1rmed from the fact that
many quite different arrangements of sprlngs and dashpots could
be lmaglned which would represent an observed phenomena. Therefore
1n the molecular approach the aim is to explain the observed
behav1our in terms of an assumed structural model for the materlal

which is some approximation of the real molecular structure.

One'molecular approach is the consideration of a ladder network
in which the molecules are represented as spr1ngsnoV1ng in a viscous
medlum {(61-63)., A typlcal ladder network su:table for the discussion
of relaxatlon phenomena, con51sts of a 11near succession of N
identical springs connected to a common ground through (N-1) ldentlcal
dashpots attached at the (N—l) junction points of N sprlngs. If the
total unstralned 1ength of the springs is flnlte the relaxatlon
spectrum of such a model is discontinuous and contains N dlscrete
lines. 4 contlnuous spectrum is obtalned only with a model of infinite
length. Thcse ladder networks bear a close structural 51mllar1ty to
the molecular models of Rouse (65) and Bueche (64) in their theovies of

polymer viscoelasticity.

1
.

Rouse (65) has consldered a polymer molecule in dilute solutlon.
If a force is applied to the solution the molecule will be disturbed
from its equ111br1um conf1gurat1on. The v1scoelast1c propertles of the
System are then related to the manner in which the mo&ecule returns
to equlllbrlum. Thermal motion will do this, but will be opposed
by viscous forces between the solvent and the polymer molecule, and

by 1ntra-molecu1ar effects.



-

26

The polymer molenure is treated as a succession of equal
submolecules, each long enough to obey the Gaussian distribution
functlon for random chaln conflguratlon. Each submolecule contains
q monomer units. lhe root-mcan-square dlstance between two points
separated by q monomer unlts is given by, o= a Vq, where aic a
geometric parameter. The root—mean square end—toﬂend distance of
the entire molecule equals a’z , where z is the degree of polymerlzatlon.
The resistance to motion caused by viscous forces is concentrated at
the junctions betneen submolecules and is characterlzed by a friction
cocff1c1ent, fo' This is related to.q by go, themonomeric friction
coefficient. Each junction is assumed to be hydrodynamically independent;
and intramolecular friction is assumed to be zero. The response to an
applled stress may be deccrlbed by a series of co-operatlve modes, p.
Each mode represents motlon away from a glven 1nstantaneous conflguratlor
and corresponds to a dlscrete contrrbutlon to a relaxatlon spectrum, H,

characterized by a relaxatlon tlme, tp. In these terms H is given by:

N
H = nkT §(t - 2.34,
l = n z Tp (1 Tp) ( )
p=l
T, = 02N2f0/6112p2kT ' ' (2.35.)

where n is the nuuwber of polymer molecules per cc, and § is the
Dirac delta. Thus, a line spectrum is predlcted in Wthh each

contrlbutlon to the moduluq equal nkT and the relaxatlon tlmes become

.progre551vely mere closely spaced at shorter times, This theory

appears to glve a very reasonable correlatlon with experlmental data
(66) but the modification by Zimm (67) to account for hydrodynamic
intersection is not so satlsfactory (68) Ferry et al (69) have

modlfled the theory for undiluted polymers on the grounds that the

~ same kind of motions occur in an amorphous polymer as in solution,

although very much slower.
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y

They obtained the following expression for H(t) and L(t),

H(x) = (apN_/2me ) (5 k1/6) Ee s (2.36.)

L(t) = (ZMO/napNo)(GIEOkT)iril {(2.37.)

where p is the polymer density, No is Avogadro's number, and M0

is the monomeric molecular weight,

Bueche (64) formulated a theory to apply both to a linear
polymer and to a cross-— llnked network. In this case, however,
thermal motion is only 1nferred by the introduction of an entropy
spring constant. Like the ladder networks this also suffers from
the criticism that actual molecular parameters are not bezng used
However the expre351ons obtalned for H(t) and L(r) are very similar

to those obtained from the Rouse theory

2£H(r)(Rouse} ' : (2.38.)
274(0) (Rouse) - - (2.39.)

H(t)
LT,

The best agreement between experimental data and theoretical
calculations of the viscoelastic functions is found when Lhe modulus
of the material is less than 107 dynes/cm i.e. When it Ls in the
rubbery state., Thus, the theory gives a good approximatioh to experiment
on the 1ow frequency side of the glass transition. As the frequency
1ncreases the theory breaks down because modes of motlon correspond1ng

to rearrangements within the submolecule must be consrdered



-
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InsPecLlon of equatlons (2.36.) and (2.37.) shows that a <

change of temperature change$Sonly a, go and T and nonsequently

'multlplles both H{t)} and L(t) by a factor 1nuepenﬂenb of T.

Thus on a logarithmic plot a change of temperatnre qlmp]y translates
the curves along the log tlme axis. This agrees with the time-

temperature superposition principle.



.o
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2.5, TIME-TEMPERATURE SUPERPOSITION PRINCIPLE AND MASTER CURVES

The .practical range of time scale for creep, stress relaxation
and dynamlc mechanical measurements is 11m1ted At a given temperature,
the complete range in viscoelastic propertles is certalnly not covered
by this limited range of four or five decades of log time. chce a

satis factory method of extrapolation is obviously necessary.

Such a method was first suggested by Leaderman (55,70) who observed
that, for some polymeric materials, creep récovery curves obtained at
different temperatures could be superposed by a translation along the
logarithmic time axis. Hence the effect of temperature on the creep
relaxation properties appears simply to be to multiply the time scale by
a constant AT which will depend on the temperature in question. This
factor AT can be experimentally determined simply by noting the amount

of shift on the logarithmic time scale required .to bring the creep curve

at temperature T into coincidence with that at soite reference temperature T, -The:

if the creep compliance at the temperature in question is plotted, not
against time but against the reduced variable (t/AT), all the creep curves
obtained at various temperatures will superpose to give the master curve for
To. Thus the complicated time-temperature dependence is effectively -
reduced to a separate time dependence (at some reference temperature To)

and a separate temperature dependence, the latter showing up only in the
variation of the factor AT with temperature. Furthermore, if linear
viscoelastic theory is obeyed by the material in question, similar

alteration in the time or frequency variable will also effectively superpose
stress relaxation time curves (71,72) or dynamic modulus frequency curves.

(73,74).

The method of reduced variables is generally applied only to the
behaviour of materials in the transition region between glass- llke behav1our
and rubber-like behaviour. In the tran51t10n region amorphous polymers
are assumed to obey the laws of rubber elasticity, and hence the contribution
to the modulus should be proportional to absolute temperature. Slnce‘the
density of a polymer changes with temperature, it is appropriate also to

consider this effect. The reduced relaxation modulus is now G(t)(TO/T)(po/p)
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and the reduced creep compliancé is J(t)(T/T )(p/p ), where T

is some reference temperature and o, is the value of the densxty at

this temperature. Similarly, for the dynamic experiments-the appropriate

reduced variables are Gl(TO/T)(pO/p) and GZ(TO/T)(QO/D) plotted against

the reduced frequency (mAT). The reduction factors AT’ for temperatures

other than the standard temperature T, are found empirically so as to

make the data superpose when plotted in terms of the reduced variables,
Williams, Landel and Ferry (75) have defined the factor A as the

ratio of the relaxation times al temnerature T tu the reluxation times

at temperature TO. The relaxation time T is related to the viscosity

n. Hence AT can also be expressed in terms of the steady flow viscosity

(nT) at temperature T and the steady flow viscosity at the reference

temperature (nTo). The relation is
Ap = (TO/T)(OO/D)(HT/HTO) = T/To (2.40.)

and, if measurcments of steady flow viscosity have beén madé, AT as
a function of temperature can be found directly.
inmer'ﬂc
For manypmaterials (76-79) in the softening range the data are
found to superpose quite well when plotted in the form of thé réducéd
modulus or compliance versus the reduced time or frequéncy. For
dynamic experiments in which both G; and G, are measuréd, it is essential

that the same values of AT superpose both sets of data,

The variation of AT with temperature is usually exponentlal and
an activation enthalpy for the relaxation process can be obtained from

the expression

AH_ = Rdend/ A(1/T) ‘ (2.41.)

However a plot of log A, vs 1/T is frequently not a s*ralght 11ne and

T
hence the activation enthalpy may itseif be a function of temperature.
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2.6, MODELS FOR TWO-PHASE SYSTEMS

GUTH-GOLD EQUATION

There have been several attempts to derive formulas giving
the appar .ent modulus due vo a dispersion of particles in rubber.
The earliest of these attempts was by Smallwood (80) using an

analogy to Einstein's viscosity equation (81),
E=E (L+2.5¢) - (2.42.3

where E is the modulus of the filled rubber, Eo that of the rubber

matrix, and ¢ the volume concentration of filler.

However;.this equation holds only for low concentrations of
filler and amendments were derived (82-85). That of Guth and Gold
(84), by conmsidering the interactions between pairs of particles, added
the term involving the square of the concentration of filler to

Smallwood's equation and obtained
E=E (1+2.5 + 14.147) ‘ (2.43.)

For nonspherical particles, Guth (86) introduced a shape factor,

f and proposed

2 2
E =8 (1 +0.676¢ + 1.626¢°) . L (2.44)0)

where f is expressed as the ratic of diameter to width of particles.

These equations were derived on the assumptions that that medium wets

the filler particles, but does not chemically reacts with the filler surface
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Cohan (85) applicd these last: équations to data obtainéd for a variety
of fillers in several rubbers by measuring the initial stress required
for extension to 400%, and found that the shape factor f thus deduced

corresponded closely to values observed directly in the electvon wsekul
microscope. In general the relation for these complex systems is onlyﬁ

as an empirical description.

KERNER'S EQUATION

Kerner (87) has derived an equailion relating the modulus of a
filled material to the elastic constants of the matrix and filler,
assuming that the'dispersed phase is in the shape of spherical

particles randomly dispersed and that there is perfect adhesion

between the two phases. Kerner's equation f{or the shear modulus is:

V6o P S
GO = Gl (7"5\)1)G1 +(8 - 10U1)G2 15(1-\)1) (2.45.)
v5Gy + N1
(7-5v1)G; +(8-10v;)Gy 15(1~v;)
e ]

where Gois the shear modulus of the two-phase system, Gy and G, are the
shear moduli of the continuous phase and the dispersed phase, respectively,
vy and v, are the volume fractions of the matrix and filler respectively,

and v) is the Poisson's ratio of the matrix. i

. For rigid fillers which have moduli much greater than that of the

polymer, Kéerner's equation may be simplified at low volume fraction of filler

—ar Y
G, =G |1+ Mo j15a “1.)‘3 . (2.46.)
i i 8"10\)1 }

to
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The quantity 15(1-vy)/(8-10w;) varies between 2.00 and 2.50 as

Poisson's rztio changes from 0.2 to 0.5.

THE TAKAYANAGT MODEL

The viscoelastic properties of two-phase systeis have been
described with considerably success by the use of "mechanically
equivalent models™, (88-91). In principle, these assign varicus amounts
of parallel and series coupling to the two-phase structure. The model
of Takayanagl is shown in Figure 2,10. The two parameters ¢ and A
represent the state of mixing of the two phases, but only one is independent.
The two phases in the model are assumed to be perfectly bonded to cach
other. In Figure 2.10 are schematic representations of tﬁe mixing state
of the two-phase system and their equivalent models. The upper figure shows
a homogenously dispersed system and the lower figure a heterogeneously
dispersed system. The product ¢A = v,, the volume fraction of the

disperse phase.

The solution for the Takayanagi model is

"

E* = |——p é PR Tl ) (2.47.)
A+ (1= NE

* ®
where E* is the complex modulus of the blend and El, and E2 are the complex
moduli of the components. To obtain separate . mixture rules for E' and E",
one substitutes the complex moduli into Equation (2.47.) and

'

separates E* into its real and imaginary parts.
When the particles are spherées, XA and ¢ depend on the volume fraction

of the dispersed phase, v,, as follows. (92).

A
¢

(2 + 3w)/5 . (2.48.)
S /(2 + 3vy) - (2.49.)

These equations have been derived from the condition that Kerner's

-equation (2.46.) and equation (2.47.) should hold at the same time.
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2.7, RELATION BETWEEN THE RATES OF STRESS RELAXATION AND CREEP

A general relation (93) for the creep rate may be formulated as

1 ,de
C = (28 .50.
- GP (2.50.)
o
L]
where e is the strain under a constant stress, ¢, and t is an arbitrary
monotonically-increasing functicn of time. Similarly the rate of stress

relaxation € at a constant deformation, may be expressed as

1 3g
§ = 5 CEE)E (2.51.)
The rate of creep is then given by -
C = AS (2.52.)
where A= 2 Qﬁﬁ ' (2.53.)

. . . ] .
¢ is the stress corresponding to the strain e; (sg)t 1s the slope
of the stress-strain behaviour, A is unity, and the rates of creep and

stress relaxation are then numerically identical.

For unfilled vulcanizates under moderate deformations, the relation
between stress and strain is predicted by the Mooney form of stored energy

function, (48,94).
g = 2(cy +.cp a—l)(u - a_z) (2.54.,)

where o = 1 + ¢, and ¢y, co are elastic constants for the rubber,

such that the ratio T = ¢y/ej lies generally within the range 0.5 to 1.0

. for soft vulcanizates of rubber-like polymers.



The factor A can thus be expressed in terms of the amount of

extension and the ratio cy/ey, explicitily.

o(a?+a+l) (0+T)
ol +24+3T

A< (2.55.)

Generally, however, A may be calculated at any extension from the
experimentally determined relation between stress and extension

by graphical means.

The decay of stress is found to occur approximatély in proportion
to the logarithm of the time spent in thé deformed staté, for vulcanized
rubbers and other materials (95-101)., For this reason, the rates of
stress relaxation and creep can often be conveniently éxpréssed as
a percentage change per decade of time. The time t in Equations

(2.50) and (2.51) is replaced by log t.
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2.8, THERMODYNAMIC ASPECTS OF POLYMERIC PHASE SEPARATION

7ith every few exceptions, mixtures of polymers arc heterogeneous,
because polymers of different chémical structure are usually incompatible.
The eatropy 'to be gained by intermixing of the polymer molecules is
very small owing té6 the small numbers of molecules invoived. The
small entrophy can readily be counteractéd by a small positive heat
of mixing. Since mixing of aApair of polymers or of pairs of solutions
of différent polymers, is usually endothermiz, incompatibility of
polymérs usually occurs. This phenomenon was first demonstrated by
Dobry and Boyer-Kawenoki (102) who studied some thirty-five pairs
of homopolymers and found dnly thrée pairs were définitely compatible
up to moderate concentration. Scott (103) and Tompa(l04,105) have
presented theoretical treatment of phase separation of polymers, and
Flory(l06) added theoretical consideration which make clear that
incompatibility of different polymers is expected to bé the rule, and
compatibility is a rare exception. Stockmayer and co-workers (107)
pointed out that interaction, which are in their net effect repulsive,
must be considered even between different units in random copolymers
and Molau (108) has shown that such interactions are strong enough
to cavse phase separation even within a series of random copolymers
of identical monomers, but of different composition. Repulsive
polymer-polymer interactions and an intramolecular phase separation
within molecules of block and graft copolymers have been postulated
by a number of authors (5,109,110}, and experimental studies with
regard to the problem have appearéd in the recent literature. (111-116).
The intramolecular phase separation or microphase separation of block

and graft copolymers occurs both in the solid state and in solution.

Block and graft copolymers have sequences of different homopolymers
in the same molecule. Selective solvents can often be found which
are good with respect to one of the homopolymer sequences, but are poor

with respect to the other types of sequences. Merrett (117) has shown



that two modifications, a "hard form" and a "soft form", can be

prepared from the same sample of a graft copolymer of natural rubber

and polymethyl methacrylate. He dissolved the graft copolymér and
precipitated it from solution choosing the solvent-nonsolvent system

so that either the rubber chaine or the polymethyl methacrylate chains
collapse first, when the non-solvent is added. In order to explain

the observed behaviour, Merrett postulated the formation of micelles
during the precipitation. The cores of the micelles would be formed

by those polymer chains that ccllapse first in the precipitation process.
The opposite polymer chains; which are still soluublé at that point,
would form the shells of micelles and would fuse together foruming a
continuous phase, when all of the graft copolymer has been precipitaied.
This continuous phase determines the oGér-all appearance of the formed

modification, which is either hard and rigid or soft and rubbery.

Inoue et al (118) have described the mechanism of domain
formation in A-B type block copolymers of styrene and isoprene, in termé
of thermodynamic and molecular parameters, such as the incompatibility
between A and B segments, the solvation power of solvent for the segments,
the casting temperature, the total chain length of the block copolymer
and the weight fraction of the block segments within the block copolymer.
There.is a critical concentration at which each segmént of the block.
copolymers undergoes phase separation and aggregates into characteristic
molecular micelles. The micelle structures thus formed iff maintained as
a2 whole at higher concentration until the solid structuré are formed.
Thére are three types of micelleé, spherical, rodlike and élternating
lameller micelles, which correspond to the three types of fundamental
. domain structure thak can form the domain structure at the critical
concentration by hexagonal close packing (spherical and rodlike micelles)
or by piling up (lamellar micelles).L The relative values of the minimum
free energies involved in the formation of each type of micellés are
plotted as a function of the whole range of weight fraction O of
A-blocks from zero to unity. The plot indicates that the type of micelle
formed varies from spherical (A dispersed in B) to rodlike (A dispersed
in-B), to alternating lameller (A and B), to rodlike (B dispersed
in A) and to spherical (B dispersed in A) with increasing ¢A’ and

that the limiting fraction ¢i for eack type of micelles shifts towards
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lower values with decreasing relativé solvation power,uBch.
Furthermore, the type of micelles formed is found to be

insénsitive to the casting tcmperature and thé sizé of the micellé
is éxpectéd to change with temperature. Such morphological effects
have also been shown by Matso et al (119) in A-B, A~B-A and A-D-A-B

block copolymers of styrene with butadiene.
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2.9, CATIONIC POLYMERIZATION OF CYCLIC ETHERS

Although certain polyethers can be obrained by polyﬁerizatiOn
of aldehydes and other carbonyl components, the most convenient
method for obtaining high polymers of the type {(CHZ)K—O}n is by
ring-opening polymérization of cyclic ethers. (40,120-123)

Conversion of cyclic monomer to linear high polymer is only
feasible when the reaction involvés a decrease in fréé cnérgy and
when there is a suitable reaction méchanism to induce the ring
opening process. The thermodynamic factors affecting polymerizability
were first rationalized by Dainton, Devlin, and Small (124) who used
semiempirical methods to calculate free energy changes for hypothetical
polymerization of pure liquid cycloalkanés. Small (125) extended the
earlier calculations to ecyclic ethérs and show that since thé bond
lengths of C-C and C-0 bonds do not différ very much, replacement of
a carhon atom in a cycloalkane by a hetercatom such as oxygen would
affect the free energy change only slightly. Data for cycloalkane
can therefore be taken to represent roughly, the free Enérgy involved

in cyclic ether polvmerization. The following generalizations emerge:

1. In any one graph of derivatives, the thermodynamic feasibility of
the ring opening process decreases with increasing ring size in the
order 3 > 4 > 5 > 6, at which ring size the free energy change has
become positive. With further increase in ring size, ring opening
again becomes possible, the free energy change favouring the reaction

in the order 8 > 7 > 6.

2. TFor any one size of ring, the thermodynamic feasibility of ring
opening decreases in the order unsubstituted derivative > monomethyl

derivative > 1,1-dimethyl derivative.

3. The thermodynamic criterion for a spontaneous process, that the

]



-—

40

free energy changes must be negative, is of importance only in
the case of the six-—membered rings and substituted five-membered
rings. In al% these cases the attendant free energy change is
positive, thereby precluding their parcicipation in the ring

opering polymerization.

The cyclic ethers usually homopolymerize or copolymerize
by homogeneous cationic méchanisms. The rélativé éfficiency of
the various initiator systéms varies in an as yét unpredictable
way for one ring system to another and in copolymerization of
various mixtures. Initiation of cyclie éther polymerization
requirés reaction betweén the ether oxygen atom and an ion pair
-comprising a highly éléctrophilic cation (X') and a gegenion

of low nuclearphilicity (Y ), forming a n~yclic oxonium ion.

tve ] = x-& vy (2.56.)

Meervein and co-workers have carried out an extensive study of

the polymerization of tetrahydrofuran using various initiator
systems. (126 - 129). The initiator systems used include trialkyl
oxonium salts e.g. Etg 6 BF, ; prgtonic acids e.g. HCZ Oy;
carbononium ion csalts, e.g. [?Hgo = CHé}AECﬂE (prepared in

situ) and acylium ion salts, e.g. CH300+ARCZH_. ‘

i
In recent years, a number of initiator systems in cyclic
ether polymerization have been introduced. Bawn ét al (130,13D)
have found that the triphenyl methyl cation (Ph3C+) and
-cycloheptatrienyl cation (C7H7+) are readily isolated in the form
of crystalline salts having stable anions such as BF, -,CL0, ,
SbCEG-, PFg , etc. The triphenyl methyl cation salts aré very
good initiators for cycléc ether polymerization and are very

convenient to handle. Especially useful are triphenyl methyl
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hexachloroantimonate and the correspouding hexafluoropheosphate. 1In
general the efficient producticn of high polymers requires stable

gegenion,

Dreyfuss and Dreyfuss first showed that p—chloroPhényl
diazonium hexafluorophosphate was a véry éfféctivé initiacor for
tetrahydrofuran polymerization. (132). Extremély high molecular
welghts wére obtained and the system was apparently free from
termination reactions. The initiation is thought to occur by

hydride abstraction as shown in Reaction (2.57.). These authors

+ - ’ / +/ ] _
cL’ 0 > N, pF. + THF cL D—N=N= F
N 2 Prg -+ . _ Q, pkg

cs {oVE + N +[ | pFg (2.57.)

N

propose (38) that the cyclic carbononium so formed reacts

further with tetrahydrofuran to give an aldehyde endgroup in the
polymer chains, viz:
0

_ il LV A -
{ IpF6 + THF + HC- (CH,) 3~ O lpFG o (2.58.)
+ ’ t

It has been reported that THF and other cyclic etheré can be
polymerized using BF 3(133), SiF,(134), pF5(135,136). SbCig
(137,127-129) and Wee. (138). The initiator PFg givés rise to a
very high molecular weight polymer (in the case of THF) although
there is considerable doubt as to whether the simnle halide is
a true initiator. Polymerizations indiced by PFg are very similar
to those initiated by p-chlorophenyldiazcnium hexafluorophosphate.

P
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he chain growth processes in cyclic ether polymerizotion are

best represented by Reaction (2.59.). Evidence for the

K
4+ s —P . .
aae CHy — o\ + THF \—Kd A~ CH,0(CH5),, - 0: } | (2.59.)

" e sr—

reversibility of these polymerizations is provided by the véry rapid
depolymerization of polymer to monomer under the influence of,

for example, SbCLg (139). Early work by Meexrwein (126-128) had shown
that for a2 given temperature, there was an upper limit to the percentage
convérsion of monomeric THF to polymer.. The other cyclic ethers behzve
similarly (121) and this type of behaviour is typical of polymerizations

exhibiting so-called ceiling temperature phenomena.

The propagation reaction in cyclic éther polymérization may be
regarded as involving mucleophilic attack by the monomer ether oxygen
atom on the alpha carbon of thé cyclic oxonium ion. The depropagation
reaction can similarly be considered as a nucleophilic attack by the

penultimate oxygen atom followed by explusion of monomer. At

- O(CHy),, - o\'\/CH’*'THZ = awo(cH), -9 |+ [} (2600
QP),:‘CHZ—CH,_ | * o
monomer—polymer equilibrium, the rates of propagation and of
depropagation become equal. In addition to reaction with monhomer
oxygen and penultimate polymer chain oxfgen, the polymeric; cyclic
oxonium ion should also be capable of reacting with other ether

oxygen atoms distyibuted randoply in the system. So the possibility

of intermolecular reacticon exists as shown in reaction (2.0l.)
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_EO - (CH,) jr_ Q/+_— "l‘ 0/(CH2)'+—“‘E0'(CH2M‘:|IB—
. 2 l*_a

' 0/ (Cﬂz)q—.g 0 - (Cﬂz)u‘__}b—
— —+0 - (CHz)q:l——- +

—la+l \‘\\\{: '
THF

+ [ Sofomi—o-- | (261

An analysis of the consequences of this reaction reveals that the

only result is an alteration of the mod@cular weight distribution.

However, if an acyclic ether is presont the analogous reaction

(2.62.) leads to chain transfer and the formation of new short chains.

R CH, —CH, THF

0(CH,),— 0+ I+o/ + M O(CH o— "2 2
AN ( 2)1+ N R' ( z)u —_
CHy~ CH, :

0

/N,

R (2.62.)

R
. o
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The new short chains can be formed even at equilibriun. They

will enter into the propagation - depropagation reaction and they
can also react with polymer oxvgen. Both of thése reactions will
lead to a decrease in overall molecular weight; thé first résults

in growth of new chains at the expense of longer ones and the second

brings abeout chain cleavage.

The destruction of active centers, rather than transfer of
charge to another chain, is not a simple process. Perhaps the
most obvious method for chain termination during polymerization would

be by apion recombination, i.e.,

A O MY+ awOCH,CHpCHpCH,Y — + MY ' (2.63.)
— x4l

With certain systems in cyclic ether polymerization, it is possible

to demonstrate lack of termination and thus establish a "living"
cationic polymerization. (38,132,140, 141). Polymerising systems
having perfluoro axions such as BFy, » PFE, SbF; appear to be the

most stetle and demonstration of "living" character in the system

is achieved by waiting until the systém reaches equilibrium and adding
extra monomer, with 2 consequent increase in molecular weight. -
Alternatively, addition of a second monomer results in block copolymer

formation.

Many examples of copolymerization of cyclic ethéfs aré known
(40,142,145) . Quantitative estimation of relativé réactivitiés in
polymerization for cyclic ethers is very difficult because of the
complications arising from equilibrium depolymerizations and the
likelihood of block copolymer formation. Howevér, thé relative
basicities of cyclic ethers have been estimated by several different
techniques. (142, 146) . The results show that for cyclic ethers the

basicity varies with ring size in the order: 4 > 5> 6 > 3.

3
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2.10. SMALL-ANGLE SCATTERING OF POLYMERS

X~ray scattering and interference effects can be cousideied as
due to the variations in electron density from one point to another
in the material.” In a perfect crystal, in which the atoms are
regularly arranged accerding to a space lattice, che scattering angle
20 is related to the interplanar spacing d by the Bragg equaticn
ni = 2d sin®. Because of the reciprocity between interatomic
distance and sin 6, inhomogeneities of colloid dimensions
generate x-ray scattering and interference effects at very small
angles, typically less than 2% with the wavelength of CuK , 1.5424°
This small-angle scatterlng has little dependence cxcept v1a dens1ty
effect on the inhomogeneities of atomic dimensions that give rise
to the wide-angle diffraction. It is only the fluatuations in electron
density over distances, typically 30 to 1000 A® that determine the
nature of the small-angle scattering. Therefore rather perfect
single-crystals, pure phases in general and cother homogeneous

substances do not scatter x-rays at very small angles.

The two kinds of inhomogeneity that are most likely to be
regponsible for small-angle x-ray scattering from solid polymers
are (a) alteration of crystalline and amorphous regions, which in
general will possess different electron densities, and (b) the
presence of microvoids or microdemains dispersed throughbut the
solid polymer matrix. The intensity of small-angle scatterlng
increases with the degree of contract between the elecron dens1t1es
of the two or more kinds of reglon that produce the heterogeneity.
For a two~phase system with volume fractions ¢; and ¢, and with
the respective electron densities pj and py the scattering power
is defined as ’

D—
I, = (o) = p2) d14p (2.64.)
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Thus the intensity of small-angle scattering is reiatively large
for a system of discrete particles dispersed in matrix, but relativzly
small for a heterogeneocus system of crystalline and amorphous

regions that differ but clightly in density.

An inhomoge?eous syctem exhibits two types of u-ray éffécts
at small angles: diffnse scattering and discrete diffraction.
Diffuse scattering usually has a maximum intensity at an angle
of 0% and it decreases in intensity uwp to 1—20; whereas discrete
diffraction is most frequently found as a single maximum corresponding
to a Bragg spacing of 754° to ZOOAO, although seeond or third order

maxime have been observed in some cases.

The diffuse small-angle scattering pattern is not subjected to
an unequivocal structural interpretation on the bacis of the x~ray

data taken alone due to the following ambiguities.

1. As a consequence of the Babinet principle of reciprocity in
optics it is not p0551b1e to dlstlngulsh the scattering by a
system of particles in space from the scatterlng by a complamentary
system of micropores in a SOlld contlnum Other ev1dence must be

used to distinguish between thesa pOSSlble causes of the scattering.

2. It is not possible to differentiate WLthout some deg*ee of
uncertainty the effect due to partlcle shape from those due

to polydispersity. . :

3. It is frequently difficult to détermine to whatéxtént thé scattering
curvé is determined by the isolated particlés and to what extent
by the interparticle inter ferences. Whereas diluté systéms yield
only particulate scattering, in close packéd Systéms interparticle

inter ferences cannot be neglected.
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Excellent reviaws on the thecry of small-angle z-ray
scattering and on the application of x-ray diffraction methods in

polymer science exist. (147 - 152).

As mentioned above, the atoms in a crystal are regularly arranged
according to a space lattice. There are 14 possible types of space
lattice, one tricliniec, two monoclinie, four orthorhombic, one

rhombohedral, one hexagonal, two tetragonal and three cubic.

The simplest cubic lattice is thztiin which the lattice points
lié at thé corners of cubes. The three primitive translations are all
equal, and at right angles and this is the true cubic space lattice
(P). The other cubic lattices are the face-centred cube(F), having a
point at each corner of a cube and one on the middle of éach face;
and the body-centred cube (B), having a point at each cube corner

and one at the cube centre.

In face-centered cubic crystals, x-ray reflection will only occur
when h,k and £ are all odd or all even. (h, k, £ are the Miller
indices). 1In body-centered cubic erystals, reflection will occur
when the sum of the Miller indices is even. All reflections are
allowed for a primitive lattice. Table 2.1. gives the allowed

reflections in the cubic system for h2+k?+22 = 1 to 10.
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TABLE 2.1 ALLOWED REFLECTIONS IN THE CUBIC SYSTEM
L .
h?+k2+22 (h2+k2+22) 2 Allowed, for lattice {hk}
1 1.000 P 100
2 1.414 PB 110
3 01,732 PF 111
4 2.000 PBF 200
5 2.236 P 210
6 2.449 PB 211
7 not allowéd
8 2.828 PBF 220
) 3.000 P 300,221
10 3.162 PI 310







CHAPTER 3. EXPERIMENTAL

3.1 DETAILS OF THE POLYMERS MEASURED

The polymer used in this work was a polystyrene-polybutadiene-
polystyrene {S-B-S$} block ccpolymer, marketed by the Shell Chemical
Company under the name KrATON 101.

Table 3.1 Properties of the 5-B-S Block Copolymer

Experimental Literatﬁre {153, 154)
Density 09 g./c.c. 0:94 g./c.c
Weight Z Styrene 28 28
© Mn 78,000 76,000

Diene microstructure

cis-1,4 . 417
trans-1,4 _ 7 517
1,2 (vinyl) _ 87

Molecular Weight Determination

i
i

The number—average molecular weight was determined with a
Hewlett—Packard 502 High Speed Membrane Osmometer, using toluene as

solvent, at 25°¢.

Chemical Analysis for Polystyrene

The method of Kolthoff et al (155) was used to determine the

weight fraction of polystyrene in the S-B-£ block coplymer. It is
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based on the degradation of the butadiene portion of the molecule
by tert-butylhydroperoxide in p-dichlorobenzene, catalysed by
osmium tetroxide. The resuiting small molecular fragments (low
molecular weight aldehydes) are soluble in ethanol, while the
unattached polystyrene is not. The polystyrene is isolated by

pouring the reaction mixture into ethanol and filtering out the

polymer.

Table 3.2 Solubility Parameter for Polymers and Solvents (156)

Polymer/Solvent _ [ (cal./c.c)i
polystyrene ‘ - 9.1
polybutadiene B+6
n-hexane 73
methyl-cyclohexane 7-8
toluene 8.9
methylene chloride 9.7

Cast Samples

Films ranging in thickness from about 0+05 cm to 0+2 cm were
cast from methyl cyclohexane, toluene and methylene chloride. The
polymer was weighed and dissolved in the solvent. The concent?ation
of the solution was about 107. After the polymer was dissolved, the
solution was poured into clean mercury, contained in a large

crystallising dish.

The solvent was allowed to evaporate slowly at room temperature
and atmospheric pressure. Complete evaporation of solvent tock about
a week. The films after being removed from the mercury were air-dried

for at least ten days before being used in a test.

o

50
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Moulded Samples

The polymer was compression mculded inte strips, 10 cm long,
06 cm wide and 0*3 cm thick, and disc of 5 cm in diameter. The
mouldings were carried out at 150°C for twenty minutes. The mouldad
samples were allowed tb cool slowly to ambient temperature uvnder

pressure.

Swollen—Deswollen (S/D-S) Samples

The apparatus used in preparing the $/D-S samples is shown in
Figure 3:1. Strips of films cast from toluene and methylene chloride
were swollen with n-—hexane at ambient température to about 507
extension. The swollen strips were then deswgllen and dried by
removing the solvent under vacuum. However, the strips did not
completely recover their original dimensions. The amount of set
was generally 67, being greatest at the clamped end and very small
at the lower end. The clamped end of each strip was cut off and the

remaining piece was used as a test sample.



FIG. 3.4
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3.2 SMALL ANGLE X-RAY SCATTERING AND ELECTRON MICROSCOPY STUDIES

Samples of approximately 1 mm thick were used in the SAXS studies.
The sampies were mounted in a temperature-controlled cell on a
Rigaku-Denki SAXS goniometer (2202). Slit collimation in conjunction
with Geiger counting,was used to study the scattering from unstretched
samples. The effect of teuwperature on unstretched‘samples in the
range -100°C to +125°C was also studied. The Ceiger counting was
operated by automatic scanning at very slow rates, aprproximately
half a degree per hour. The scanning time was about an hour. Scanning
was done beth to the right and to the left of the axis, in order to
check the zero alignﬁént. The effect of stretching up to 600Z
extension on the samples was investigated-with pin-hole optics and
film detection. Pin-hole optics were also used to determine the
lattice structure of more regular morphologies. By use of long
exposure, higher order reflections were observed. The expoéure time
in this case-was two days. The instrumental variables were optimised

0
to give a maximum resolution at 1000 A (157).

The domain structures of K10l were observed by electron microscopy.
Films of about 01 mm thick were cast from an approximately 1% toluene
solution. The solvent was allowed to evaporate off at room temperature
in vacuo. The dry films were stained with osmium tetroxide, to
rrovide sufficient contrast between folystyrene and polybutadiene
phases. The stained films were then embedded in Araldite, and
ultrathin sectioning carried out by an ultramicrotome to a thickness

o
of about 500 A.

-
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3.3 EQUTLIBRIUM SWELLING AND EXTENSICN STUDIES

SWELLING MEASUREMENTS

Rectangular specimens were cut from moulded and toluene zast
samples. The specimeps were weighed on an analytical balance, and
;ilowed to swell in n-heptane for one day at 265°C. The swollen
specimens were blotted with filter paper and transferred quickly
to weighing bottles. The voluwe of imbibed solvent was obtained by
dividing the difference between the weight of the swollen specimen and’
the weight of the dry specimen (dried for two days at room temperature
in vacuo). Next the dry specimens were weighed in methanol and their
volumes calculated. From this volume was substracted the volume of
the polystyrene 'fillers', giving the volume of rubber (polybutadiene).
The latter was used to calculate the volume fraction of rubber in the

swollen polymer (Vr)'

Using the value of Vr from equilibrium swelling measurements,

an estimation of the molecular weight between 'effective crosslinks'

for conventional vulcanizates i1s given by the Flory~-Rehner Equation (158).

- 1/3
Po Vl(Vr /3 Vr/Z) )
M. = . " 3.1
ﬁn(l-Vr) + Vr + ler

where X, is the polymer-~solvent interaction parameter,

P, is the density of the unswollen elastomer phase,

and V, is the molar volume of the swelling agent.

1
This treatment assumes the network to contain no imperfections

or free chain ends and to have a cross link functionality of four.

L -

MODULUS DETERMINATION ON UNSWOLLEN SAMPLES

4

Samples of dimensions approximately 60 x 05 x 0+l cm were
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clamped at both ernds. The upper clamp was f£ixed rigidly to a vertical
scale, while the lcwer clamp was free to slide along the scale and can
be locked at any position. The specimen was then stretched to about
30% extension and a stress—strain curvc was determined at decreasing
elongation. About twenty minutes were allowed for the stresg to
attain equilibrium at each elongation. The load was measured with

the Autobalance Universe Bridge Bé41, in term of inductance. From

the load/inductance calibration curve and the cross-sectional area

of the unstretched sample, the stress corresponding to each elongation

was calculated.

The values obtained were plotted according to a modified
equation of the kinetic theory of rubber elasticity (159), taking

in consideration the presence of fillers in the network (86).

PRT

M

O = A72)(1 + 256 + 141¢ 2) (3.2)
~ - . S S

where ¢ is the tensile stress based on the cross-sectional area of
the unstretched sample, _

is the volume fréction of the polystyrene 'fillers' in the
rubber network, ' ' '
is the density of the elastomer phase,

is the gas constant, |

is the absolute temperature,

2 oMW oW o

is the molecular weight between 'cross—links',

is the extension ratio. ; !

S

and

MODULUS DETERMINATION ON SWOLLEN SAMPLES

Rectangular specimens were swelled in Nujol (castor oil). The
swollen sbecimens were allowed to equilibrate at room temperature for
overnight. Using one of the swollen specimens, the volume fraction

of rubber in the swollen polymer Vr was determined. Nujol was used
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as the swelling agent because it swells the polybutadiene phase,

but does not affect the nolystyrene domains. Alsc Nujol is a non-
volatile solvent. The swollen specimens were stretched using a

step loading technique by adding 50 gm. weight every twenty minuties.
The extensions were measured with a cathékometer on two bench marks

made on the unstretched swollen sample.

The molecular weight betwzen 'crosslinks' was calculated from
the stress—strain relation for a swollen, filled rubber network
(86, 159).

_ PRT . -1/3, _ ,-2 . g 2
¢ = Vi (=2 )(1+25¢f+14 1¢f) {(3.3)

where o is the tensile stress based on the cross—sectional area of
the unstretched, swollen specimen, 7
¢f is the volume fraction of polystyrene 'fillers' in the
swollen specimen,

and A 1s based on the unstretched, swollen length.
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3.4 STRESS~STRALN BEHAVIOUR

Tensile stress—strain curves for each sample were determined to
. . o o
the rupture point over a temperature range of +30°C to +706 C and at
5 strain rates. Stress—strain data were obtained with an Inctron

tester at crosshead speeds between 0-5 and 50 ¢m per minute,
»

The Instron tester was equipped with a temperature controlled
box, which allowed the attainment of temperature from ambient to 100°C.

Temperature control in the range studied was +0-5°C.

Tensile tests were made on ring-type specimens which were cut
from films of the various solvent cast samples, using a special ring
.cutter. The rings had an inside diameter of about 1+54 cm, and an
cutside diameter of about 1+73 cm. The dimensions of each rinp were
calculated from the weight of a ring, the weight of the disc from the
centre of a ring, the thickness of the disc, and the density of the
block copolymer. A ring was tested by placing it over hooks attached

to the load cell and movable crosshead of the Instron.

Stress—-strain data were obtained from the dimensions of a rihg.
and the load-time trace obtained during a test. The averaéé stress
at any instant was obtained by dividing the observed load by twice
the cross-sectional area of an unstretched ring; average strain was

obtained from the crosshead displacement and the average diameter of

an unstretched ring. . ;

Hystersis loops of about 250% extension for the various ring-

type specimens were also obtained from the Instron.



3.5 CREEP

A diagram of the apparatus is shown in Figure 3.2. Strips of
the films cast from toluzne were stbjected to constant tensile loads
and the resulting extensions measured by means of a cathctometer.
Brench marks were maQe on the stretched strips with small droplets
of ink and the distance between them measured. The strips were
generally 6 cm long, 6 mm wide and 1 mm thick. They were allowed
to equilibrate in the temperature controlled chamber at the requisite
temperature before the load was applied. The first measurement was
made one minute after the load wés applied and subsequent ones at

convenient intervals during the test.

Creep data were obtained over a temperature range of +30°C to
+50°C at four stress levels, corresponding approximately to 147,
45%, 1007 and 3007 extensions at one minute, after the application

of the load. All tests were carried out on freshly cut pieces.



/L‘/ upper CIamp

' ] . | a o furf

‘[ B - test piece

jrt

_— thermostated
chamber

/ ' ioad

FIG. 3.2 TENSILE CREEP APPARATUS



-

58

3.6 STRESS RELAXATION

The stress relaxation apparatus is shown in Figure 3.3. Stress
relaxation data were obtained for films cast from toluene and
methylene chloride. The mecasurements were taken over a temperature
range from +30°C to +700C, and for fixed elongations of 147, 457,

100% and 300%. The time for each test was-éenerally 300 minutes.

Test strips of about 7 mm wide, 3 mm thick and 3 to 10 cm in
length were suspended in the chamber, which was air—-thermostated.
A period of about an hour was allowed for the strips to attain the

test temperature before they were extended.

The ends of the strips were gripped in metal clamps, the upper
one being fastened to a stiff spring whose deflection was used to
measure the stress in the sample. The spring deflection was
negligibly small in comparison with the deformation of the sample.

The lower clamp was displaced vertically away from the upper one

to a fixed stop, positioned so that the required degree of extension

was imposed on the sample. It was then secured in this position.

The stiess relaxation data were obtained from the dimensions
of a strip and the load-time trace obtained during a test. The
average stress at any instant was obtained by dividing the observed
load by the cross—sectional area of the unstretched strip. The
stress o, after a period of time, t, in the deformed stﬁte is then
expressed as a fraction of the stress 9. after 0+5 minutes in the

deformed state.
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3.7 PRINCIPLE OF THE DYMAMIC MECHANICAL APPARATUS

The dynamic mechanical apparatus, which is described in the
follcwiﬁg section, can be used to measure either Young's or shear
rigidity moduli, depending on the deformation applied to the test
specimen. For Young's moduli, a rectangular beam specimen is
clamped rigidly at both ends and is oscillated in bending geometry
by a central clamp. Wherelse for shear moduli, two disc specimens
are oscillated, in shear sandwich geometry, By a central plate.

The central clamp and the central plate are interchangeahle and are

driven by a magnet suspended on thin wires in the centre of a coil.

The force is produced by the action-of a sinusoidal current in
the coil of the magnet. It is resisted by the mass of the moving
system, the rigidity of the specimen and the rigidity of the

suspension wires. The egquation of motion for such a system is:
M# + kE*x + Ax = F0 exp (iwt) (3.4

where M is the mass of the vibrating system
x is the linear displacement of the driven clamp,
E# is the complex rigidity modulus (E' + iE") of the specimen,
F is the maximum driving force,
is the angular frequency of the driving current,
is the time,

is a term for the rigidity of the suspension wires,*

= > o E O

ana is a geometrical factor, which for bending geometry is

given as:
k = 2bh3/e3 (3.5)
where b is the width, h the thickness and £ the length of each half

of the specimen between each rigid clamp and the central clamp.

(See Appendix I)
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For shear sandwich geometry, E* is replaced by G* in Equation

{3.4) and k, the geometfical factor, equal:z:

b
i

Q. /%, + Q. /2
170 202 (3.6)

2Q/%, if samples are identical.

where Q is the cross—sectional area and 4 the length of the specimens.

It has been shown (160) that the sclution to this differential
equation is:
F_ exp. i(we - R)

X. = 3.7)
[(E' + A - Mw2)2 + k2E"2]}

where

_1[- kE"
tan (3.8)
kE' + A - Mw?

If only peak force and peak amplitude are considered Equation (3.7)

™=
I

becomes:

_0 = EkE! + A —_ MNZ)Z + szll2:|i (3.9) i

X
(o]

where X, is the peak linear displacement.

Solving the simultaneous equations (161) (3.8) and (3.9) for
E' and E" gives: - I

F
E' = % 2 cos B - A + Mw? (3.10)
p4
(s}
1 Fo
B = & 2 sin B (3.11)
X
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The szlk term can usually be neglected when w 1s less than one-fifth
of the resonant frequency. The suspension rigidity teru, A, will
have a value equal to Mmz(v), where w

v
of the vibrating system without samples. A will be small when

) is the resonant frequency

m(v) << w(s);'where W gy is the resonant frequency of the vibrating

system with sample,

Therefore Equation (3.10) becomes:

HFO
—~= cos B (3.12)

X
0

1
! = =
E K

This simplifies the calculation considerably since from Equations

(3.11) and (3.12): -

tan & tan B (3.13)

and

F
E' + ig" = —2 (3.14)

kx
o

E*

i}

At some high frequency, depending on lhe rigidity of the sémple,
the vibrating system will possess an amplitude resonance. From
Equation (3.9) the condition for a maximum in % with varying

frequency is (160):
L} 2 ) 1
kE' = Mwo ) ! (3.15)

where W is the resonant frequency. Measurement of the resonant

frequency thus gives an accurate value of E' at that frequency.

An essential step in the measuring process is the conversion of
the linear displacement into a proportional voltage. This is done
with a Bently transducer, operating in conjunctien with a Bently

Proximator circuit and a power supply. The Bently system produées
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an outpui voltage proportional to gap and gap variation from the proube

_ face to the sbserved surface. That is,
x = BV (3.16)

where X is the peak linear displacement,
V is the R.M.S. value of the output voltage,

and B 1is a constant of the transducer system.

In principle, the dynamic properties of a specimen are given in

terms of gquantities which are measurable.

The peak driving force is proportional to the R.M.S. value of

the driving current i. Thus:
F = Ni (3.17)
where N is a constant dependent on the strength of the magnet and the

properties of the coil. Similarly, the peak displacement is

proporticnal to the output voltage as given by Equation (3.16).

Combining Equations (3.10) and (3.11) with Equations (3.16) and

(3.17) giveé E' and E" in terms of actual measurements.

o Mo?
k

=

n

!
[g]
Q
w
™m

|

=

. (3.18)

E" = — %-sin R (3.19)
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3.8 IMPROVED VERSION OF THE DYNAMIC MECHANICAL APPARATUS

The dynamic mechanical apparatus described by Bowman (161) has
been modified and improved. A genzral description of the mudified
apparatus (with reference to_Figure 3.4) as a whole is given
inicvially, followed Py more detailed descriptions of those COmpONERts

which have been modified.

The two magnets (M) are suspended in the centre of the system

of coils (C) by two sets of three stainless steel wires (W) (32 gauge).
The coils are supported on a metal bobbin (B). The magnets are
connected to the drive clamp (D) by an aluminium spacer (A) and a
l6BA threaded aluminium rod (R).‘ The 1ectangular beam specimen (8)
is clamped at both ends to two brass plates (P); and is attached
at the centre io the drive clamp. Each of the brass plates is
struck with "Araldite" to a brass three—quarter cylinder (T) which
is free to move in a vertical direction. This allows the leungth of
the specimen to be varied. The movement of the cylinders is
controlled by the two 2BA screws (E). A brass cylindrical tube,
13" in length and 2" in diameter, is screwed to the main body of the
apparatus. This supports the coil bobbin and provides anchor points
for the suspension wires. A brass case sliides tightly into the oper
end of the cylindrical tube. This holds a brass cylindrical rod (G),
with a probe (F) at one end. The prebe and the soft-iron disc (I},

on the vibrating system form the transducer unit.

'
i

The apparatus is attached to a thick, flanged, brass plate by
two L-shaped brackets. The whole instrument is thus supported
vertically by its top end, so that it may be placed in a brass

container and evacuated.

The vibrating system is shown schematically in Figure 3.5. It
consists of the aluminium drive clamp (D), the 6BA threaded aluminium

rod (R), four soft-iron nuts, the aluminium spacers (A), the magnets (M)
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and the soft-iron disc (I). The drive clamp is free to move in the
horizontal direction and is locked in posiiion by two 6BA nuts.

The drive clamp and threaded rod can be replaced by a drive plate.
Two similar disc specimens could then be oscillated in shear
sandwich geometry as described by Bowman (i61).

The soft-iron disc was found to provide the most sensitive
electrically conductive surface for the Bently Probe to sense. The
disc is of 3" diameter aund 1/16 inch thickness and is struck to the
vibrating system with "Araldite". Alterrative metals like tin, -

copper, stainless steel and aluminium gave less sensitivity.

The Bently probe is fitted onto the end face ¢of the one inch
long brass cyiindrical rod. The rod is free to slide in a horizontal
direction, through the centre of the thick cover ¢f the brass case
and is solidly locked in position by a screw pressing against it. The

probe and the soft-iron disc are parallel to each other. The initial

 gap between them is adjusted by moving the rod, to give the highest

output voltage commensurate with good linearity for the range of the

displacement of the vibrating system.

Figure 3.6 shows the tensioning device used in tightening the
suspension wires. Each wire is anchored to the vibrating system by
a soldered-knot. The wire then passes through the fine hole in the
centre of the tensioning device. The wires are tightened and locked
in tension by two 4BA nuts, turning in opposite directions. :The
tensioning device sits in a hole through the supporting brass

cylindrical tube and is clamped tightly by a 4BA nut.

The block diagram and the photograph (Figures 3.7) show the
arrangement of the electronic apparatus. The variable frequency
{(0-01 ¢/fs to 111 ke/s) oscillator (Sclartron 0.S5. 103-3) is
capable of supplying an unbalanced, attenuated alternating voltage

of 10 volts r.m.s. maximum. The output voltage from the oscillator

"is fed into a power amplifier (AIM WPA.116). The power amplifier
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supplies a voltage to a 195 ohms resistance {(consisting of 4

resistors in paraliel) in series with the driving coil.

The probe (Bently Nevada 304) operates in conjunction with a
proximator (Bently‘Nevada 3106) and a power supply (Advanced Dual
Stabilised D.C. supply PT3). The proximator supplies electrical
energy from the po&ér supply to the probe and senses the signal
return from the probe to:brovide a voltage signal that is
proportional to the displacement variation of the vibrating system
detected by the probe. The transducer system which works on an eddy '
current principle has a sensitivity of ~ 8 volts per millimetre of
motion and applies negligible stress to the vibrating elements.

The voltage from the proximator is fed into an Operational
amplifier (Burr-Brown 1632A/16). The operational amplifier has
switch-selected gains of 1, 10 and 100. It operates with regulated
*15 V D.C. power supply {(Advance Dual Stabilised D.C. Supplv PP3).
The amplified voltage output is resolved into in-phase and in
quadrature with a 10-volt reference signal from the oscillator, by
means of a resolved components indicator (Solartron V.P. 253.3).
This mezsurement thus yields the absolute amplitude of the output

voltage (Vo) and also its phase relative to the driving voltage.

The 1npuL voltage (V ) from the oscillator after amplification
is also glven by the 1n~phase voltage on the resolved component
1nd1cator. The input signal from the oscillator and the output
signal from the transducer circuilt are monitored om a double-beam
oscilloscope (Solarscope CD 1014.2) to ensure that they are

undistorted sine waves.

The Bently probe and proximator operates with a regulated —18V dec
power supply. This voltage supply to the proximator from the
Advanéed'Dual Stabilised D.C. supply is balanced to obtain output
signal about earth. This allohs the probe gap to be monitored on the

-+

oscilloscope.
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3.9 DYNAMIC MECHANICATI, MEASUREMENTS

The dynamic mechanical behaviour of the S-B-S block copolymer
(Cariflex K101), fabricated under varicus thermal or solvent

treatments were studied with the apparatus described in Sections

3.8 and 3.9.

The size of the specimens used in these experiments was such
that the resonant frequency of the appavatus with specimens in
position, was sufficiently high ta give a reasonable range of
measurement below it, and that the samples were being periodically
bent rather than sheared, i.e. the Young's moduli were being
measured {see Appendix II). The shape of the specimens was that

of a rectangular beam.

The stationary upper and lower clamps and the central drive
clamp were adjusted with two aims in mind. Firstly that their
faces were in the same vertical plane. Secondly that the gaps between
the drive clamp and the two rigid clamps were equal and were that of
the decided length for the test specimen. The clamps were then
locked in position by the respective screws. The adjustment
was carried out with the use of the cathetometer. The beam specimen
was then placed in position and clamped at both its end and at its

centre.

The gap between the soft-iron disc and the probe was adjusted
to obtain a measurable signal, bearing in mind the change in
modulus of the test specimen over the temperature and frequency

range to be measured.

The apparatus was piaced in its cylindrical brass container.
The ground flange of the plate attached to the top of the apparatus
and the similar flange of the container, with a tinfoil gasket

between them, were pulled together by twelve 2BA socket-head screws.
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The screws passed through both f£langes and the gasket t9 a steel
backing ring on the underside of the container fliange. The apparatus

was then evacuated.

Measurements were obtained at the resonant frequency, and
frequencies of 30, 10, 3, 1, 0-3 and 0°1 ¢/s, at selected constant
temperatures. The apparatus was placed in a vacuum thermosflask
and cooled from room temperatures at intervals of 7° or 8°C to about
~70°¢ by a mixture of solid carbon diexide and methanol. Cooling
from -70°C to -120°C or lower was effected using liquid Nitrogen as
the coolant. The temperature inside the apparatus was measured
with a copper-constantin thermocoldple. The apparatus was left

overnight to warm up to room temperature.

Measurements from room temperature to about +1200C was
carried out in a thermostat liquid paraffin bath. Again each set of

. : . o} o
measurements was obtained at temperature intervals of 77 or 8 C.

As part of the setting-up procedure the resonant frequency of
the vibrating system without specimen was determined. If this had
fallen much below 70 2/s the suspension wires were tightened. The
output signal was examined on the oscilloscope to ensure that it
was an undistorted sine wave. Any distortion or abnormally high
resonant frequency indicated that the drive mechanism was not
vibrating freely.

i

As part of the calibration procedure, a steel blade was clamped
in place of the specimen in the apparatus. The 'tan &' for steel at
room temperature is in the order of IOHH, éhus any measured phase
shift (ao) between the output and input voltages under these
conditions is presented in the imstrument and in particular, in the
electrical circuitry. Numerous determination of o against frequency
showed that any instrumental phase shift in the power amplifier, the
proximator or the operational amplifier can bz neglected up to

frequency of 10 c/s.

67
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The conversion of the measured terms $0 absolute values of
dynamic moduli is now considered. 1In all the experiments carried out
the applied stress was kept constant for each set of measurements at
constant temperature, i.e., the driving current was constant.

Equations (3.18) and (3.13) therefore become:

v N1 _ A, Mo
E - -hv.cos B ” + | (3.20)
e _ Ni[1 . '
B o= KB | v sin Bt} (3.20)

In order to convert the amplitude cof the output voltage (V)
to absolute values it is necessary to know the value of the comstant
Ni/kB. TIf the transducer system could be calibrated, at varying
settings of transducer sénsitivity, the constant B could be obtained.
Then, knowing the values of N, k and i, the constant Ni/kB could be

calculated.

It is not possible to calibrate the transducer as in practice
it was not quite linear and it proved difficult to exactly reproduce
a particular sensitivity setting. Also with change of temperature
slight distortion of the samples occurred, thus altering the

transducer setting.

The results were therefore converted to abSslute valueg in the
following way. Equation (3.15) states that kE' = Mwoz. The
geometrical factor, k, is determined by direct measurement of the
specimen and the mass, M, of the vibra;ing system by weighing. The
resonant frequency may be determined accurately and thus the absolute

value of E' can be obtained at this frequency.

At a given temperature the time required to take measurements
over the complete frequency range is about 30 minutes. The trans-

~ .
ducer setting remains constant at a constant temperature. Thus the
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term Ni/kB ir Equations (3.20) and (3.21) is constant for a st
temperature, and it only remains to determine its absolute value.
ﬁrplot of 1/V' is made against the logarithm of frequency in the
region where the inertizl term is negligible. V' is the in-phase
component of the outpui voltage and équals V cos 8. This plot 1is
extrapolated tc tﬂé nesonaé& frequency where the exact value of E'
is known. Thus the 1/V' curve is calibrated, i.e. a value is given
to the constant Ni/kB. 1In fact, changes with temperature are also
small, typical variatioms of transducer sensitivity with the
appropfiate power supply voltage (sensitive to gap setting) to give

signals about earth are shown in Figure 3.8.
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3.10 VIBRATING REED MEASUREMENTS

The vibrating reed apparatus (162,163) was used to measure the
Young's modulus E' and the mechanical loss factor tan 6 of S~B-3/

péiystyrene and polystyrene/polybutadiene blends.

Table 3.3. Composition of the blends by weight

Blend S=B-S (%) | Polystyrene (%) |Polybutadiene (%)

M1 60 40 - |
M TI 40 60 ~ -
M TII 26+7 7343 -
M IV 16.9 | 83+1 -
MV - , 79 21
M VI - 88 . 12
‘M VII - 100 -
S 1 60 40 -
s II 40 60 -
s TII 26+7 733 -
5 TV 169 - 83+1 -

Samples M I to M VI were obtained by mechanically blending the
polymer mixtures in an internal blender. Samples 5 T to § IV were
prepared by dissolving the polymers in A.R. benzene. The 10%

. . C
solutions were then freeze—~dried in vacuo at 0 C for four days.

The vibrating reed apparatus is capable of measuring six
polymer specimens simultaneously. The specimens were compression
moulded into rectangular beam of approximate dimensions
6+4 x 1+0 x 15 cm. Each polymer specimen was mounted vertically

in the apparatus by a clamp at its upper end so that it could be
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stressed as a cantilever. The polymer beam was vibrated by
energising a coil with a soft-iron core adjacent to a small permanent
magnet attached to the free end of the specimen. The amplitude of
vibrations of each sampie was detected by a small ceramic piezd;
clectric pressure transducer, which was clamped against the u@per

end of the sample (F}gure 3.9)1

The measurements were carried out in vacuo over the temperature
range of -120°C to +120°C. Cooling down to -70°C was effected
by using a mixture of solid carbon dioxide and methanol. For
temperatures below -TOOC, liquid nitrogen was used as the coolant.
.For temperatures above rocm temperatufe, the apparatus was placed
in a thermostat—controlled oil bath. About forty minutes were
requiréd for the apparatus to achieve thermal equilibrium at each
measurement. HMeasurements wereusually taken at intervals of 7° or

8°c.
The mechanical loss factor, tan &6, is calculated (164) as
tan § = Af/fo ' (3.22)

where f0 is the resonant frequency of the polymer beam and Af is
the resonance-curve frequency width at the half-power points.
Young's modulus E' for the 'loaded' pclymer beam (because of
the magnet) is calculated (165) as. :
4u283f 2

B' = __;_?;il_ (L40M, + 33pxtl) (3.23)
35t°x

where p, £, t and x are the density, length, thickness and width of

the polymer specimen respectively. ML is the mass of the magnet

attached to the free end of the specimen.
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3.11 SYNTHESES QF HOMOPQLYMERS AND COPOLYMERS

High—-Vacuum Apparatus

A high vacuum apparaius as shown in Figure 3.10 was used.
High vacuum techniqyes (5,31,166,167) permit the attaimment of the
figorous experimental cunditions necessary to prevent termination of
-é reaction by the presence of impurities. The vacuum apparatus 1is
composed of a GeneVac High Vacuum Pumping unit compriéing of a rotary
pump ('-10_2 Torr) (A) and & fractionating, watef4cooled diffusion
pump (*10”6 Torr) (B). In a 1eak—free“system, pressgures in the
rénge of 10—5 to 10_6 Torr are obtainable. The other units include
a liquid nitrogen trap (C) to condense any condensable gases, the
main manifold (D) éﬁd the pressure release (E) whichiis a tube over
76 cm in length with one end comnected to the vacuum apparatus and
the other end submerged in a mercury pool. The vacu&ﬁ gauge (F)

registers the pressure of the system.
Monomers

B.D.H. tetrahydrofuran (THF) was refluxed over, and distilled
from potassium and a centre cut (b.p. 65-0°- 65+5°C) was collected and

stored over sodium wires.

Hercules Incorporated 3,3-bis(chloromethy1)0xetane_(BCMD) was
distilled at reduced pressure, in the presence of dry nitrogen.
A centre cut (m.p. 1900) was collected and stored over calcium

hydride.
Initiator
Phosfluorogen A (p-chlorodiazonium hexafluorophosphate) (38,168)

was obtained from the (zark Mahoning Company, Oklahoma. 10 gm of

Phosfluorogen A was dissolved in 650 ml of distilled water by stirring
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FIG. 3.10. HIGH VACUUM APPARATUS,
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at temperatures of 280 - 3200 for cne hour. The soluticn was

filtered to remove the remaining dark red solids, and the clear

colourless filtrate was cooled in ice water to effect srystallisation.

-

It was driéd in vacuo at room temperature. 5 gm of white plates was
obtained. They were stored over anbydrous calcium chloride in

vacuo. *

Solvents

Benzene, cyclohexanone and c—~dichlorobenzene were refluxed over
and distilled from calcium hydride and a centre cut was stored over

fresh calcium hydride.

Bulk Polymetisation of THF

About 10 ml of the THF was further dried cover Cal; in a flask
on the high vacuum lire, and stirred with a magnetic stirré} for two
days. The liquid was then degassed properly and vacuum-distilled

onto a complex of Na=K alloy and a-methylstyrene,

The complex was prepared as follows. The flask containing
the two alkali metals (} gm Na, { gm K), the covering solvent
(purified, dry benzene) and a glass enclosed iron nail was placed
on thé vacrvum line. The apparatus was carefully evacuated and the
covering solvent distilled off. After the attainment of a good
vacuum (~10“5 Torr), the flask was heafed with an electric dfyer
until the alkali metals melted and fused together. About 1 ml of
dried a-methylstyrene wag then vacuum-distilled onto the alloy at

room_temperature.

The THF/Na-K alloy/¢-methylstyrene complex was stirred overnight
and the red complex was then ready for use as a reservoir of
exceedingly dry THF free from any hydroxyl impurities. A measured .

amount of THF was vacuum-distilled into an ampoule (Figure 3.11)
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containing the initiator. The ampoule was sealed off in vacuo and
heated for thirty minutes at 50°C. The peclymerisation was carried out

at 25°C for twenty hours.

The solution of monomer and initiator turned viscous and then
solidified. The ampoule was broken and the light purple polymer
mass was stirred into a solution of THF containing 10% acetic acid
to terminate the polymerisation;\ The polymer was precipitated out

, L . . o
with water and dried overnight in vacuo at 25°C.

Bulk Polymerisation of BCMD

It was difficult to vacuum—distil BCMO. The distillate
tends to solidify along the vacuum line connecting the flask and

the ampoule.

An apparatus consisting of a flask, a delivery tube and an
ampoule with a constricted side 'arm' and a Bl4 stopper was used,
(Figure 3.12). The ampoule was calibrated to read in millilitres.
About 10 ml of BCMD was dried over calcium hydride in the flask
on the vacuum line and stirred for two days. The apparatus was
then opened to atmospheric pressure and the initiator introduced
into the anpoule through the side arm. The flask was immersed in a
bath of solid carbon dioxide and methanol and the apparatus
evacuated. The constricted side arm was sealed off. The BCMO was
degassed and vacuum distilled into the ampoule. The delivery tube
and the neck of the flask was heated with a heating tape. After the
required amount of BCMO was colleéted, the ampoule was sealed off

in vacuo.

The ampoule was placed in water bath at 50°C for thirty minutes
and then transferred to another water bath at 25°C and left to

polymerise for twenty hours.



Solution polymerisation of BCMO

BCMD and the solvent, o~dichlorobenzene was collected in
ampoules shown in Figure 3.13. The ampoules are calibrated and have
a break-seal. The ampoules were then sealed onto the polymerisation
reactor-(Figure 3.14). The initiator was introduced through the
side arm attached to the reactor. The whole apparatus Vas thoroughly
evacuated and the side arm seaied off. After the attainment of a
good vacuum of 10—5 torr, the whole apﬁératus was remcved fLrom the

high vacuum line by sealing off at the constriction.

The breakseal connecting the solvent ampoule and the reactor
was broken by means of a hammer (iron nail enclosed in a glass)
and a magnet. Similarly the brealseal in the monomer ampoule was
also broken. The polymerisation was carried out at 60°C. After
five hours, the reactor was broken and the polymerisation was

terminated with methanol.

Copolymerisation of THF and BCMO
*
The breakseal arrangement described above was found unsatisfactory,
as it was difficult to transfer completely, the monomer and the

solvent from the ampoules to the reactor.

The monomer BCMO and THF were collected in the ampoules
shown in Figures 3.15 and 3.16 respectively. Each ampoule has a
Bl4 ground glass socket with a taper end. The polymerisation
reactor (Figure 3.17) has as many arms as the number of ampoules to
be used. TEach arm has a Bl4 ground glass socket and is constricted
just below the socket at one side. The ampoule is broken at its
taper end, by twisting it against the constricted side of the side

arm.

Polymerisations of different ratios of BCMO monomer to the
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THF moncmer were carried as described in ahove section.

With extension of these techniques, block polymerisation is
feasiblé, but there are many basic dirficulties, as will be
discussed later (Section 5.7 ). Time did not allow the preparative

work to progress beyond this point.
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CHAPTER 4. RESULTS

The results are presented in the same order as the experimental

works described in Chapter 3.

4.1. SMALL ANGLE X-RAY SCATTERING AND ELECTRON MICROSCOPY

A comparison of the small angle x-ray scattering patterns
for the various unstratched samples of K101 at room temperature,
using a Geiger detector zre shown in Figure 4.1, Table 4.1. gives.

the details of K10l morphology from the x-ray scattering.

For the toluene cast samplz, thé principle‘Bragg spacing obtained
is BOOK'. Two higher order diffraction peaks of weak intgnsity areo
observed at angles corresponding to Bragg spacings of 2084 and 130A
respectively, when filu detcction and long exposure timés were

employed.

The x-ray scattering from unstretched and 600% stretched
toluene-cast samples using pin-hole optics and photographic

detection are shown in Figures 4.2. (a) and (b).

The effect of temperature and extension on morphology. of

toluene cast samples are summarized in Table 4.2. and Table 4.3.

Electron micrographs of a toluene cast sample aré shown in
Figures 4.3. (a) and (b). The figures seem to be composéd of
regularly arranged, well defined particles, and oriented strips of
non-uniform intensity. The particle sizes are in thé rangé of

- )
180 - 2208 . The interparticle distance is approximately 325A .
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TABLE 4.1,

Details of Cariflex K101 Morphology from

Low Angle X-ray Scaﬁtering

Sample Nearest neighbour spacing  Half-width
' 0 - o
1. Moulded _ 412 A 98 A
: : : o o
2. Methylene Chloride- 348 A 52 A
Cast
‘ o o
3. Methyl Cyclohexane- 302 A 34 A
Cast
) 0
4., Toluene—Cast 300 A 32 A
0 o)
5. Toluene- 294 A 32 A
swollen/deswollen
- o )
6. Methylene Chloride- 290 A 34 A

swollen/deswollen



TABLE 4.2.

Effect of Temperature cn Morphology of Toluene-cast K101

79

Temperature Nearest neighbour spacing Half-widih
o o
-100°¢ 300 & 28 A
o .0 o
+20 ¢ 305 A 32 A
o 0
+65%¢ 314 £ 30 A
o o o
+1257¢ 318 A 31 A
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TABLE 4.3,

Effect of Extension on Morphology of Toluene-cast K101

80

-

Extension Nearest neighbour spacing Half-width
o 0
07 300 A 33 A
0
15% (Relaxed) 301 A 32 R
.0
100% (Relaxed) 305 X 34 A
0 o]
4007 (Relaxed) 300 A 3 A
6007 (relaxed) 300 R 3 &
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4.2. EQUILIBRIUM SWELLING AND EXTENSION STUDIES

According to Holden and coworkers (10), the dominant factors
contributing to the elastic moduli of SBS block copolymers, are
the "entanglement crosslinks' between the elastomer chains and the
filler effect of the polystyrene domains. Using the above concept,
the elastic properties of a moulded sample of K10l are expressed
by Equation (3.2.}.

BRT  (a-a")(1 + 2.5¢s + 14.165) C(3.20)

Mc

The quantity & is plotted against ﬁkfkﬂzb as in Figure 4.4. where

a linear relationship is obtainedﬂ.l, the extension ratio is based

on the length of the sample, after the load is rémoved. Thé amount
of set 1s 27. The values used in the plot were the méan of

(o] . .
measurements at 288 K, on three replicate test pileces,

From the sioPe of the line through the experimental points in

3
Figure 4.4., a value of about 2.64 x 10 1is obtained for Mc.

In the equilibrium swelling measurements, Vr, the volume fraction
of rubber in the swollen sample is determined to be 0.111. The

interaction parameter used for SBS in n-heptane is given by

X1 = 0.37 + 0.52 Vr, S

The value for the polybutadiene-n-heptane system is that determined
by Kraus (169).

The Mc value for K10l samples swollen in n-heptane is then
calculated using the Flory-Rehner equation (Equation 3.1.) and is
,'l‘ .

found to be approximately 2.80 x 10 .
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The equilibrium swelling time of one day was chosen on the basis
of test results on several samplec which showed no signifcant increase

in swelling after one day cof immersion in n-heptane.

Tha stress-strain relationﬁhip for a swollen, filled rubber
network as given by Equation (3.3.) is used to calculate Mc from
the stress-strain data on the swollen-sample of K101 in Nujol. A
linear plot of ¢ versus (Afk_z)is obtained. {(Figure 4.5.). The value
of Vr on a duplicate test sample of K10l is determined to be 0.288.
From the gradient of the graph (Figure 4.5.), a value of about
6.6 x 10° is obtained for Mc.

A
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4.3. STREBSSTRAIN BEBNAVIOUR

Figures 4.6. to 4.10 show stress-strain curves for tcluene cast

samples, determined at 30, 40, 50, 60 and 70° c., at strain rates of

Fiqures , 4. and 4.12. show

0.196, 0.392, 1.96, 3.92 andv19.6 7 per minute, A %he stress-strain
curves for mecthylene chloride cast and methyl cyclohexane for
temperatures of 30, 40, 50, 60 and 70° c., at a strain rate of

1.96% per minute. The stress valee{ O, is based on the uneYtended
cross—sectional area of the sample.

for 7.

From the stress- straln curves f£xo the toluene cast samples
values of the stress were obtained at three preselected stratns of
A =1.45, 2.0 and 4.0. (These strain values were used in the stress
relaxation measurements, descrlbed in Section 3.6.). Figures 4.13
to 4.15. show the plot of log Ao 313/T versus log time, where each

curve represents the stress at a single strain; the time, t, equals

83

the strain divided by the strain rate. The quantity Ac is the tensile

stress based on the dimensions of the siretched sample, and is reduced

to the reference temperature, 313%.

The ultimate properties of the various samples are given in
Tables 4.4 and 4.5., in terms of the maximum extension Ab and the
corresponding tensile stress at break Oy The values of A and

b
o, are given by the rupture points in the stress-~strain curves,
Figures 4.16. and 4.17. show the dependence of the temperature-
b % 313/T and A —1 on the strain

b b is based on the CcLoss- sect10na1

Yeduced trye€ rupture stress,
rate. The tensile strength A

-area of the deformed sample.
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The area under the gtress—strain curve represents the work
which has been performed during the extension of the saumple.
Because stress-softening cccurs in the K10l samples, not all
of the work which was put into their extension is recovered
‘as the samples are ‘returned to zero stressklﬁvel. In such a
cyclic stress—strain experiment the EHEIQ;XES nonrecoverable is
dissipated as heat in the stress—-softening process, and is

represented by the area enclosed in the hystcresis loop.

Table 4.6. summarizes the details of the hysterésis loops
obtained for the solvent cast samplés at temperaturés from 30°
to 70?c. The hysteresis loops over two cycles, for toluéné and
methylene chloride cast samples at 30°% and 60°%c, are shown in

Figures 4.18. and 4.19. respectively.
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' TABLE 4.4.
ULTIMATE PROPERTIES OF TOLUENE CAST K101

Strain Rate T'emp Ab 0y, X .10-6
(Z min—l) (Oc) (dyhes/cmz)
0.196 30 9.9 256
40 11.1 227
50 11.3 55.1
60 9.8 13.8
70 5.4 8.5
0.392 30 ‘9.7 286
40 10.6 253
50 11.3 78.5
60 11.5 15.3
70 7.1 9.3
1.96 30 9.3 260
40 9.8 230
50 11.3 240
60 11.7 4.7
70 9.7 14.5
3.92 30 9.7 277
40 10.0 267
50 10.6 225
60 10.7 76.2
70 10.4 20.8
12.6 30 9.3 264
40 9.7 262
50 9.9 218
60 11.2 172
70 10.6 50.7




TABLE 4.5,

ULTIMATE PROPERTIES OF METHYLENE CHLORIDE

AND METHYL CYCLOHEXANE CAST SAMPLES

r 6
Strain Rate Temp _ ?\b oy X 10~
(% min 1) (°c) (dynes/ cm?)

1.96 30 9.2 265
40 9.5 213
50 11.0 249
60 11.1 54 .5
70 10.3 14.3

1.96 30 10 .G 288
40 10.9 296
50 12.1 233
60 12.1 51.4
70 10.6 13.5
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TABLE 4.6,
DETAILS OF THE HYSTERESIS

LOOP

87

Sample Temp | lst Cycle 2nd Cycle
°c) | £.p.x o ><'10'6 Set |E.P.% | o ><_10'b Set !
(%) |(dynes/cm?) (Z) |(Z) (dynes/em?)| (%)
4
Toluene cast 30 t25.2 26.9 13.7] 9.8 -25.0 7.1
50 | 25.6 25.3 15.7{11.1 23.7 8.8
50 | 27.9 22.9 15.6(15.0 20.2 10.3
60 | 36.3 17.4 33.3{20.5 15.3 14.3
70 | 46.3 13.7 51.0{27.5 11.9 20.3
CH,C%, cast 30 | 29.2 24.1 23.513.8 22.8 | 10.2.
40 | 29.4 22.8 23.5(14.5 21.6 10.2
50 | 32.2 20.1 31.4118.3 18.3 12.7
60 | 39.0 17.3 39.2(23.9 15.1  {14.9
Methyl cyclchexane | 30 | 28.6 23.8 |13.7]13.6 22.1 7.0
cast 40 | 28.5 22.3 21.6(14.0 20.5 10.3
50 | 31.8 20.1 23.5(18.2 18.2 11.9
60 | 40.1 15.3 39.2124.7 13.6 19.0

* 7 Enérgy dissipation in cyclic stress-strain test to approximately

250% strain level.
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4.4 . STRESS RELAXATION AND CREEP

The stress o after a period of time t in the deformed state is
expressed cs a fraction of the stress oy after 0.5 minutes in the
deformed state. This nercentage decrease in stress was then plotted
against the logarithm of the time after extension, as shown in
Figures 4.20. to'4.27. for toluene cast and methylene chloride cast
samples at extensious e = 0.14, 0.45, 1.00 and 3.00 and temperatures
of 30, 40, 50 and 60°c. The relaxation is not accurately proportional
to the logavithm of the beriod in the deformed state. However, an
approximately linear relation could bte fitted to the experimental
points over the limited time range of 0.5 to 10 minutes. The slope
S of this linear relation is taken as a convenient measure of the
rate of relaxation. It should be noted that such values should
not be used to predict relaxation during considerable longer intervals

of time.

Plots of the experimentally determined rates of stress relaxation
against the imposed extension for toluene cast and methylene chloride

cast samples are given in Figures 4.28. and 4.29.

For the toluene cast samples, log(oi 313/T) is plottéd against
log t at A = (L + e) = 1.45, 2.0 and 4.0, for each test temperature
as given by Figures 4.30. to 4.32. These plots corréspond to those
shown in Figures 4.13. to 4.15. of Section (4.3.).

The tensile creep curves for the toluene cast samplés, at various
loading are shown in Figures 4.33. to 4.35. Plots of thé pércentage
increase in elongation against the logarithm ofltime after loading
are linear up to (0 minutes in all cases. At longer timés, the creep
becomes faster than a linear relation would suggest. Thé slope of the

initial linear relationship of such plots is taken as the creep rate

L9
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C, where C = (1/e)(ae/alogt)U and é is thé élongation aftér oné
minute. The creep rate is expressed as 7 per décadé of timé and is
given in Table 4.7, togethér with thé corresponding éxténsion

one minute after lmposing the constant appiied siress ¢, for various
loading and temperatures. The stréss is based on the diménsions

of the unstretched sample.



o

Creep properties

of

TABLE 4.7,

toluene ¢

st K101

-7

Temp e(! minutes) S, x 10
(®°c) (%) (% pér décadé) _ (dynés/cmz)
30 13 20.1 1.05
41 87.5 1.75
96 51.8 2.05
314 22.5 2.93
40 14 27 .6 1.02
45 79.7 1.66
94 63.8 1.78
342 25.8 2.62
50 13 46.8 0.86
43 133.4 1.45
88 154.8 1.75
313 45.6 2.36
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- 4.5, DYNAMIC MECHANICAL STUDIES

The results of the dynamic mechanical measurements made on the

various samples of K101, fabricated under different thermal or solvent

treatments are given in this section.
Each set of data is summarized by plotting the following graphs.

(a} Log E' against temperature at frequencies of 10,1, 0.3-and 0.1 Hz.
For the toluene cast sample, the test frequencies are 10,1, 0.1
and 0.0l Hz. (Figures 4.36. to 4.40.). E' is the storage

Young's modulus and is expressed as_dynes/cmz.

(b} Tan 6 against temperature at frequencies of 10,1, 0.3 and 0.1 Hz.
For the toluene cast sample, the test frequencies are 10,1, 0.1
and 0.01 Hz. (Figures 4.41. to 4.45.). Tan & 1s the mechanical
loss factor. Expérimentally it is obtained directly from the
ratio of V /Vinphase’ given by the resolved component indicator.

lag
(See section 3.8.)
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4,6, VIBRATING REED MEASUREMENTS

The results of the vibrating reed measurements for the various
blends of K10l and polystyrene and of polystyrene and polybutadiene
are summarized by the plots of log E' and tan & against temperatures.

(Figures 4.46. to 4.50.)

Sample MI to MVI were obtained by mechanical blending, whereas
Samples SI to SIV were obtained by solution blending. (See Section

3.10.). The composition of the hlends by weight is given by

" Table 3.3. (Section 3.10.).

The volume 7 of polystyréné in K10l is 257%. Thé densities of
polystyrene and polybutadiene are 1.04 and 0.90 gm/c.c. respéctivély.
Using the above data, the volume % composition of the blends in
terms of the total polystyrene and polybutadiene conténts are given
in Table 4.8.



ra) A oy M YII

0.

> T W

Ll M 1Y
0

O

~l L ¥ 4 5 4 n

) i v\
9.5
MIT
90|_ i | | l L
—100 —50 O ' 50 100

TEMP. C°C)
FIG. 446,



05

TAN &

O3

O

10

100 ~50
FIG. 4.47.

TEMP.CC)



O
n

LOG E’

0.0

9.5

90 i

-100 — 50 O 50
FiG, 4.48.

TEMP. ¢°C)



o5l
o
s
<L
l....
o3l
ol
of
"'ISE)O 1 2
50 o 100
FIG. 4.49. | TEMP. ¢C )




===
|

FIG. 450,

\"/ MY
ol o MIL
©
=
;E M\O .
L &7 B ™, o - ]
008 \Q\'ﬁ\g_\n 7 o . 133 A o
™~ %
\ / =
VA / v
oo4l / |
- “ ; .-
. v)// A
-
- O o
! | i !
-100 - 50 50 TEMP (°C) Q0O

iI05

LOG E'

iOf

@)

25



‘.

TABLE 4.8,

Composition of tle blendsby volune.

Sample Volume %
Polybutadiéne Polystyréné

MI 47,2 52.8
MII 32.2 67.2
MITI 21.8 719.2
MIV 13.9 86.1
MV '23.5 76.5
MVI 13.8 86.2
MVII 0 ¥7100
SI 47.2 52.8
SII 32,2 67.2
SIII 21.8 79.2
SIV 13.9 86.1
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4,7. SYNTHESES OF HOMOPOLYMERS AND COPOLYMERS

The results of the synthese carried oucr as described in

Section 3.11. are given in Tables 4.9, and 4.10.

TABLE 4.9,

Bulk polymerization of THF and BCMO using p-chlorophenyl

diazonium hexafluorophosphate as initiator

(Conditions, 25°¢c for 20 hours)

94

No. Monomers (moles) Initiator Convérsion
BCMO THF Concéntration {(7)
I - 0.122 1.83 x 107°M 76.4
11 - 0.136 7.35 x 100 M 80.2
111 - 0.122 16.21x 10" M 71.0
w 0.067 - 6.76x 107 1 ' 80.8
v 0.042 - 11.70x 10 M 95.0
VI 0.025 0.086 5.63x 10"3M 60.3
VII 0.042 0.061 5.52x 100 M 83.0
viIT | 0.054 0.043 " 5.69x 10 M 87.3
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The homopolymerization of THF (I ~ III) were carried at three
different initiator concentrations. The polymerization soluition
turned pink in colpour, after the ampoule containing the monomer
and initiator had been heated for 30 minutes at 50°c, and left
for about 2 hours at 25°c. Tough, yellowish-brown, crystalline
polymers were obtained. The yiéld is approximately 70 - 807 at thé

different initiator concentrations.

In the homopolymerization of BCMO (IV and V), the polymer came
out of solution as white precipitates, as it was formed. The polymer
obtained was white and crystalline. The ampoule (IV) was heated to

about 1000c, the product inside remained solid.

The copolymerization of BCMO and THF (VI and VIII) were carried
out at three monomer compositions and at approximatély thé samé
monomer compositions. The convérsion percéntagé was baséd on the
combined amount of the two monomers. The products from thé monomér
mixtures containing 40 mole-7 and 22 mole -% of BCMO in the monomer
are waxy. At about 55 mole-7Z of BCMO in the monomer mixture, a soft,
light brown, rubbery product was obtained. All polymers obtained
are completely insoluable in methanol, but are completely soluable

in chloroform. Polymer (VIII) is also soluable in o-dichlorobenzene.

!
1
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hexaflaorophosphate as initiator and o-~dichlorobenzene as solvent.

(Conditions, 60°C for 5 hours; Solvent 60m%.)
No BCMO Initiator Conversion .ﬁn ﬁv
{moles) {(moles) (%) (Caled.) (exptal.)
-5
IX 0.050 7.04 x 10 42.0 46,500 98,500
_5
brid 0.050 8.80 x 10 51.6 - -

The initiator did not dissolved completely. ' The colourless

solution turned pink, after 2 hours and the polymer preciptated out
of solution. The product, after washing with methanol and vacuum

dried, was white and powdery.

The intrinsic viscosity {hT of poly(BCMO) (IX) was measured in
cyclohéxanone at 70°% in the suspended level dilution Ubbelohde

viscometer.

Dﬂ = 0.576, as shown in Figure 4.51. M_ (exptal) was-
calculated according to the equation ﬁ?r = 1230 [h]1.195’ given

by Penczek and Kubisa (170} for poly(BCMO)} in cyclohexancne at 40%¢.

conv .(%) N 155

100 [1]

Whereas, Hn (caled.) = [BCMD]

The BCMO/THF copolymer (VIII) was moulded at 35% for 4 minutes
into a rectangular beam of thickness 0.23 cm, width 0.96cm.,
and léngth 6.4cm. The density of the sample was déterminedrto be
1.15 gm/c.c. .

down to -150°¢ is shown in Figure 4.51.

The vibrating reed measurement from room temperature
Data from room temperature

to about -40%c could not be obtained due to limitation of the apparatus,
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5.1 MORPHOLOGY OF SBS BLOCK COPOLYMER

The details of the polvmer studied, Shell Cariflex K101, and the
specimen treatments have been given in Section 3.1. 1In this section
the results of the small angle X-ray scattering studies will be discussed
in terms of an adopted model for the polymer system. This adopted
'model should allow correlation of the phase structure observed with
the dynamic mechanical spectra obtained and should also give some

insight into the complex large strain properties of these sysiems.

Figure 4.2a shows the SAXS pattern obtained using pinhole optics
and CuKu radiation with the toluene cast specimen. The whole Fegion
.of diffraction lies within one degree of the main beam, and the fact
that a diffraction pattern is observed in this region indicates a
periodicity in structure in the 100 K‘range. The diffraction pattern
is actually a set of rings rather than spots. A very intense first
order diffraction, a weak second order, and a stronger third order are
visible. This is reminiscent of Debye-Scherrer powder photographs with

normal X-ray scattering techniques.

Fortunately, with toluene cast sample, the reflections could Le

indexed, as shown in Table 5.1.

There is good agreement between the observed d spacing ratio R
and that required for a cubic lattice. Some reflections are absent
or too weak to be observed. No other theoretical lattice spacings
. éive any satisfactory agreement with the observed ratios. Thus, the
.adopted model for this system would be one of styrene domains lying
on a cubic macro-lattice of 300 2 spacing. There must be different
lattice regions in the specimen with random orientations in order to

~give a powder diagram analogue.

Thediffraction pattern for the methyleme chloride cast specimen 1is
nearly as sharp as for the toluene cast specimen but, unfortunately,
the reflections do not index tc a simple Bravais lattice. However,

the sharp diffraction pattern indicates an ordered arrangement of
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the domains. The SAXS study, by itself, does not give enough data

to posthlatg a model for this system.

TABLE 5.1 CUBIC MACRO-LATTICE PARAMETERS, K101 TOQLUENE CAST

Miller indices d(obse:ved)(ﬁ) R(observed) R{theoretical)
100 300 1-000
110 208 1-47 1-414
111 ) 1732
200 _ 2:000
210 130 2-35 24236
211 2-449

Figure 5.1 gives a diagrammatic representation of the order in
the system. Based on optical analogues, the line broadening would
be commensurate with random displacements from lattice positions of
magnitude shown. The solid lines represent boundaries between the
regions of cubic lattice with different orientations.

The diffraction patéerns obtained using pinhole optics for
stretched toluene cast specimens up to 400% extension, show intensification
on basically elliptical diffraction patterns which intensified into
spots at cegFain regions. {(Figure 4.2b). The fact that the diffraction
patterns obtained from stretched samples show intense spots rather than
lines is evidence in favour of an ordered arrangement of spheres rather
than rod or sheet morphology. Precise experimental observation of this
fact is not easy with the pinhole system because of the large back-—stop
size and higher resolution slit optics in conjunction with Geiger
counting was employed to determine the exact location and shape of the

intensified spots. At each extension of the specimen, the scans at
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both 0° and 90° to the stretching direction were observed, as shown
typically in Figure 5.2a. The details of the scattering patterns

are summarised in Table 5.2. At O% extension, buth 0° and 90° -

scans give indentical pattcrns of 300 X for the nearest neighbour
spacing and 32.X for the half-width. (An increase in the half-width
indicates an increase in the distribution of the interdomain distance.)
The half-width of the scattering patterns increase with extensicns and
similar values are obtained at each extension for both 0° and 90%°-scans.
This behaviour would be obtained only with a circular intensification,
assuming that the peaks in the scans correspond to the intense spots
observed in the pin~hole method. A 45° inclination elliptical
intensification could give similar half-width in both scans at one

- extension, but would differ at othel extensions.

'TABLE 5.2  EFFECT OF EXTENSION ON SAXS PATTERN TN TOLUENE CAST
SAMPLE
Scan at 0° Scan at 900
Extension - T
N.N.S. Half-width N.N.S. Half-width
o] o) (o]
0% 300 A 32 & 300 A 32 A
15% 310 38 364 50
307 384 122 530 118
.100% 412 133- 581 124
250% 416 140 658 '156
4007 388 137 - : -

~ % Nearest neighbour spacing.

From the results given in Table 5.2, at high extensions, the

circular intensifications are fourd to occur at the intersections
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of the diffracticn ellipse and the unstrained diffraction circle.
However, the results obtained for low extensions is lesg meaningful,
since the ratio of the intensity of the spots caused by orientation
to the general intensity of the diffraction ellipse is relatively
low. 1In these cases, the peaks observed for slit optics will not
correspund to the exact angular position of the sppts, and the
width of the peaks will be distorted by centributions from the rest

of the diffraccrion ellipse.

In the unextended state, the cubic lattice regions are randomly
orientated. The presence of intense spots in the reciprocal
lattices on stretching indicates that the stretching preduced
preferred orientation of the real lattices, resulting from shear forces
acting in the lattices. On stretching, the lattices are orientated
initially, such that the unit cell diagonals are parallel to the
stretching direction. At low extensions, the unit cell axes will
. be approximately 45% to the stretching direction, but further

extensions will greatly reduce this angle (Figure 5.2).

The elliptical pattern, ignoring the intensification effect is
commensurate with affine deformation of randomly oriented cubic lattices.
The intersphere spacing will elongate along the stretching direction
and will contract perpendicular to it. For a cube originally
oriented such that one of its sides is parallel to the stretching
axis, an extension of 100%Z is expected to double the length parallel
to the axis with a corresponding contraction by a factor of 1/¥/2
in the perpendicular direction, if Poisson's ratio is 0.5. The
extended and contracted lengths of the original cube are derived from
the reciprocal lengths of the equatorial and polar axes of the 100
diffraction ellipse. Extended and contracted cell lengths obtained
in this way are compared with values calculated on the assumption of
affine deformation and Poisson's ratio of 0.5 and 0.35 in Table 5.2a

for different extensions.

Within experimental errors, there is agreement between calculations



FIG, 5.2. DEFORMATION OF 2-D ANALOGY OF CUBIC
ORIENTATION.
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based on the cubic model and observed values using Poisson's ratio as
a parameter. It is clear that the ideal rubber value of 0.5 dces not

_glve as good agreement as average values in the region 0.3 to 0.4.

TABLE 5, 2a COMPARTSON OF CALCULATED AND OBSERVED CELL LENGTHS
{K101, Toluene Cast)

Calculated Cell Lengths

Observed
Extension Poisson's Ratio Poisson's Ratio Cell Lengths
Ratio .= 05 .= 0-35
Extended| Contracted|Extended} Contracted| Extended Contracted
o o o o)
A 2 2 X 3 A
2 + 0+06 600 212 600 236 685 236
+20 +10 120 +12 +50 +12
4 + 03 1200 149 1200 ; 185 1000 208
90 - %5 90 *10 200 +30

The scattering patterns obtained using slit optics in conjunction
with Geiger counting of the scattered intensity, show the effect of
thermal or solvent treatment in the fabrication of the specimen. An
intense, narrow interdomain scattering peak was observed in the
.scattering patterns of all the specimens except the moulded sample.
Such intense scattering peaks could only be associated with a highly
ordered arrangement of the domains in the matrix. (Scattering patterns
of crystalline polymers only indicate a broad shoulder.) However,

the Bragg spacing derived for the principal maximum increases from
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o o
290 A for both of the swollen/deswollen specimens to 300 A for the
o
toluene and methyl cyclohexane specimens and to 348 A for the

methylene chioride specimen.

The difference in the scattering patterns of the methylene chloride
cast and methylene chloride S/b-S specimens give evidence of & change
in morphology due tc the swelling process. The swelling agent
n-hexane (§ = 7:3) is a very poor solvent for polystyrene but it
swells the polybutadiene phase. Swelling the methylene chloride
cast specimen to an increase of about 50% in each dimension would
effectively break any polysﬁfrene link connecting the domains. The
resulting morphology is then close to that of a toluene cast specimen.
The scattering pattern of both the S/D-S specimens are identical ard
almost identical to the toluene cast speéimen. Such similarity is

also observed in the dynamic mechanical spectra discussed in Section 5.2.

For the moulded specimen the scattering pattern exhibits a board
-peak at the highest scattering angle observed, corresponding to a
Bragg spacing of 412 K. The broad peak is associated with a wide
range of distribution in interdomain distance. In their SAXS study
of SBS block copolymers, Harpell and Wilkes (174) reported that the’
morphology of thé moulded sample is dependent upon the moulding
temperéture or time. As such, no specific model could be ascribed to

to moulded samples in general.

The effect of temperature in the range -100%¢ to +125°%C is to
. change the density difference (Ap) between the phases and heﬁce the
scattered intensity, since the total intensity is proportional to
(8p)2. Besides the change in intensity of the scattering peak for
the toluene cast sample, there is aléo a shift in the Bragg spacing
from 300 K at -100°C to 318 R at +1250C {Table 4.2). Using the
'universal' value of a = 4 x lO—Q deg- for the thermal expansion
coefficient of elastomers (186), the change in Bragg spacing for the
toluene cast sample is calculated to be 26 R. This is close to the

observed value within experimental error.
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The toluene cast specimen was stretched to various extensions
up to 600%, and instantly allowed to relax. The scattering patterns of
the specimen in the relaxed state after each extension, show no shift
in the Bragg spacing nor any change in the half-width of the curve
(Table 4.3). This is possible with the model of domains free of

polystyrene links, and dispersed in the rubbery matrix.

) o
Calculations based on a cell spacing (cube length) of 300 A and
volume fraction, 254 polystyrene, show that ihe average diameter of

the spherical domains in such a lattice would be approximately 240 A

From the electron micrographs of a toluene cast specimen (Figure

4.3} by Dr. Bowman et al in the I.S.R. laboratories, the patterns
observed do not conclusively indicate spherical domainé arranged in
cubic lattices. There are regions of parallel lines and also regions
of ordered particles. This discrepancy could possibly be attributed
to the fést evaporation rate of.the solvent in casting this sample,
as compared to the slow rate of evaporation in the case of the sample
in the SAXS study. However, in the regions of ordered particles, the
average particle size and average interparticle distance were measured
to be 200 R and 320 R respectively. Using the volume fractlon, 257
polystyren;, and a cubic cell spacing of 320 A the average dlameter

of the particles is calculated to be 250 A which differs from the
:observed value of 200 A This indicates that the particles are not

spherical in this sample.

. However, electron micrographs of K101 cast from good solvents
for both polystyrene and polybutadiene, showing spherical domains
have been reported by Lewis et al (175) and Beecher et al (154).

The latter have also observed that for the sample cast from a THF/MEK
solvent system there are thin strands of polystyrene interconnecting

the domains.
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5.2 DYNAMIC MECHANICAL SPECTRA

All the five specimens of K10l are characterised by two discrete
transition regions indicative of relaxation of each polymer segment
type. An upper relaxation region of about 100%¢ corresponds to the
~glass transition of the polystyrene segments, while a lower relaxation
at around —-90°C is attributed to the glass transition of polybutadiene

segments. (Figures 4.36 to 4.45.)7

A plot of tan § and E', the storage modulus, in the temperature
plane for the toluene and methylene chloride cast samples at 10 Hz is
shown in Figure 5.3. Both samples show a sharp polybutadiene relaoxation
at around -85°C, which is in line wifh that expected for a chain of this
microstructure {176). The dramatic distinction is in the strength of
the relaxation in this region, remembering that the polymer species are
.identical. The weaker modulus‘drop through the transition with the
methylene chloride casting is in line with the depressed value of
tan § exhibited. Reciprocal differences at the polystyrene'relaxation
are also observed. Whereas the toluene cast sample has a precise,
small, tan § peak at 107°C (10 Hz), the methylene chloride casting
has a much larger and more protracted relaxation extending down to

room temperature.

This indicates that at least some of the polystyrene is in some
special condition, such as highly oriented or plasticised. Plasticisation
could only reasonably be expected to occur at the polystyrene-polybutadiene
interface and would require a large amount of such material to give the
observed relaxation strengths. Oriented polystyrene could cccur by
entrapment of the same polystyrene molecules in different polystyrene
spheres during the phase separation process. These intersphere
polystyrene links would then dominate the mechanical behaviour. Very
few data are available on the dynamic mechanical properties of oriented
rigid amorphous pblymers. However, Nielsen and Buchdahl (177) have
reported that the damping E"/E' obtained from vibrating reed measure-

ments was slightly greater for oriented polystyrene than for isotropic
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annealed polystyrene. They also noted that orientation lowers the
transition temperature range where the damping increases very rapidly

with tempercture.

The dynamic mechanical data on a moulded sample shows almost
identical features to the methylene chloride cast sample, and thercfore
one would expect the morphology of the two samples to be similar.

But the SAXS patterns indicate that the moulded sampie has a more
disordered domain structure and a higher average interdomain dictance.
. However, it is reasonable to postulate that in the moulded sample,

there are also polystyrene links between domains.

Figure 5.4 shows the tan & versus temperature plots at 10 Hz for
the toluene and methylene chloride S/D-S samples. Both curves are
identical within experimental error. The high polybutadiene peak and
the small sharp polystyrene relaxation are similar to the toluene cast
sample. This is expected, even in the meﬁhylene chloride S/D-S case,
since swelling to 50% in n—heptane, will effectively break the postulated
polystyrene links. If the polystyrene intersphere material contracts
back onto the spherical regions, a structure similar to the tolﬁene

cast sample will thus result.

Arrhenius activation enthalpy plots (Figure 5.5) based upon the
change in location of the damping maximum with frequency indicate the
polybutadiene phase molecular motion occurs with an activation
enthalpy of 32 kcal,/mole in line with the value of 39 kcal./mole
obtained for the normal homopolymer and that there is no detectable
difference between the samples. The activation enthalpy for the
polystyrene relaxation (Figure 5.6) increases from 84 kcal./mole for
the methylene chloride cast sample to 96 kcal./mole for the toluene
cast and both S/D-S samples to 115 kcal./mole for the moulded sample.
For the moulded and methylene c¢chloride cast samples, the polystyrene
relaxation is the sum of the relaxation of the polystyrene segments
in the domains and in the oriented polystyrene links. The polystyrene

relaxation peak in  the dynamic mechanical spectra of the toluene cast
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and $/D-S samples is sharp, indicating a pure polystyrene phase.
such the activation enthalpy for the polystyreune relaxation is more
accurately given by the toluene cast and S/D~S samples than by the

value of 45°5 kcai.jmole

for the activation enthalpy of a moulded K101 samplé. The value was

other samples. Smith (178) has reported

obtained by plotting the shift
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factor log ap against 1/T using stress-

strain data in the temperature range of -40° to +60°C.

activation enthalpy is for the

test temperature range, which would include the breakingz of the
polystyrene links and the desorption of the polybutadiene chains off

the domain surface. Also, the activation enthalpy calculated using

relaxation processes occurring in the

the time-temperature reduction schewes of Ferry et al.

of the factors used in the vertical shifting of the modulus or

compliance curves.

In order to assess the mechanical coupling in these specimens,
the modulus in the plateau region of the dynamic mechanical spectra
is compared with Young's modulus values calculated using Guth-Gold

equation (2.43) and Kerner's equation (2.45) (See Section 2.6).

E.= E (1 + 2:5¢ + 14+1¢2)
Vofsy Yy
G =5V )E, + (8 - 10v))E, 15 = v))
E. = E
VoE, Vi
(7 - 5v,)E; + (8 - 10v,)E, 15(1 = v))

b

vhere E, El and E, are the moduii of the filled system, the matrix

and the filler respectively.

calculated from the kinetic theory of rubber elasticity from an

entanglement molecular weight of 3000 (as determined by Ferry on

bulk polybutadiene} (179).

This

(75) and other

authors, (221,222) is subjected to errors due to the arbitrary choice

The modulus El for the matrix is

(2.43)

(2.45)



However, as can be secn in Table 5.3, dropping the molecular weight
between entanglements to 2000 gives a close agreement to the
experimental values obtained from the toluene cast sample. It should
be noted that the experimental.values obtained from the dynamic
mechanical measurements, take into account the temporary and
permanent entanglemenés of the polybutadiene chains, the polystyrene-
polybutadiene links at the domain surface and also the physical
adsorption of polybutadiene chains on to the domains. As such, it i
reasonable to assume a lower value of M, for the toluenc cast K101
sample, than the M, value given by Ferrﬁ for the bulk polybutadiene.

The close agreement in the toluene case, is thus in line with the

model of spherical domaing, dispersed in a rubbery matrix, with perfect

. bonding between the two phases. Such a model is also assumed for both

the Guth-Gold equation and Kerner's equation.

Table 5.3 also shows that the modulus slightly decreases with

increasing temperature in the plateau region of the dynamie mechanical

spectra. This is in contrast to the behaviour of ideal rubber networks

as predicted by the kinetic theory of rubber elasticity. This slight
decrease is due to the relaxation processes, such as the desorption
of the polyburadiene chains off the domain surface with increased
temperature, which is greater than the entrophy effect considered by

the kinetic theory.

The methylene chloride cast sample has a far higher modulus.
In this sample, at low 8trains and at ambient temperatures, the
mechanical behaviour is apparently dominated by the polystyreme links

between the domains.

A better appreciation of the methylene chloride cast sample
is obtained by fitting the data with Takayanagi's series and parallel
coupled phases. The circle points in Figure 5.7 are calculated from
Takayanagi's data (88) on polybutadiene (lightly cross=linked) with
a constant modulus of 3 x 1010 dynes/cm2 for the polystyrene spheres.

107
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TABLE 5.3 MODULUS OF TOLUENE AND METBYLENE CHLORIDE CAST SAMPLES

Dynamic Modulus E'(10 Hz)

Temperaturse °c Toluene Cast Methylene Chloride Cast
-30 1-05 x 108 d/em2 6:2 x 108 d/cm?
+30 9:0 x 107 d/cm? ' 40 x 108 d/cm?
fg Guth~Gold Equation Kerner's Equation

3000 5¢7 % 107 d/cm? 4+8 x 107 d/cm?

2000 8+5 x 107 d/cm? 72 x 107 d/cem?
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There is good agreement with the experimental values. In this model,
A= ¢ =10-50 to give a product of 0+25 as the known volume fraction of
polystyrene. The deviation present indicates that perhaps the
polyburadiene in the three block system is more highly entangled than
the homopolybutadiene, and also that the physical adsorption of the
polybutadiene chains onto the domain surface would contribute as

. effective crosslinks.

In the methylene chlcride case, X and ¢ are varied to give the
best fit to the experimental data. A good fit can omly be achieved
with almost complete parallel coupling ¢ = 0°*91 and X = 028, of
the polybutadiene and polystyrene phases. The results indicate that
the stress is transmitted more through the polystyrene phase in the

methylene chloride cast sample than in the toluene cast sample.



5.3 PROPOSED MODELS FOR TOLUENE AND METHYLENE CHLORIDE CAST SAMPLES

The model that emerges from the SAXS studies of the toluene cast
sample is-that of an ideally dicpersed spherical domain system. The
domains are arranged in simple cubic lattices, randomly oriented in
the matrix. The interdomain spacing is 300 g and the spheres are of
diameter 240 2. The polybutadiene matrix is mere entangled than in

the homopolymer.

In the methylene chloride case, the structure is still highly
ordered as evidenced by SAXS but no longer cubic. Further, the
mechanical properties demand that the polystyrene phase is highly
coupled. The interdomain distance 1s measured at 345 X, but its size
cannoi be calculated without a knowledge of the amount of polystyrene
linking phase. The polybutadiene may be less entangled in this system
because of its more highly coiled state in the poor solvent. If the
polystyrene links were broken by mechanical stretching, then the
methylene chloride system should become more like the toluene casting
with a slightly lower modulus. This is true for the SAXS data as
~given in Table 4.1; and .the dynamic mechanical properties for the
tdluene and methylene chloride swelling/deswelling samples is very
similar and the same as the original toluene casting with a high
polybutadiene mechapical tan § and a small, shafﬁﬂ polystyrene

relaxation peak. (Figures 5.3 and 5.4)

Figure 5.8 gives diagrammatic representations of the adopted

models for the toluene and methylene chloride cast samples.

The effect on morphology due to the solvent may be explained by
the following mechanism. The two-phase structure of block copolymers
in the solid state is influenced by the configurations of the polymer

chains in solution and originates even in relatively dilute solutions -
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at a critical concentration of about 10Z, (32-34, 118, 180). Methylene

chloride is a good solvent for polystyrene and a very poor solvent for

polybutadiene. As the solvent is evaporated, a critical concentration
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is attained. At such 2 concentration the polybutadiene will be

unswollen while the polystyrene gnd blocks aggrergated in near

spherical domains will be swollen with methylene chloride. The

gwellen polystyrene will occupy a large proportion of the system

volume. This will lead to a high probability of impingement between

the polystyrene domains. As the methylene chloride evaporates completely,
the polystyrene domains contract, and the entanglements caused by

&omain contacts would remain to give rise to the thin paths of

polystyrene connecting domains. In this way, a three-dimensional

netwerk results.

In the toluene solution, at the critical concentration, both
the polystyrene and the polybutadiene phases are swollen since toluene
is a good solvent for both polymers. Howe;er; the volume of poly-
-butadiene in K101 is 75% of the total polymer volume. Hence the
swollen polystyrene spherical domains are kept well apart. As the
solvent completely evaporated, each of the phases contracts without
contact between polystyrene domains which then exist in a polybutadiene

matrix, with no polystyrene links.

For the methyl cyclohexane soclution, at a critical concentration,
the polystyrene domains are less swollen and are kept apart by the
swollen polybutadiene phase. Again a free system of spherical domains
in a highly enfangled polybutadiene matrix is formed on compleate

'evaporation of the solvent. There is no observable difference in
the SAXS patterns and stress-strain curves of the toluene and methyl
cyclohexane samples, and because of difficulties of methyl cyélohexane

.casting only the toluene cast specimens have been studied in deteil.



5.4 ELASTIC MODULUS OF SBS BLOCK COPOLYMERS

As discussed in Section 5.3 the adopted model for the toluene
cast sample is that of an ideally dispersed spherical domain system.
In order to obtain from this model, some insight of the large strain
properties of the block copolymer, the model needs to be expanded

with finer details.

The junction points between the polystyrene and the éolybutadiene
segments are at or near the domain surface. Each domain is the
.terminal point for many elastomer chains. From the known dimensions
~of the polystyrene domains, the average molecular weight of the poly-
létyrene segments, and assuming the density of the domains to be the
same as that of the homopolystyrene, the a;erage number of chains
. emanating from each domain is calculated to be about 400 for the K10l
biock copolymer. The domains therefore serve as multifunctional cross-—
links andagive the elastomeric chains a continuous three—dimensional

network character.

Interchain loopings or entanglements, in the rubbery phase are an
important feature of this network. Some of these entanglements
disentangie upon extension of the network - temporary entanglements.
On the oéher hand, many entanglements are topologically trapped and
serve as tetrafunctional crosslinks for the network - permanent

entanglements.

In addition, physical adsorption of polybutadiene chains on to the
domain surface would increase the number of crosslinks in the network.
Such adsorption are physically feasible because the interfacial
tensions are not extremely repulsive. Also there is likely tuv.be a
very large diffuse interface. The cross-sectional area of the poly-
.styrene—polybutadiene junctions is assumed to be approximately that
for the orientated molecules of the straignt-chain unsaturated acids,
like oleic acid. This value is reported to be 20+5 g (185). . The

total area occupied by the 400 junctions is calculated to be less
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than one-twentieth of the surface area of each domain. As such the
domains would have severzl points at which there are surfuce adsorptions

of a polybutadiene chain.

According to the concept of 'domain formation' (10, 181-183) the
dominant factors contributing to the elastic modulus of the ABA type
of thermoplastic elastomers, are the permanent entanglemenis in the
polybutadiene phase and the filler effect of the polystyrene domains.
Both factors contributing to the elastic modulus of these polymers
are accounted for in Equation 3.1, from equilibrium swelling measure-

ments,

_p-zw"ll (vrlj3 - 2V /f) :
M= ' > 3.1)
el = V) +V_ o+ xV

and from tensile properties of unswollen 2nd swollen samples in

Equations 3.2 and 3.3 (See Section 3.3).

= DRT - -2 . . 2 . ‘ .q .
g = Mc . x )1+ 2 5¢S + 14 l¢as ) 3.2)
o = BRLy tU3G _0mh (s 2ese, 4 140100 (3.3)

W Vx0T £ £ )

In Equations 3.2 and 3.3, the polystyrene'domains are reparded
as an inert filler and the increase in modulus to the elastomer network

is accounted for by the application of the Guth-Gold equation (84).

o= o (1 +2:5¢ + 14:1¢?) (2.43)

where o, o  are the stresses required to extend the filled and unfilled

polymers .respectively. ¢ = ¢s or ¢f’ are the volume fractions occupied
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by the domains in the unswcllen and swollen networks respectively.

In Equaticn 3.1 the network is assumed to contain ne free chain
ends and to have a crosslink functionality, £, of four. (A permanent
entanglement crosslink alsc has a functionality of four.} The
.quantity Vr is the volume fraction of the rubbery phase in thc swollen

-network.

The Mc value in all three equations thus referred to the molecular

weights between entanglements of the elastomeric chains.
Table 5.4 gives the values of M. calculated from Equations 3.1
to 3.3 using data obtained from stress—strain measurements on swollcn

and vunswollen samples and equilibrium swelling measurcments,

. "TABLE 5.4

Tensile measurements:

unswollen sample (moulded) 2:64 x 103
swollen sample (toluene cast) 6:60 x 103
Equilibrium swelling (toluene cast) 2.80 x 10%

Ferry (179) obtained a value of 3000 for the average molecular
weight between entanglements, Mc, of bulk polybutadiene having
Mw = 524,000, He calculated the Me value using the data cobtained from
the master curve for the creep compliance, at the reduced temperature
of 300 X°. Kraus and Gruver (184) reported a value of 5606 for the Me

of polybutadiene. This value is the critical molecular weight



corresponding to the break in the logarithmic plot of viscosity
against molecular weight. As such it can be considered as the

ma¥imum value for the entanglement molecular weight of polybutadiene.

In the equilibrium swelling measurements, any polybutadiene chains
adsorved onto the domain surface would be desorbed by replacement with
n-heptane during the swelling process. These adsorption sites would
thus no longer contribute as effective crosslink sites. Also, all
temporary entanglements would be disentangled. However, the experi-

mental value obtained is about half thar of the number-average
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molecular weight of the polybutadiene segments. The high value indicates

experimental errors. Adsorption of the swelling agent by the interphase

material would give a decrease in VI and, as such, would obscure any

meaningful interpretation of M.

In the tensile measurement on the unswollen moulded samples,
the samples .were first stretched to about 307 extension. Stress-—
.strain measurements were then taken at decreasing loads. The initial
stretching process would break any polystyrene links between the
domains. The resulting system would then be c;ose to that of the
toluene cast <ample. As such one would expect the 'Mc'.value obtained
to be of the same magnitude as the fMe' value calculated from E'
of the dynamic mechanical measurements for the toluene cast sample.
(Me ~ 1900). The slightly higher value from the temnsile measurements
suggest, possibly, that most of the physical adsorption entanglements
have been desorbed in the initial strekching process. Whereas,
because of the minute strain levels used in the dynamic mechanical
measurements, all the different types of entanglements discussed
earlier in this section would contribute as effective crosslinks to

the network.

The sample is swollen with Nujol, which is a non-solvent for
polystyrene, but swells the polybutadiene phase. The volume fraction
of the rubbery phase at equilibrium was 0°288 as compared to a value

of 0+111 when using n~heptane as the swelling agent. Tensile measure-



ments were then carried on the swollen sample. In this type of
measurement only the permanent entanglements and the polystyrene-
polybutadiene junctions would contribute as effective crosslinks.
The value of M obtained would be closer to the maximum entaﬁglement

mclecular weight for polybutadiene, as is observed to be so.

The elastic modulus of the K10l block copolymer is sensitive to
the type of measurement used in its determination. At low strains,
as in dynamic mechanical measurements, the domain morpbsalogy would
‘be the dominating factor. In the case of spherical domains, as in
toluene cast samples, all entanglements would contribute as effective.
crosslinks. In large strains and swelling measurements, the dominant
. factors contributing to the elastic modulus would be the permanent

entanglements in the rubbery phase and the filler e¢ffect of the domains.



5.5 STRESS-STRAIN BEHAVIOUR AND ULTIMATE PROPERTIECD

Stress—strain studies indicate that increasing temperature
led to 1§rge decreases in modulus, temsile strength and elongation
at break of K101l. Similar patterns of behaviour between stress and
strain are observed for the toluene, methylene chloride and methyl
cyclohexane cast samples. The loss in strength can be-associated
vith the absence of an upturn in the stress-strain curve at higher

temperatures. (Figures 4.6 to 4.12).

The effect of strain rate on the tensile properties is less
eyidenced at lower temperatures but becomes pronounced at temperatures
‘above 50°C. An increase in strain rate corresponds in effect to a

decrease in temperature.

The stress—strain curves of Figures 4.6 to 4.12 also show that
as the temperature is increased, at a given strain level, the stress
in the K101 block copolymer decreases., This i1s in direct contrast
to the behaviour of an ideal rubber for which stress is proportional
to absolute temperature. The negative temperature coefficient of the
stress is attributed to the increased desorption of the polybutadiéne
chains off the domain surface and to the increased mobility of the
loosely bound polystyrene regions. At higher temperatures, the loss
of tensile strength is due to the onset of the viscoelastic softening
of the polystyrene phase, leading to the loss of physical crosslinks.
The mechanical tan & - temperature plot for a tolueme cast ‘sample
(Figure 4.41) indicates the onset of the relaxation region due to the
polystyrene segments at about 60°C (0°01 Hz). Also birefringence
measurements reported by Fischer and Henderson (187) indicate that
the polystyrene blocks in the SBS block copolymers did not deform at
temperatures below 70°c. Similar stress-strain behaviour has been
feported by Smith and Dickie (153) in SBS block copolymers, by
Estes et al. (188) in polyether-urethane and by Riches and Howard
(189) in polyester—pbiyether block polymers.
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The ultimate properties of K10l are comparzble to those of a
natural ruhber gum vulcanizate (Figure 5.9) both being of high temsile
strength and high e¢longation at break as compared to a SBR gum
vulcanizate. However, an enchancement iu ultimate properties is
-observed for a SBR gum vulcanizate with reinforeing fillers (190-192).
It is noted that the moduli and tensile strength of black reinforced
rubbers also decrease markedly with temperature, (193, 194).
Consequently, the colloidal domains of glassy polystyrene in SBS
. block copolymers appear to behave similarly to reinforcing filler

particles up to temperatures at which the polystyrene blocks scften.

. Both the K10l samples display a high slope at low extensions,

. followed by a plateau region between N 20 to 3007 extensions in the
stress—strain curves (Fignre 5.9). These features are enhanced in
the methylenc chloride case and are associated largely with the
breakddwn of the polystyrene network in the direction of the stress.
The SAXS and dynamic mechanical studies discussed in Sections 5.1
and 5.2 indicate the absence of a rigid polystyrene network in the
toluene cast system. Thus the bending'of the stress-strain curve
towards the strain axis, giving rise to the plateau region can be
attributed to the desorption of the polybutadiene chains off the
domain surface, and to the fact that che stress at all extensions is
based on the initial cross=—sectional area of the sample. It should
be noted that the Instron data under-estimated the high modulus of
the methylene chloride cast samples, because data is only obtained
at high strain levels. In the dynamic mechanical measurement,
working at minute strain levels, less than 10_3, the modulus.E',

in the plateau region, for the methylene chloride cast sample is
five times greater than that of the toluene cast sample. After the
breakdown of the polystyrene network in the methylene chloride cast
sample, the rubbery matrix governs the behaviour and, as this is less
entangled than the toluene casting, a softer material is obtained
(see Section 5.3).

This is further supported by the hysteresis loops obtained for the
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toluene and methylene chloride cast samples (Table 4.6, Figures 4.18
and 4.19). The hysteoresis (area between the exXtension and retraction
curves) in the second cycle is considerably less than in the first
cycle, indicating that the samples have stress-softened through
desorption of the polybutadiene cheins off the domain surface and
thus giving materials with less entanglements. For the methylenz
chloride cast sample, the break-down of the polystyrere network

- contributes greatly to the stress-softening process. It is noted
that in the second cycle at 30°C the methylene chloride sample is
slightly softer throughout. The hysteresis loops at 60°C indicate
that both samples occupied almost the same curves in both cycles.
At high temperatures and high strains, viscoelastic deformation of
polystyrene domains wouvld contribute significantly to the hysteresis
observed. When the deforming stress is removed, complete recovery
to zero strain was not cbserved even in the second cycle at lower
temperatures, The breakdown of the polystyrene network (in the methy-
lene chloride case), the desorption of the adsorption entanglements
and the decrease in mobility of the polybutadiene chains due to

the presence of the polystyrene domains all contribute to the

observed set in the samples on removal of the load.

The failure gnvelope (195, 196) for the toluene cast K101
sample is given by the plot of log Abob313/T versus log_(hb - 1)
as shown in Figure 5.10. _(Ab0b313]T) is the temperature-reduced
true rupture stress, and_(Ab - 1) is the strain at break. From
the failure curve, the maximum extension_()\b)max is obtained to be
11+2, the corresponding stress_(Ah05313YT)’maX is approximately
8+3 x 108 dynes/cm?. Smith and Dickie (153) have also reported
similar values °£~(Ah)max = 11 and-(kb0b313]T)max = 1+3 x 10% dynes/cem?
. for K101. Morton et al. (197) reported that polystyrene fillers
(a non-reinforcing filler) do not alter the failure envelope of the
SBR elastomers. The filler only affects the viscoelastic response
of the system. Increasing amounts of the filler simply shift the
curves upward along the envelope. Whereas the failure envelopes

of SBR elastomers at different carbon black filler loadings do not
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superpose; (192). They show a tendency to go to higher stress

values at higher filler loadings. This behaviour was attributed to
the dual mechanism by which the carbon black apparently reinforces
the tensile strength of elastomers. That is, the carbon black
fillers not only affect the viscoelastic response of the network but
-actually 'increase the crosslink density' resulting in higher failure
- envelope. Payne et al (198}, by applying a 'strain amplification

. factor' to their data for “he SBR-Carbon black systems, showed that
the failure curves for the gum and filler loaded vulcanizates

-superposed. The 'strain amplification factor', X, is given as (223)
X = ofEA = E/E = 1# 2:5¢c+ l4-1c?

-where A is the strain produced by the stress o, E_ is the modulus
of the rubber without filler, and ¢ is the volume concentration of

the filler.

It is interesting to speculate that the failure envelopes of
polybutadiene elastomer and SBS block copolymer would superpose,
after the application of the strain amplification factor for, as
discussed earlier in this section, the colloidal domains of glassy
polystyrene in S$BS block copolymers appear to behave similarly to

reinforcing filler particles.

According to Bueche et al (224-226), the maximum extension at

break’-(%b)max*
chains between crosslinks or entanglements are fully elqngafed.

given by the failure envelope is achieved when the

Applying this concept of_()\b)max and assuming an affine deformation
for the sample, the root mean square end-to-end length for the

chain, R, is given as
R.=- L./Qb)max .

. The length of the chain when fully extended, L, is defined as



L= 2QUM),

where M is the molecular weight between entanglements or crosclinks,
Mo is the molecular weight per backbone atom and % is the average
length of each backbone bond. Thus, the value for RjMi can be

calculated from the known values of (Ab) and L, and can be
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compared with the experimental value from light scattering measurements,

Bueche et al (227) noted that the computed values for RJMQ is about

0'7 that of the experimental values for the various polymers studied.

They attributed the difference in the two sets of values to the

invalidity of the assumption that the deformation is affine.

The K101 block copolymer is considered as a filled polybutadiene
system with 257 volume.of polystvrene fillers. The failure envelope
_ for K101 is shifted in accordance with the strain amplification
. factor to superpose with the failure envelope of the unfilled
polybutadiene, and thus’-(Ab)max for the unfilled polybutadiene is

obtained.

The polybutadiene phase in K10l has mierostructure composition
of «cis-1,4. 41%, trans-1,4, 517 and 1,2 (vinyl), 8%Z. TFor this
polybutadiene chain, L is given as (228,229) )

L. = 2'12(M/M0)gngstroms.

The molecular weight between entanglement, M, for the polybutadiene
phase has been determined to be 6,600. (See Section 5.4) Thus

R]Mé for the polybutadiene phase in K101l can be computed from the
known values of (Ay) .., and M and is 0°46. The literature value
from light scattering measurement is 0-81 (230). It is observed
that within experimental errors the ratio of the two values is
reasonably close to that determined for many polymers by Bueche

et al, This suggests that the ultimate properties of K10l are

dominated by the polybutadiene matrix but are highly enhanced by
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the polystyrene domains.

The mechanism by which the SB8S block copolymers derive their
high tensile strengths has been investigated by several workers (10,
153, 154, 187, 199, 200). Two plansible theories have been advanced
to account for the enhancement of tensile strengths of elastomer
-networks, one attributes to Case (201) and the other to Bueche (202).
In the SBS network system the polystyrehe dommains immobilise the ends
-.0of the polybutadiene phase are not alle to disengage completely
. upon extension of the netwerk. However, these entanglement
crosslinks are lﬁbile in that they could redistribute uneven Stresses
by allowing slippage of the highly extended chains. The integrity

of the overall network is insured by the polystyrene domains.

With.such a mechanism one might expect that the toluene 8/D-§
and methylene chloride §jD—S camples would have a highér tensile
strength than the toluene and methylene chloride cast samples for
the swelling and deswelling processes would give a more even
distribution of entanglement chain lengths. Unfortunately, no data

on the tensile properties of the S/D-S samples .were obtained.

Bueche theory postulates an enharced tensile strength if the
particulate filler can redistribute the stresses after the rupture
of an elastomer chain. By absorbing this energy catastrophic
failure of the sample is prevented. Implicit in this theory is the
need for elastomer—filler attachments which is a condition uniquely

fulfilled by the SBS block copolymers.

The network properties and high tensile strength of K10l can
be attributed to the dual action of the dispersed polystyrene
phase. The polystyrene domains immobilise the ends of the poly-
butadiene segments. This effectively results in many permanent
entanglements in the rubbery phase. The network structure of the

K101 as discpssed in Section 5.4 consists of permanent and temporary
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entanglement crosslinks in the polybutadiene phase, physical adsorption
crosslinks of the polybutadiene chains at the domain surface and

also polyestyrene-polybutadiene junctions. As noted above in this
section, the polystyrene doinains btehave similarly to reinfbrcing

~ filler particles and as such they can redistribute the stresses

after the rupture of an elastomer chain thus prolonging the time

. for catastrophir failure and increasing the ultimate strength of

the sample.



5.6 RELAXATION PROCESSES

The main features of the plots of stress relaxation rate 5,
. Yersus extension at various temperaturec for toluene and methylene

chloride cast samples shown in Figures 4.28 and 4.29 are

(a) At 147 extensicn the toluene cast samples have a lower
relaxation rate than the methylene chloride cast samples.,
This difference is more pronounced at lower temperatures,
The higher relaxation rate of the methylene chloride cast

samples is associated with the polystyrene network.

"(b) At extensions > 407 the meth?iene chloride cast samples
have a slightly lower relaxation rate than the toluene cast
samples. At temperatures ;:40°C the relaxation rate for
both samples is independent of extension from 40% to 300%.
Under such conditions the relaxation of the material

originates mostly in the polybutadiene matrix.

() At temperatures g=SO°C the relaxation rate increases for
both samples at higher extensions owing to the increased
mobility of the polystyrene domains. In fact, increased
temperature gives an increase in relaxation rate at all

extensions for both samples.

Gent (100) has reported that the carbon black filled SEBR
vulcanizates show a sharp decrease in rate of stress relaxation from
very low extension to 257 extension and an almost constant low
relaxation till about 300% extension at which the relaxation begins
to increase again. Natural rubber gum vulcanizates show very low
relaxation rates ( n 2% per decade of time) at extension to 2007.

At higher extensions the rate increases to v 6Z due to increase
€rystallinity in the sample. The other extreme is evidenced by

unfilled Butyl rubber vulcanizates in which the relaxation rates fall
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off at higher elongation (v 300Z).. It is thus observed that the
stress relaxation behaviour of the SBS block copolymzr follows most

closely to that of the SBR vulcanizate with reinforcing fillers.

The stress relaxation rate for K10l between extensions of 407
to 300% at 30 and 40°C is determined to be 10-12% per decade of time,
Smith and Dickie (153) by plotting the logarithm of the tempersture-
¥educed true stress against logarithmic time derived from stress-
.strain data of K10l at different extension rates and temperatures
arrived at a relaxation rate of 87 per decade of time. This relaxation
rate was independent of temperature below 40°C and also independent
of extension for 1+2 < A £ 5. Similarly, Childer and Kraus (203)
‘also reported a relaxation rate of about 10-117 per decade of time
from -25° to +25°C for a SBS block copolymer containing 347 by
weight of styrene. .

. The shape of the stress-s;rain curve suggests that creep in SBS

block copolymer will be pronounced under certain conditions., This
follows from the fact that after the initial high slope in the stress-—
strain curve up to an extension of v 207 the strain is observed to
increase mavkedly with only a small rise in stress up to an extension
of about 300 to 400%Z. From Table 4.4 it is observed that the rates
of creep for temperatures from 30 to 50°C follow a similar pattern
when plotted against % elongation after one minute from the application
of a load. At an extension < 147 and > 3007 the rate of creep is low,
This could be associated with the hiéh slope of the stress=strain
curve in these regions. A pronounced high creep rate is obsérved

at extensions in the plateau regicn of the stress-strain curve.

As discussed in Section 2.7, Gent (93) has derived a relationship
between the rate of stress relaxation (S) at a constant.deformation

and the rate of creep (C) under a constant load

C. = AS (2.52)



where A = (U/e)(Be/Bo)t (2.53)

o is the stress corresponding to the extension e; (8ej80)t is the
slope of the stress—extension relation. The factor A may thus be

obtained from the experimentally-determined stress-extension relation.

TABLE 5.5 RELATIONSHIP BETWEEN RATES OF STRESS RELAXATION AND CREEP
FOR TOLUENE CAST K101 SAMPLES

i Experimental Calculated
Temp (OC) A= (1 + e)

- S,%/dec. C,%/dec. C,%/dec,
30 1-13 10+8 20-1 12-6
1+41 9.0 8745 13-8
1+96 86 51-8 15+6
_ 414 . 7-8 23-5 13-0
.40 1+14 14+0 27+6 16+8
1-45 13-2 - 79+7 20+7
1-94 12-6 63-8 229
- 4042 12-0 25+8 18-2
50 113 21+6 46-8 252
1-43 19-2 133 4 29-8
1-88 19-4 154-8 34-9
413 ..25°1 4546 . 419

As shown in Table 5.5, the experimental values of C and the calculated
values of C using Equations 2.52 and 2,53 are observed to differ at

" all extensions and temperatures. Thus it appears that the relaxation
processes involved in the K101 block copolymer at the above test
conditions are more complicated than that predicted by Gent (93)

for conventional gum and f£illed vulcanizates. However, it is noted
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that the rate of creep fer the K101 block copolymer is considerably

_ Breater than that observed with conventional vulcanizatcss. Natural
Yubber gum vulcanizates show a creep rate of about 4% per decade at
ambient- temperatures (204), whereas K10l has a creep rate of 207 per
.decade at extensions in the high siope regions and 20-50% per decade
at extensions in the plateau tregion of the stress—strain curve. The
high-stress relaxation and creep rates of K10l suggest that the
relaxation processes involved the prcgressive failure of the physical
adsorption bonds of the polybutadiene chains at the domain surface
and to a lesser intensity the molecular réarrangement of the elastomeric
chains and the glassy domains towards equilibrium in the system. At
the higher temperatures it would possibly include the deformation of
the domains and the slipping of the polystyrene chains from the

_domains.

Gent (93) has observed that the rates of creep for many
..Yulcanizates very between 5 and 227 per decade, depending upon the
type of deformation. The deformation involving simple extension
~gives the highest value and that involving the sidewise deflection
of a clamped strip gives the lowest value. On the other hand, the
stress relaxation rate is independent of the type of deformatiom.
In this work the deformation is that of simple extension. This
would contribute to the high experimental creep rates obtained as
compared to the calculated creep rates from the stress-relaxation
rates. There is also error from the experimentally—determined
stress—strain relation and the graphical method employed in deriving
the quantity A. As such, the conclusion to be drawn from Gent's
treatment of the stress relaxation and creep data is subjecuﬂto

uncertainty.
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5.7. POLYMERIZATION AND COPOLYMERIZATION OF CYCLIC ETHERS

The polymerizabilitv of cyclic ethers has been discussed in
some details in Section 2.9. For three and four membered rings the
free energy change of polymerization AG is determined primarily by
the enthalpy change AH which is related to ring strain and crowding
of eclipsed adjacent hydrogen atomc. Whereas for the five, six
and seven membered rings, the enthalpy and the entrophy (AS)
contributions are both important. The three thermodynamic parameters

are related according to Equation 5.1.

AG = AH - TAS (5.1.)

TABLE 5.6, Thermodynamic Parameters involved in the Polymerization
of Cyclic Ethers at 298°K.

Monomer AS AH AG

{e.u.) {kcal ./mole) {(kcal./mole)
Ethylene oxide -18.7 -22.6 -17.0
Oxetane’ ' -15.9 -19.3 -14.6

3,3-bis(chloromethyl)

oxetane -19.9 -20.2 ~14.0
Tetrahydrofuran -10.2 -3.5 = 0.5
Tetrahydropyran -1.1 +1.3 + 1.6
Tetramethylene formal - 0.7 =4,7 - 4.5

Pertamethylene formal + 4.8 -12.8 -14.2
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As shown in Table 5.6., the polymerization of tiiree and four
membered cyclic oxides has a large negative AH and polymerization
occurs readily, probably largely due to ring strain.

Tetrahydrofuran (THF) also has a negative AH but it is much smaller
and THF polymerizes less readily than three =nd four membered rings.
Its polymerizability probably results from repulsions of eclipsed
hydrogens. (208) Tetrahydropyran which has a positive AH, has nct
been reported to polymerize. AH decreases again for rings larger
than six members., Both the seven membered and eight membéréd cyclic

formal are known to polymerize. (209, 210)

In this study, the cycllc ethers of 1nterest are THF and
a substituted oxetane, namely 3, 3-bis (chloromethyl) oxetane
(BCMO) . By thermodynamic cons1derat10ﬂs, both are polymerlzable.
However in addition to thermodynamlc fea81blllty, in order for
polymerization to occur, there must be a suitable reactlon mgchanism
to inducé the ring opeﬁing process. Many initiators havé béén
reported for the polymerization of BCMO and THF. (40, 121, 123,
211, 212). In general, thé polymérization procééds by a cationic

mechanism.

The catalyst p-chlorophenyl diazonium hexafluorophosphaté
(PCDHP) is found to be an effectlve initiator for the polymerlzatlon
both THF and BCMO., It is convenient to handle and eaSLIy purified
by recrystallization. However it has a limited solubility in both
the monomers and also the solvent o-dichlorobenzene, The upper
concentration of PCDHP in THF is about 20 x 10_3M, as has beén
reported by Dréyfussand Drevfusg (38). High molecular welght
poly (THF), using PCDHP as initiator was first obtalned by Dreyfuss
and Dreyfuss (38). The system was apparently free from termination

reactions, although the evidence on this issue was not conclusive.
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The reaction mechanisms for the THF polymerization have

been presented as follows:
: ) .. )
ce— 0 >N," PF, + 0 | + ca-{oyN=n -0 |PF6
+ a0 H  +N, + | 6/IPF _ (5.2.)
6

+\-—
- ‘
[ ;JPF -+ [ l+ H-C-(CHp) 3 - G |pF6' (5.3.)

6
0 K
_J:-(CHZ) —F o0 - (CHZ)M—E{—B: IFs oCl N AN
X -~ —
Kk
d

o+
H-C-(CHZ)—EO~(CH2)L&—-——(GP _ (5.4.)
3 X+1 Fg

As has beeu discussed in Sectlon 2. 9., in addltlon to reactlon with
monomer oxygen and penultlmate polymer chain oxygen, the polymerlc
cyclic oxonium ion can also react with other ether oxygen atoms ,
distributed randomly in the system. Redlstrlbutlon reactlons of

this kind, which occur 1ntermolecu1ar1y rather than 1ntramolecu1arly,
would lead to a change in molecular weight distribution for the

particular polymeric product.

Termination reactions for this type of system must involve the
destructlon of active centres. Perhaps the most obvious method for
cha1n termination during polymerization would be by anion recomblnatlon
e.g.

A~VWN6 MY— +  AVWWAOCH,CH,CH,5CH,Y + MY (5.5.)
\ x+1 2R RavE2E2 x T



131

However polymerization systems having perfluoro anions such as
BFH-, PFB- and SbFG“ appear to be the most stable and have

been reported to demonstrate lack of termination and thus establish
a 'living' cationic polymerization. (38,140,141).

Clearly the system must bte free of other impurities such as water

which could alsc terminate the reaction.

Szware (213) was the first to give the name 'living' to
polymerization systems which aré freé of términation réactions and
in which propagation will continue until thé supply of monomer
is exhausted. Most of the 'living' systems invéstigatéd so far are
anionic. One of the conséquences of a 'living' system is that
when all the chains are initiatéd moré or less simultancously they
will possess a narrow molecular wéight distribution, (Poisson
distribution) as predicted by Flory (214). This requires a high
ratio of initiation to propagation rates, an absence of cha11
transfer reactions yequilibrium strongjfavourlng the polymeric spec1es
and rigorous exclusion of substances capable of terminating chains.
Another consequenée of the 'living' system is that upon addition of
further monomer to a polymérization at equilibrium, polymerization
will continue on the exisiting chains until an equilibrium is again
reached at a higher molecular weight. If another monomer is added,

polymerization again continues, and a block copolymer is formed.

ThlS is basically the method of productlon of the SBS therm0plastlc
elastomerg. For the SBS block copolymers, the presence of even
1 to 27 of SB diblocks due.to 1ncomp1ete block polymerlzatlon
will have a noticeable effect in decrea31ng the ten51le strenght,
The SB diblocks presumably leads to 'network defects in having
one free butadiene énd. Thus rigorous exclusion of impuritiés
is of utmost important. Also the creép prOpértiés of thé SBS

block copolymers is extremely unsatisfactory. Creep is highly



132

manifest during substained deformation, at témpératuresras low

as 60 - 70% (40 - 30% below the Tg of the polystyréné). Thé

Tg values of the terminal polymer segments in the block copolymers
serve as an approximate guide to the physical behaviour of the
network structure. An improvement oz the physical properties

can be achieved by changing the Tg value of the polymer uséd in
the teminal segment (e.g. poly-c-methylstyrene has Tgnvl?Ooc)

or by arranging that the términal polymér segménts aré crystallihe
polymers of more definite melting point. These changes would

give rise to better processing characteristics and higher effective
service temperatures. Thus it is desirable to synthesize a block
copolymer of the type XYX whers X is a crystalline segment and Y

is an elastomeric segment at ambient temperatures,

Both THF and BCMO are polymerized to reasonable high molecular
weight polymers using PCDHP as initiator. Poly(THF) is crystalline
and has a Tg~ - 53% (100Hz) (163,215) and a Tm~ 40 - 50°¢(126)

Whereas poly (BCMO) has a Tg = + 25% (89 Hz) (216) and a
Tm~ 180°%c (217). Hence, using poly (BCMO) instead of poly (THF)
as the end blocks in the XYX block copolymer would extend the
upper limit of the use temperature as an elastomer considérably.
The ring strain in BCMO is much higher than in THF and due to this
difference, the polymer-monomer equilibrium during polymerization
is much less pronounced in thé formér case than in thé latér.
This would lead to a high convérsion of BCMO monomér to polymér,
even at relatively high température- Howévér BCMO 1is éxtrémély
insoluable in all the usual organic solvents at room temperature.
At elevate temperatures, a few highly polar solvents such as
"cyclohexanone, ethylene acetate, isophorone and diéthylené glycol
monoethyl ether acetate will dissolvé it, at low concéntration.
It was difficult to find a solvent for solution polymérization of

BCMO under homogeneous condition. It was observed during bulk
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polymerization, the polymer preciptated out of its own monomer,

even at the early stage of the polymerization. Various sclvents
were found unsuitable.

Cyclohexanone dissolves poly (BQMG} at above 60%c but it reacts with
the initiator (PCDHP), giving a brightly red solutien. It should

be noted that polar solvents would lower the reaction rate and the
yield of polymer, in ionic polymerization. The solvent,
o-dichlorobenzene, used in this study, dlssolves the polymer at

low concentration and at high témperature (above 90° c). The

btoiling point of the solvent is 180 - 3°:. The solution
polymerization carried out gave yield of about 30%, The polymer was
observed to precipitate out of solution during polymerization at 60%c.
Further synthesis works should include the search for a suitable

solvent for homogeneous polymerization of BCMO.

Few, if any, homopolymers from cyclic ethers are elastomeric
at ambient temperatures. Both poly(BCMO) and poly(THF) show the

properties of ecrystalline materials.

One the other hand, copolymerization of mixtures of cyclic
ethers readily produces a whole rangé of elastomers. Any procéss
which can be used to effect homopolymerization of oné or other cyclic
ether can in principle - and usually also in practice -~ be used to

bring about copolymerization of mlxtures.

Copolymers of THF and BCMO were obtainéd using PCDKD as initiator,
The copolymers obtained were waxy in appéarance for monomer mixtures
containing 20 and 40 mole-% of BCMO. The waxy appearance and
the low conversion -7 suggested that the products obtainéd
were of low molecular weight. This is possibly dué to low initiator
efficiency or presence of impuritiés. A rubbéry product was obtained
from a monomecr mixture with 55 mole -% of BCMO All products were
completely soluable in chloroform and ccmpletely 1nsoluable in

methanol. Because the homopolymer of THF is soluable in methanol
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and that of BCMO is insvluable in Chloroform, it was comcluded that
the rubbery products obtained are real copolymers and not mixture

of the two homopolymers.

This is also evidenced from the mechanical tan 6- temperature
curve (Figure 4.52.) obtained with a vibrating reed apparatus for
the rubbery copolymer. As a comparison, the machanical tan § -
temperature curve for poly (THF) obtained by Fielding Russell (163)
is included in Figure 4.52. Both the copolymer and poly (THF} display
a weak peak at Tmax 1050c; 102% respectively, Bowever the
dispersion for the poly (THF) is stronger and sharper than that of
the copolymer. This dispersion is desinnated as the Y peak and
has been attributed to local mode OSC1llat10n of a 31mp1e 11near
polether chain. (163, 215). For poly (BQMO), where the two H atoms
at the B-C are replaced by two bulky - CHCEZ groups, the Y peak would
be suppressed. If the copolymer has long segments of THF, one would
expect the y peak to be of identical strength as that obtained for
poly (THF}. Thus the weaker and broader peak indicates that the
copolymer is random. (Ratio of y-peak height of the copolymer to
the poly(THF) is 4:7).

The glass transition dispersion for the rubbery copolymer is
observed to rise slowly at about -50°c. Using the following relation
between the Tg's of a random copolymer and the corre5podn1ng

homopolymers (which have been found to hold in many cases) (218).

Wy

L. « M2 (5.6.)
T T T
& 81 g2
where T, . = 2209%K for the poly(THF) at 100 Hz (163, 215) and
T = 218K for poly (BCMO) at 89Hz. (216) W; and W, are the

g2~
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weight fractions of poly (THF) and poly (BCMO) respectively. The

Tg thus calculated for the rubbery copolymer is -1%. The rubbery
copolymer at room temperature has a high damping and the maximum

is certainly in the ~-10 to +10°¢ region. Increasing the mole-Z of the
THF monomer in the monomer mixture could lead to a lower Tg for the

copolymer, thus giving a more rubbery material at room temperature.

The third stage towards the synthesis of the proposed XYX
block copolymer has not been carried out beeause of lack of time.
However it would be of 1nterest to discuss the fea51b111ty of the
synthesis. The third stage would involve three steps. Flrstly
BCMO is homopolymerized to the requ1red molecular weight, The
minimum molecular weight for the BCMO segment is that needed by the
polymer to form crystalline effectively and to phase separate from the
elactomeric phase. Assuming the length of the polymer molecule is
about IOOOK for formation of crystallites that could act as effective
crosslink for the elastomer chains. The bond lengths for the C-C and
C-0 links are 1.54 and 1.43 A respectlvely The length of a BCMO
molecule is then 5.94 A . The number of BCMO molecules in a polymer
molecule of lOOOg in length is calculated to be 165. So the melecular
weight of the required poly(BCMO) is 25,000. The viscosity average
molecular weighit for the poly (BCMO) prepared by solution
polymerization is determined to be about 100,000 (See Section 4.7. ),
which is a four fold increase over the lover limit set for the effective
crystalline of poly (BCMO). It was noted that this polymer prec1p1tated
out of solution during polymerlzatlon. The solublllty of the polymer
increases with temperature, d1lut10n and to a certain exteqt with
decreasing molecular weight of the polyme.. S0 poessibly an end block

having molecular weight of 25,000 - 40,000 would be more suitable,
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The second step involves adding THF monomer to the reaction
mixture, consisting of 'living' polymeric BCMO chains and unreacted
BCMO monomer. The amount of the latter could be calculated from the
% conversion — time plots at various conditions. The amount of THF added
is such that the resulting monomer composition would produce a rubbery
material at awmbient temperatures. Since THF monomer has a boiling
point of 65°c and the temperature of the polymerizating reactor
is 600c, the upper part of the reactor should be cooled in order to

trap the vaporized THF monomer back into the reaction mixture,

Accordiug to the mechanism of propagation via tertiary oxonium
ions, which was proposed for the homopolymerizations of oxetanes
(220) and of THF (219); the following four steps can be formulated
for the propagation of the copolymerization of THF and BCMO.
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CHGY., CHCL,
an—a + 0 4
CHCR., ‘CcHES,
CHCY.,
1CL

ki) ! AT

— " AWW-OCHy~ C-CHy — S\V/\\ (5.7.)
| CHCE,
CHCS.,

+ CHCR,
dbad o) + 0 |
CHCS,
. CHCR, CH, - CH,
la - e

—° MM OCH,—C-CH, = O | (5.8.)
| CH, - CH,
CHCL,

oy CHCL,
a0 + 0
N
CHCRL cucs,

k +
21 . L ] [ ]
_ O (CHy )y, OO< ) {5.9.)
CHCL,

koo + )
NWV\; ' + 0/7 — mn-0(CH,) , — 0. , (5.10.)
AN

Further work should include determination of the monomer reactivity
ratio kj1/kyp and k,,/%y;. Also replacing THF with another cyclic
ether, possibly a 7-membered or 8-membered ring which has higher

ceiling temperature is worth considering.
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The third step is that of adding further BCMO monomer to the
'living' ends of the BCMO/THF segments. The polymerization is
terminated by adding methanol to the reaction mixture. Each step

is given a designed period of time Lefore proceeding to the next.

The problems invoived in the above synthesis would includé the
difficulty in vacuum distilling the BCMO monomer into ampoulé. The
monomer has a boiling point of zbout 196°¢c and a mélting point of
190c. The distillation is very slow and the dis.tillate tends to
solidify along the connecting tubes., This problem is partially
solved with the use of apparatus described in Section 3.11. The
removal of unreacted THF monomer at the end of the second step
would also pose a problem as it will affect the polymerization
of the third segment. Hcwever, the work done so far indicate that

it is feasible to synthesis the proposed XYX block copolymer.
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" "CHAPTER 6. CONCLUSION

The contribution of the two phases to the mechanical properties
-of the styrene-butadiene-styrene block copolymers is dependent upon
their morphology, which is in turn dependent upon the therwmal or

solution treatment of the polymer.

The model that emerges from the SAXS studies of the toluene cast
sample is that of an ideally dispersed system of spherical poiy-
styrene domains. The domains are arranged in simple cubic lattices,
randomly oriented in the matrix. The interdomain spacing is 300 R
and the spheres are cof diameter 240 K. The dynamic mechanical

properties are in line with those predicted from ihis model.

For the methylene chloride cast sample, the structure is still
highly ordered as evidenced by SAXS studies, but no longer with
cubic symmetry. Mechanical properties demand the polystyrene
phase is highly coupled, the interdomain distance is increased to
345 R. The dynamic mechanical spectra and the high strain properties
indicate that some of the polystyrene phase exist as oriented links

between the domains.

In the toluene and methylene chloride swollen/deswollen
samples, in which any polystyrene links originally present were
broken by the swelling and deswelling processes, the SAXS patterns
and the dynamic mechanical spectra are identical to those of the
toluene cast sample. The mechanical properties of the moulded
sample are close to those of the méthylene chloride cast sample
. but the SAXS pattern indicates a higher interdomain distance of

0
412 A,

The elastic modulus of the SBS block copolymers is sensitive

to the type of measurement used in its determination. At low strainms,
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as in dynamic mechanical measurements, the domain morphology is

the dominating factor. For the toluene cast sample, all entangle-
ments -in the network contribute as effective crosslinks at low strains.
The entanglements in the network structure of K10l are the temporary
and permanent entanglements of the polybutadiene chains, the

adsorption of the pclybutadiene chains onto the domain surface and

the polystyrene-polybutadiene junctions. In large strain and

swelling measurements, the dominant factors ccntributing to the

. elastic modulus are the permanent entanglements in the rubbery

phase and the filler effect of the domains.

The stress—strain curves of KiOl display a high slope at low
extensions, followed by a plateau region between n 20 to 300%
‘-extension énd a sharp upturn in the region immediately preceding
the breaking strain. The ultimate properties are dominated by the
polybutadiene matrix but are highly enhanced by the polystyrene
domains. The polystyrene colloid domains appear to behave
similarly to reinforcing filler particles up to temperatures at
which the polystyrene blocks soften. The stress-strain behaviour
and ultimete properties of K10l are highly temperature dependent,

especially at temperatures close to the Tg of polystyrene.

The stress relaxation behaviour of SBS block copolymers follow
most closely to that of the SBR vulcanizates with reinforcing
fillers. The rate of stress relaxation at low extensions is
sensitive to the morphology of the sample. A higher rate is
observed for the methyleue chloride cast sample than the toluene
cast sample at low extensions. The stress relaxation rate for
K101 at 1740 < A < 3-00 is found to be 10-12% per decade of time

at ambient temperatures.

The creep behaviour of K10l is extremely unsatisfactory as

compared to that of the conventional vulcanizates. Extremely



141

high creep rate is observed, especially for extonsions corresponding

to the plateau region of the stress-strain curve.

Poor correlation is found between the rates of siress

.Yelaxation and creep as given by the Gent's equation.

The catalyst p-chlorophenyl diazenium hexaflucorophosphate is
found to be an effective initiatof for the polymerisation of both
THF and BCMO. A highly viscoelastic random copolymer of THF and
BCMO is obtained using PCDHP as initiator. The synthesis of the
XYX type block copolymer where X is a crystalline segment (poly

. BCMC) and Y is an elastomeric segﬁent (THF/BCMO copolymer) is
discussed and concluded to be feasible on the evidence of the

preliminary synthesis work carried out,






APPENDIY T.

BENDING OF UNIFORM KEAM FIXED AT BOTH ENDS

2P
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L
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o

For a uniform beam fixed at both ends and subject to a vertical load

at the centre, the Young modulus, E, of the beam is given as (171)

3
E o= T n@), (A.1)

where

u - tanh u

n(u) = ” (A.2)
u = &/2/(S/EI)}, S is the axial force in the beam and I is the
moment of inertia.
4 is the deflection at the centre of the beam.
In the limit of u = 0, we have .
. B ) - |
n(u). = lim [&TEgRR W o L (A.3)
u 3
u*o
We measure Eeffective’ given as
3 .
E o= = (A.4)



Hence the question is for what vanges of P and 8 will F approximate

to Ppgd say, to within 4Z.
12681

For different values of u, we have

u nu) u niu)

0 0+333333 0+20 C-328085 |
0-01 0-333320 0-30 0-321755
002 0-333280 0+40 04313297
0-05 0-333000 0+50 0303063
0+10 0-332005 0+ 60 0:291437
015 0330360 1+00 0238406

For u = 0-30, (u) = 0-321755, which is less then 4% error on
0-333333.

The deflection & and the load P are defined as follows: (171)

2141 3 1 3 tanh uy
6. = 2(5) (u - tanh w5 - 3 tanh u ~ 5 =) (A.S)
. sreyn TER 5 _ 3 tamh L
.= —_—_EE____ usls 7 tanh®u I .
_ bh? _
where 1 = 17' s A = bh

Hence for E = 10% dynes/cm? (rubbery materials) and E = 5 x 1010
dynes/cmz(glassy material) and various dimensions of the test beam,

we have



Maximum values for
E b h 2 47 error
" 2
(dynes/cm?) (cm) (cm) (cm) P (dynes) 5 (cm)
108 06 0-1 1+5 4+3 0:02342
106 1:0 01 1°5 7+2 0:02342
106 10 0+3 15 5.8 x 102 0:07026
10% 10 ,| 0-3 1-0 2.0 x 103 | 0°07026
5 x 1019 06 0-1 1*5 2.1 x 10° 0:62342
5 x 1010 1-0 0-1 '1+5 36 x 10° 0+02342
5 x 1010 1:0 0+3 1+5 2+9 x 107 0°+07026
5 x 1010 1+0 0-3 10 1-0 x 108 0+07026
For the beam,
the restoring force Ek = 2P/§ (A.7)

where k is the geometrical factor for the beam.
Equating (A.7) with (A.4) and substituting I = bh3/12, we have

2bh3

23

k =

(A.8)



APPENDIY 1T

GEOMETRICAL CONDITIOWRS FOR BENDING

A sample of length 2&, width b, and thickness h, is clamped at
both ends to fixed supports. The sample is deformed at ité centre by
a small static force F, acting perpendicular to its length. The
displacement of its éentre in the direction of the force ie §. The
déflection GB, due to bending is, in this case, given by (172):

F§3 - .
§, = ————s (A.9)
B 12EAK?
where E is Young's modulus for the material, A the cross-sectional
area of the mounting and k is the radius of gyration of the cross-

section about the neutral axis of bending.
‘The deflection GS’ due to shearing is givea by (173):

5 o E&

R Ye) (A.10)

vhere G is the modulus of rigidity of the sample.

For rubbers, G = % E, and since the total displacement &§ is

3
the superposition of the displacements due to bending and shearing.

we have
5 = o 46, = FL[£ L, (A.11)
- B S AE |12k ’
Regarding the deformation purely as due to bending, we have

3
6. = Tz C kan

where E' is the apparent modulus. 5

From Equations (A.11) and (A.12), the true and apparent moduli are

connected by the relation



t - 1 -
B = Ry Tseca?) (a.13}
k? = h2/12 for a rectangular beam sample, thus
E' = El—ms) (A.14)
: 1 + 3h2/22 )

if 3h2/22 <<1, the donditions in the mounting approximate closely
to simple bending and E' = E. For Poisson's ratio v, of 0+35 and

0+20, we have respectively,

o 1
B = B (A.15)
. 1
and E'. = E({ 2-4hﬁ/22} (A.16)

Thus for various values of %, h and v, the ratio E'/E are given as

follows:

v h(cm) £ (cm) E'/E
0+ 50 0-1 15 0-99
041 1+0 0-98
0-2 15 0-95
0-3 1-5 0-89

0+35 0-1 1-5 0-99 i
0-3 15 090
0+20 0-1 1-5 0-99
0-3 1+5 0-91
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