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THE TEAR BEHAVIOUR OF SOME TRI-BLOCK COPOLYMER ELASTOMERS

by
John M. Hodgkinson

ABSTRACT

Four SBS block copolymers were subjected to extensive chemical
examination to determine block molecular weights and styrene fractions.

Casting from different solvent systems into sheet form resulted in
a range of microstructural formations for the normally dispersed styrene
phase. These morphological details were studied using transmission
electron microscopy and low angle X-ray scattering.

Dynamic mechanical tests, on sheet material cast from different
solvent systems, in both shear and tension over a wide temperature range,
and static tensile tests at 4+20°C, revealed significant differences in
viscoelastic properties between the materials. These differences were
related to changes in morphological detail by the use of a model for
composite materials. The large strain behaviour at +20°C is modelled by
the inverse Langevin function and a debonding parameter which is related
to void growth in the material.

The conventional analysis of tear behaviour, developed originally for
vulcanised rubbers, whilst ranking SBS block copolymers alongside the most
tear resistant vulcanised materials over wide ranges of temperature and
tearing rate, was found to be suspect for this class of materials. An
alternative interpretation, however, succeeds in relating tear strength
to tensile properties for the temperatures and tear rates studied, and
also relates the tearing behaviour of these elastomers to that of a wide
variety of other materials.



SUMMARY

Four S-B-S block copolymers were subjected to thorough chemical
examination to determine block molecular weight and styrene content.
Casting the copolymers from several solvent systems resulted in different
microstructured details, which were revealed by transmission electron
microscopy and small angle X-ray scattering to be either lamellar or
cylindrical formations of styrene in a butadiene matrix. Isotropy in the
plane of the cast sheets is conferred by the randomness of the orientation

of areas maintaining internal orientation.

Dynamic mechanical tests in both shear and tension were conducted
over a wide temper&ture range encompassing the transition points relating
to the styrene and butadiene phases.- The high modulus recorded at low
temperature falls rapidly to a plateau level between the two transitions;
as the styrene glass temperature is approached, the modulus again falls
rapidly. The value of the plateau modulus is dependent upon the casting
solvent system, solvents favouring the formation of a largely lamellar
morphology recording higher moduli than solvents forming the cylindrical
type of structure. The relationship between dynamic tensile and shear
moduli was found to be described by E' = 1.5 G'. The loss tangent
recorded at the transition points was also found to be a function of
casting solvent, lamellae-forming solvents resulting in a low tan § at the
butadiene transition, and a high value at the styrene peak, the opposite

being the case for cylinder-forming solvents.

Static\tensile tests at +20°C showed that the initial modulus varied
with the casting solvent system or microstructure, the lameliar material
resulting in an enhanced modulus and yielding accompanied by necking;
materials containing a cylindrical structure had a relatively low modulus
with no necking. Between 27 and 6007 strain, cold drawing occurred,
followed by an increase in stress leading to final rupture. The tensile
behaviour was found to be described by two analytical functions which,
when combined with a debonding parameter, gives expression to an internal
cavitation process which is dependent upon the microstructure of the

material.

A theory for the composite modulus is described which incorporates a
structure factor (Einstein coefficient, k) so that the modulus of the
product of a particular material/solvent system could be described in

terms of the structure factor, the modulus of the individual phases and



the volume proportion of the dispersed phase. Using data from static
tensile tests, the relevant structure factors for the materials were
determined; The composite theory is further extended to include the
prediction of dynamic tensile and shear moduli and loss tangent over a
range of X values. Using the previously determined structure coefficients
for each material, the experimentally determined dynamic moduli and tan §
were compared with the predicted values at -90°C and +20°C. Although
agreement with experimental data was not absolute, the approach shows some

promise.

The final set of experiments concerned the tearing behaviour of these
materials over wide temperature and tearing rate ranges. The data were
analysed according to the conventional method originally proposed by
workers at the Natural Rubber Producer's Research Association. It was,
however, noted that this analysis is based on a linear relationship
between the tearing force and the material thickness, whereas the data here
appear to support more nearly a square relationship. Using this premise,
a relationship is presented between the tearing force and the product of
the elastic modulus, energy to break in tension and material thickness
squared. The experimental evidence supports‘this relationship over the
complete temperature and rate ranges investigated, and S-B-S block
copolymers are shown to fit a composite curve for a wide range of

materials, including metals and other polymers.
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NOMENCLATURE

constants dependent upon the geometry in composite

A, Ai
systems
Aa ¢ area of aromatic protons on NMR curve
Ao : unstrained area of specimen
AB ¢ diblock copolymer
ABA ¢ triblock copolymér
a, ¢ width of reinforcement in composite system
a, ¢ exponent in Mark-Houwink equation
B*, B, B., B', : constants dependent upon geometry and moduli of
B", Bé, ﬁg component phases in composite system
Bb ¢ area of other than aromatic protons on NMR curve
Bd ¢ debonding parameter
BEN ¢ Dbenzene
b width of specimen
br ¢  thickness of reinforéement in composite system
bt’ bl’ b2 : exponents describing the dimensionality of crack growth
c ¢ solution concentration
CCl4 : carbon tetrachloride .
o] ¢ crack length
e(t) : instantaneous crack length
cl ¢ a constant
D : instantaneous diameter of swollen specimen
Do : initial diameter of swelling specimen
(D/Do)e ¢ equilibrium swelling fraction
Di microstructural dimension, e.g. sphere diameter
d thickness of specimen
dt tear tip diameter
dint interdomain distance
E tensile modulus
Eb initial tensile modulus
E} ¢ tensile modulus of interfacial phase
Eﬁ ¢ terminal modulus (from Kaelble)
Eb terminal modulus (from Langevin)
El ¢ tensile modulus of composite matrix
E2 tensile modulus of composite reinforcement
Eﬁl tensile modulus in direction of reinforcement orientation
E! : tensile storage modulus
E" tensile loss modulus



E* : tensile complex modulus

E ¢ energy stored elastically per unit volume at edge of
cut at angular distance 6 from the centre of a semi-
circular hole

Eb ¢ energy stored to break per unit volume of material
AE ¢ energy absorbed by nuclei in NMR

E/A : ethyl acetate

F force on legs of tear specimen

F(s) : cumulative survival function

r : functionality of network crosslinks

G ¢ shear modulus

Gé, Gé : dynamic shear modulus

G* : complex shear modulus of composite

G; ¢ complex shear modulus of butadiene phase

Gg ¢ complex shear modulus of styrene phase

Gg : complex upper bound shear modulus of composite
GE : complex lower bound shear modulus of composite
Gi ' ¢ storage shear modulus of butadiene phase

Gg : loss shear modulus of butadiene phase

Gé ¢ storage shear modulus of styrene phase

Gg ¢ loss shear modulus of styrene phase

G’ ¢ storage shear modulus of composite

G" ¢ loss shear modulus of composite

Gé ¢ upper bound storage modulus of composite

Gg _ upper bound loss modulus of composite

Gé lower bound storage modulus of composite

Gg lower bound loss modulus of composite

Gc fracture toughness

AG Gibbs free energy difference

GPC ¢ gel permeation chromatography

Gr generalised flaw growth rate

G, Gy’ Gz growth rate of crack in z,y,z directions

g : parameter dependent upon b/d ratio

AH ¢ enthalpy change of mixing

HEP - ¢ heptane

Hz GPC curve to base line height

Hb magnetic field in NMR

h ¢+ Planck’s constant

I : moment of inertia

Ib moment of inertia of torsion pendulum with no added

masses
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strain invariants

a constant in the Mark-Houwink equation

a constant

a constant

Einstein coefficient

specimen length

fixed crack dimensions in ¥ and 2 directions
width of plastic zone at crack tip

distance ahead of crack tip at which stress reduces to
zero

modulus of composite

modulus of butadiene phase
modulus of styrene phase

complex modulus of butadiene phase

complex modulus of styrene phase

¢ . upper bound modulus of composite

lower bound modulus of composite
number-average molecular weight
welght-average molecular weight
dispersity ratio of molécular weight
viscosity-average molecular weight

network molecular weight or molecular weight between
entanglements in elastomer homopolymer

calibrated molecular weight in GPC

methyl ethyl ketone

weight of styrene sample

weight fraction of styrene in block copolymer
mass of added weights on torsion bar
constant with dimensions of length

natural rubber

nuclear magnetic resonance

number of links in statistical chain

order of SAXS maxima

osmium tetroxide

period of torsion pendulum

period of torsion pendulum without a sample
load v

tear propagation rate

ideal gas constant

radius |

entropy change of mixing



SBS :  triblock copolymer of styrene-butadiene-styrene

SIS ¢ triblock copolymer of styrene-isoprene-styrene

SBR ¢ styrene-butadiene rubber

SAXS : small angle X-ray scattering

T ¢ temperature

Tc ¢ critical tearing energy

TB ¢ temperature relating to tan § maximum for diene phase
TS ¢ temperature relating to tan § maximum for styrene phase
TR ¢ temperature at which a rapid decrease in modulus occurs
Tg ¢ glass transition temperature

THF ¢ tetra hydrofuran

T™MS ¢ tetra methylsilane

t ¢ material thickness

tan § ¢ loss factor in dynamic measurements

tan Gx’ tan 60 : loss tangent relating to torsion pendulum measurements
tan SU : upper bound loss factor

tan GL : lower bound loss factor

Vb : total molar volume of block copolymer system

V., Vb ¢ molar volumes of homopolymers

VR : retention volume

volume fraction of styrene in block copolymer

R

v : rate of extension approaching the crack tip

v, ¢ frequency of resonant radio-frequency field in NMR

ve : concentration of elastically effective chains

v, : molar fraction of rubber in swollen network

vs : molar volume of solvent

Vo ¢ true volume fraction of rubber in swollen network

vd ¢ defect volume

vd(t) : instantaneous defect volume

W ¢ elastically stored free energy of deformation

Wb : energy stored elastically per unit volume of material

Wp* ¢ area under stress-strain curve

WLF : Williams-Landel-Ferry equation for time-temperature
superposition

w ¢ width of sheet specimen

X2 ¢ weight fraction of polystyrene

Greek Symbols

o, B, ¥ ¢ temperature dependent transitions

8 ¢ solubility parameter



oo

X3

oo

e

..

solubility parameters of homopolymers A and B
polymer-solvent interaction parameter
polymer-polymer interaction parameter
extension ratios

extension ratio at crack tip
theoretical maximum extension ratio
extension ratio at break

wavelength of radiation

osmotic pressure

intrinsic viscosity

hydrodynamic volume

magnetic moment

density of styrene

density of butadiene

logarithmic decrement

scattering angle

stress

strain

reduced concentratiqn term dependent upon ¢m
as ¥ but for inverted composite system
Poisson's ratio

styrene volume fractions for lamellar, rod-like and
spherical structures

volume fraction of butadiene

volume fraction of styrene

volumetric packing fraction in normal system
volumetric packing fraction in inverted system

fraction of styrene in continuous phase which is
actually continuous

fraction of butadiene in continuous phase which is
actually continuous



CHAPTER 1
INTRODUCTION

In recent years, there has been considerable interest and research
effort in the field of heterophase polymer systems possessing improved
physical properties in the elastomeric state. With their enhanced
properties, these systems comprise an integral and increasingly important
section of the engineering materials presently available; and the
technology offers the possibility of designing materials to perform given

functions under specific conditions.

The search for novel elastomeric solids led to the eventual discovery
of the class of materials known as thermolastic elastomers. At ambient
temperatures, these materials exhibit properties similar to those of
vulcanised rubber, but whereas the product of wvulcanisation is a thermo-
setting rubber, thermolastic elastomers may be remoulded at elevated
temperatures as thermoplastic materials. It is quite normal for these
materials to have tensile strengths in excess of 30 x 106 Nm~2 and fracture

elongations of greater than 1000 per cent at temperatures of about 20°C.

This unusual combination of properties is a reflection of the chain
structure of the block copolymer. A relatively simple block polymer may
be defined as a macromolecule composed of alternating segments, or blocks,
of two essentially pure homopolymers. If A and B represent the fwo
component homopolymers, then possible configurations include AB, ABA, BAB,
ABAB and so on.

The particular class of materials of interest here are those where
the component blocks are polystyrene (S) and polybutadiene (B), the limit
of use being the softening point of the polystyrene domains, above which
they become thermoplastic and flow. In addition, the polybutadiene blocks
are unsaturated and must be protected from oxidation. Polybutadiene
degrades under oxidation by crosslinking to give a hard, insoluble resinous
product, so that degraded SBS block copolymers become hard, more viscous,
and eventually insoluble and infusible. Effective antioxidants for these
materials are thiodipropionate and hindered phenols. SBS polymers are
also subject to degradation by ozone, and various antiozonants have been
investigated. The most effective being dibutylthiourea and nickel
dibutyldithiocarbamate. Degradation by ultra violet radiation also
causes problems, but benzotriazole derivatives are effective stabilisers.

If opaque products are acceptable, the addition of either a reflective



material, such as titanium dioxide, or a light absorbing material, such

as carbon black, gives improved stability.

The combination of elasticity with solubility and thermoplasticity
makes SBS block copolymers useful in the férmulation of contact and
pressure-sensitive adhesives, joint sealants, strain relief interlaps and
solution adhesives. The polymers themselves are tack-free, but may be
tackified by the use of appropriate resins. SBS copolymer can also be
compounded with other materials, such as inorganic fillers, petroleum oils,
asphalts and reactive monomers to develop desirable properties.

Absorption of naphthenic o0il imparts improved tack to'copolymer/resin
blends used as pressure-sensitive adhesives, decreases melt viscosity in
hot melt formulations, and plasticises the copolymer to reduce its cohesive
strength for caulk and sealants. Dispersed in small proportions in hot
asphalts, SBS copolymers give low temperature flexibility and resistance

to flow at higher temperatures. At increased proportions, blends with

asphalt are extremely tacky and make useful cements.

Elastomeric block copolymers may be fabricated in conventional
plastics processing equipment, such as extruders, blow moulders, and
injection mouldefs, and have been used to make a wide variety of moulded
articles. Elastic bands may be prepared by tumble blending the crumb
with antioxidant and anti-blocking agents, followed by tube extrusion and
cutting., Various types of shoe soles and heels giving a wide range of
hardness and stiffness, coupled with high surface friction, are
manufactured, as is microcellular soling using SBS as the base polymer to
give a higher stiffness at equivalent hardness than other elastomers.
Numerous products such as baby bottle teats, toy tyres, bath mats and
pencil erasers are injection moulded, and blow moulding is used in the
manufacture of children's toys.' The material is used in the form of
rubber sheeting for the backing of self-laying carpet tiles, and for sound
insulation in automobile interiors.  Further outlets include pharmaceutical,

medical and food packaging applications.

Although many studies of the mechanical behaviour of these materials
have been reported in the literature, and some understanding obtained of
the relationships between composition, microstructure and properties,
little information is currently available concerning the tear strength and
the mechanisms involved in the tearing process. Tear phenomena are of
fundamental importance to the mechanical qualities of a material. Even
with simple, homogeneous solids, fracture is a complex process, and

material strength is governed by a number of factors, some of which are



interrelated. These include the energy required to create new surface,
ductile processes, hysteresis and crack propagation mechanisms, all of
which may themselves be dependent upon such factors as the environmental

conditions and the rate of crack propagation.

The purpose of this work is to characterise as far as possible a
number of SBS block copolymers in terms of composition, microstructure,
molecular size, small and large strain quasi-static mechanical properties
and small strain dynémic behaviour. The aim being to elucidate the
mechanisms involved in the tear process, and to help explain the observed

tear behaviour.

In the first part of this thesis, literature pertinent to the chemical,
microstructural and molecular characterisation of thermolastic triblock
copolymers and their mechanical behaviour is reviewed. The application of
these characterisation techniques to the polymers of the present study is
then discussed. The techniques employed include nuclear magnetic
resonance, gel permeation chromatography and membrane osmometry. Use of
these systems allows the determination of overall molecular weight,
individual block molecular weights, polymeric diblock and homopolymer
impurity, styrene content, and the cis-~trans structure of the diene centre-
block. This type of analysis is desirable in any work involving the
investigation of mechanical behaviour of polymers, but is essential when
the morphology of the system depends upon such chemical properties, as may

occur with these materials.

Since it is known that the technique used for sample preparation
determines to a large extent the morphology, and hence the mechanical
properties of the material, it is demonstrated how, by the use of
different mixtures of casting solvents, these morphologies are achieved.
Electron microscopy and small angle X-ray scattering are vehicles used for

the determination of particular microstructural formations.

Later, static tensile, dynamic tensile and shear, and tearing
properties are investigated over a wide temperature range, and, where
possible, attention is drawn to links between these mechanical properties
and the chemical and morphological characteristics of the block polymer

systems.



CHAPTER 2
LITERATURE SURVEY

2.1 THE CHEMISTRY OF BLOCK COPOLYMERS

2.1.1 Synthesis
It is only within the last 15 years that complete

characterisation of block copolymefs has been possible, primarily due to
earlier difficulties in analysis and in the synthesis of pure blocks of
uniform molecular weight. A number of books and review papers currently
available [1-6] summarise the addition and condensation reactions used in
the synthesis of early block copolymer materials of commercial importance.
More recently, termination-free homogeneous anionic polymerisation has

been developed as a usgful technique for the synthesis of block copolymers.
It is well documented that this method, which involves initiation by
alkyllithium compounds (dubbed 'living' polymerisation), produced block
polymers with well defined blocks of nearly uniform molecular weight [7-22].

The preparation of ABA type block polymers possessing precise
and predictable structures can be achieved by four methods [23], each

using soluble organo-alkali metal initiators:

(a) a three-stage process using monofunctional initiators;

(b) wusing difunctional initiators, for example sodium naphthalene,
leading to a two-stage process (that is, polymerisation of
monomer B followed by polymerisation of monomer A);

(c) using monofunctional initiators, a two-stage process to
synthesise AB diblock polymer with subsequent coupling to
AB-BA polymer;

(d) again using monofunctional initiators, a two-stage process
involving the formation of an initial A block followed by
the copolymerisation of A and B in which the latter is
preferentially polymerised. Thus, a 'tapered' segment of
monomers A and B is formed between the middle block and the
final A block.

It is important when dienes are used to prepare the centre
segment in a styrene-diene-styrene block polymer that the polymerisation
be carried out in a hydrocarbon solvent (benzene, for example), since the
polydiene microstructure is influenced by the presence of ether type
solvents [23]. Studies [24] of the polyisoprene microstructure have

demonstrated that certain solvents such as tetrahydrofuran (THF) alter the



microstructure from the high cis-1,4 structure obtained in hydrocarbon
solvents to that of a chain containing significant amounts of the 1,2 and
3,4 forms of addition. A similar effect is seen for polybutadiene which
has the high 1,4 content when prepared in hydrocarbon solvents [25], while
ether solvents convert the structure to virtually all the 1,2 type [8].

The structure of an individual polymer chain may be represented
in the manner of Figure 2.1. The particular example shown is that of the
copolymerisation of 5utadiene and styrene, for which the most commercially
successful systems have a relatively long butadiene segment between two
shorter polystyrene segments. Polymers of this type exhibit elastomeric

properties without vulcanisation.

2.1.2 Chemical Characterisation

Although the synthesis of block copolymers is a well-publicised
field of research [10,18,21,22], it was not until comparatively recently'
that most researchers began to include appropriate characterisation data
in their published work. It is clear that polymer characterisation is
desirable in order to gain an appreciation of the efficiency of the
synthesis procedure used, and to give an assessment of the purity of the
material. An equally important point is that without full characterisation
as an integral part of any research programme, the comparison of inter-
laboratory data, whether it be chemical, physical or mechanical, is-
hindered.

Dependent upon the particular characterisation technique used,
information may be gained about block length, overall molecular weights,
polydispersity in molecular weight and composition, and estimates of the

percentage and type of chains present [7,8,11,14].

Membrane osmometry gives information on the absolute overall
molecular weight of a material and involves the use of various
concentrations of the polymer in a suitable solvent. These solutions are
introduced individually into the sample compartment of the osmometer.
Solvent from the instrument side of the membrane diffuses through to the
polymer sample, thus creating a pressure. When equilibrium is reached
and solvent flow ceases, this osmotic pressure may be related to the

number average molecular weight, B; [26-28].

Gel permeation chromatography (GPC) has been widely used [29-
36] to estimate the number (M%) and weight average dzd) molecular weights

of block polymers. GPC is a technique for separating molecules based on



differences in molecular size, and is therefore a potent characterisation
tool for commercial block polymers, not only in the measurement of
molecular weight, but also for determining the molecular composition in

terms of triblock, diblock and homopolymer.

In the GPC separation, a solution of the polymer 1s passed
through columns containing a separating medium or gel consisting of pores
ranging in size from 6 nm to 10° nm average diameter. The gel is
completely immersed in the solvent and when a polymer solution is passed
through the column, polymer molecules enter those pofes capable of
accommodating them. Consequently, if the columns are packed with gel
having a distribution of pore sizes, a separation of the polymer molecules
can be effected. Very large molecules have only a small number of pores
available to them, and pass through the columns fairly rapidly. Very
small molecules enter most of the gel pores and therefore take longer to
pass through. The concentration of the species in the solvent stream
emerging from the columns is monitored continuously using a suitable

detector.

Since the technique is a comparative one, polymers with a
narrow molecular weight distribution are required for calibration
purposes. The standards used are anionically prepared polystyrenes with
polydispersity (E;/@%) ratios of the order 1.06-1.15. Although such
standards may be prepared by individual experimenters, the normal source
of such materials is the Pressure Chemical Company, which markets a range

of sharp molecular weight fractioms.

High resolution nuclear magnetic resonance (NMR) spectroscopy
[37-42] has become an important tool in the field of compositional and
structural analysis of block copolymers. The technique makes use of the
magnetic moment possessed by the H+ proton, and the predictable movement
when a magnetic field is applied. It follows that certain types of proton
usually appeaf in the same region of the NMR spectrum and may be identified.
Another feature which may be observed is the interaction between protons
through the bonds joining them, again allowing the identification of the
protons giving rise to the excitation. The intensity of the resonance
peak 1s proportional to the number of protons causing the peak, so that
analysis of the relative intensities of observed peaks can give important
information on the composition of the material. In addition to providing
an accurate estimate of the weight content of styrene in an SBS copolymer,
it 1s possible, with sufficiently high resolution spectrometers, to
determine the microstructure of the central diene block in terms of its

1l,4-cis, 1l,4-trans, and 1,2 content.



2.1.3 Polymeric Impurities

Polymeric impurities are the result of either termination
during polymerisation or incomplete coupling if this procedure is used.
Although small quantities of block polymer may be manufactured under
laboratory conditions in order to maintain a narrow distribution of
molecular weight and to prevent premature termination or incomplete
coupling, commercially it is not normally possible to control the process
sufficiently rigidly to obtain a material which is 1007 ABA.

Taking the simplest case where termination is rapid in
comparison to propagation, any terminating impurities cause the formation
of homopolystyrene or a styrene-diene diblock'(SB) polymer. The effect
of these polymeric species on the properties of SDS block polymers has
~ been studied [43] by blending known quantities of the impurity with the
pure triblock. It was found that the addition of homopolystyrene had
virtually no effect on the tensile strength of the block polymer, although
the stress for a given strain was increased; apparently, the
homopolystyrene located itself in the block polystyrene domains, so that
the net result was equivalent to having a polymer with a higher styrene
content. The addition of free polydiene decreased the tensile strength
and decreased the stress for a given strain, the polydiene serving as a
diluent for the block polydiene chains in the network. When the
homopolystyrene differed greatly in molecular weight (EL) from the block
polystyrene, significant incompatibility was achieved with consequent
deterioration of the tensile properties of the material. Here, the term
incompatibility refers to the fact that it may be physically impossible
for the styrene of higher molecular weight to fit into the domains formed
by the lower molecular weight end blocks. The conclusions to be drawn
are that the presence of free styrene homopolymer is not harmful to the
tensile properties of these block polymers, provided it is of a similar
molecular weight to that of the styrene end block. However, the presence
of only a few percent of diblock material has a marked effect on the
tensile properties of the triblock copolymer. The diblock material
apparently causes network defects by virtue of the fact that the styrene
block is absorbed into the glassy domain while the diene block is
unattached at one end. It becomes apparent that there are certain points
during the polymerisation process where some termination may be tolerated,
equally at other times termination will have a deleterious influence on

the physical properties of the material.



2.1.4 Thermodynamics of Microphase Separation

The mixing of two components has associated with it a free-

energy of mixing given by the equation:
AG = M -T AS (2.1)

where AH and AS are,'respectively, the enthalpy and entropy changes oﬁ
mixing, and I' is the absolute temperature. If AG is negative, a true
molecular solution will form; 4if it is positive, however, the two
components will segregate into separate phases. Although this thermo-
dynamic analysis i1s in principle applicable only to reversible or
equilibrium processes, and the mixing of two polymer molecules is not an
equilibrium process due to restricted large-scale molecular mobility, the
analysis is still qualitatively useful. The mixing of any two components
is accompanied by an increase in the disorder of the system, and hence, by
an increase in entropy (that is, AS > 0), with AS being smaller for two
polymer molecules than for the mixing of lower molecular weight materials
of equivalent mass [44]. The entropy contribution to the free-energy
change 1s then always favourable to the formation of a molecularly
homogeneous system. It follows that the enthalpy, AH, change can be
negative, zero or a small positive number for AG to remain negative.

However, when two homopolymers are mixed, AH may be expressed:

= - 2
AHmix v, (GA GB) VA VB (2.2)

where Vb is the total molar volume of the system, and 6A and GB are
solubility parameters for homopolymers A and B. From equation (2.2), AH
is necessarily positive, and the common result is that the enthalpy term
dominates the free-energy expression (equation (2.1)), giving a positive
free-energy chénge for mixing which predicts that it is unlikely that a

single homogeneous phase will form when two polymer molecules are mixed.

Fedors [45], Meier [46] and Krause [47,48] have studied some
of the aspects of compatibility by deriving criteria for domain formation
in block copolymers, starting from thermodynamic principles. Fedors' work
1s based on the liquid lattice theory as developed by Flory & Huggins for
the mixing of two polymer molecules. It is assumed that the chemical
potentials of mixing are affected by chemical structure only through the



polymer-polymer interaction parameter, X795 which can be predicted from

the properties of the individual homopolymers. By arbitrarily defining
that values of X;, greater than 10 indicate insolubility, Fedors [45] was
able to predict minimum molecular weights required for immiscibility. In
an SBS block polymer, he predicts the minimum molecular weights to be about
6000 for the butadiene segment, and 2500 each for the styrene segments.
Hence, the lowest molecular weight for the SBS system which would guarantee
insolubility would be 11,000. Krause [47] considered the entropy change
associated with the decrease in total volume available to each polymer
block when separation occurs, assuming that there is no volume change on
mixing. Complete phase separation with sharp boundaries between phases
was assumed so that the only contacts between the blocks were wvia the
covalent bonds linking the A and B blocks. In a further work [48],

Krause included a term to represent the decrease in entropy caused by the
immobilisation at the interface of the A-B junctions in each copolymer
molecule. Taking AG to be zero, an expression was derived for the
critical interaction parameter, (X12)critical’ which was used to make
predictions about the types of block copolymer that exhibit phase

separation. Some interesting conclusions arose from this treatment:

(a) AS increases as the number of blocks increases in a copolymer
molecule of given length, so that phase separation becomes
more difficult.

(b) For constant copolymer composition and the same number of
blocks per molecule, phase separation becomes easier as
molecular weight increases.

(c) For molecules having the same chain length and the same

number of blocks, a copolymer with V, = 0.25 and V_ = 0.75

A B
undergoes phase separation less readily than a copolymer
with VA = Vb = 0.5,

Meier's [46] argument is similar to that of Krause with the
size of the domains fixed by molecular chain dimensions. He predicts
that the critical molecular weights for domain formation in the S-B
block polymer system would be between 5000 and 10000 for the styrene
segment when the polybutadiene block molecular weight is of the order of
50000. Meler cites some observations from Holden et al [49] which tend
to verify the prediction. Although insufficient data were available to
compute the size of the polystyrene domains, the molecular weight would
put an upper limit on the spherical domain radius in that work at about
20 nm.



The arguments of Fedors and Meier have been applied only to
spherical domains, However, the phases in block polymers may take shapes
other than spheres; for example, layered and cylindrical structures have
been observed [16,50,51]. If a similar argument as that used by Meiler
[46] to compute approximate spherical domain radii is applied to determine
the thickness of lamellar domains, or the radius of cylindrical regioms,
and one assumes that the domains are essentially pure with little or no
phase mixing; then for an ABA copolymer, the absolute maximum thickness
of the layer A, or the maximum diameter of the cylinder, would be just
twice the fully extended length of the A segment. Other assumptions are
implicit in this argument, the density of the layers or cylinders is
assumed to be uniform, and more importantly perhaps, the effects of
shrinkage during solvent evaporation are ignored. Further work by Soen
et al [52] on domain structure in block copolymers cast from solution
points out that isotrdpic shrinkage is a reasonable assumption for spherical
domain structures, but the same assumption would be unreasonable for rod-
like or lamellar formations. They conclude that on seclvent evaporation,
spherical micelles shrink isotropically to form spherical domains of a
diameter proportional to the 2/3 power of the molecular weight of the
corresponding block segment. Rod-1ike and lamellar micelles, on the
other hand, shrink anisotropically to form rod-like and lamellar domains
such that the diameter and thickness of the respective structures are
roughly proportional to the } power of the molecular weight of the

corresponding block segment.

The incompatibility of two components manifests itself in the
aggregation of like segments into separate phases. In a study of rubber
blends, Corish [53] presents a practical, if not very sophisticated,
definition of compatibility which may be applied to block polymers.
Incompatibility being indicated by the presence of two or more tramsition
temperatures, Té, approximately equal to the Tg's of the component polymers.
Compatibility of the components being indicated by a single Ib intermediate
between the values which represent the components. Using this definition,
any method which defines glass transition regions could discern whether a
block copolymer was phase-separated or not. Differential thermal analysis
(DTA), dynamic mechanical experiments, dilatometry and other experiments
would all be adequate. However, this definition is not conclusive
evidence for the existence of a two-phase system, since some copolymers
exhibit several transition regions; for example, the multiple transition

regions noted by Clough & Schneider [54] in block polyester-urethanes.



Also, some single-phase systems exhibit multiple transition regions; for

example, the o, B and y transitions in polystyrene [55,231]

2.1.5 Summary

The materials under consideration are a combination of
polystyrene (S) and a polydiene (B), the polydiene being the inner segment
(M; of the order of 5’<10“), while ﬁhe outer segments of styrene have ﬁ;
of around 1 x 10", When this type of polymer is moulded at a higher
temperature than the glass transition (Tg) for polystyrene (a practical
lower limit for moulding is 150°C [56]), the styrene end blocks soften,
diffusing to join other end segments and, being incompatible with the
polydiene, form discrete aggregates when cooled. Similarly, a three-
dimensional lattice structure is formed when the polymer is cast from a
solvent. Phase separation occurs since the entropy to be gained by
mixing is very small. This is due to the small number of molecules per
unit mass involved, simply as a result of their high molecular weight.
Therefore, a normally insignificant positive free-energy of interaction is
sufficient to overwhelm this small entropy of mixing. It follows that
two polymers do not have to be very dissimilar before they are incompatible
leading to a two-phase mixture. Taking the example of SBS polymers, a
low styrene content will yield styrene as the discrete phase, uniformly
distributed in the continuous butadiene phase. However, at intermediate
proportions of styrene, either styrene or butadiene may bé the discrete
phase, and at high proportions of styrene it may be continuous. A good
balance of thermoplastic and elastomeric properties is obtained when the
styrene phase is discrete and the butadiene phase 'is continuous. This is

normally obtained at between 15% and 407 by weight of styrene [57].

By the use of a combination of testing techniques, the block
copolymer may be chemically characterised to determine overall molecular
weight, polydispersity, the molecular weight of individual blocks, the
magnitude of any polymeric impurities, the composition and chemical
structure of the polymer. Used in concert with one another, the techniques
available may yield information pertaining not only to the polymer itself,
but also to its method of preparation.

Of the three possible polymeric impurities, homopolymer S,
homopolymer B, and diblock SB, it is apparent that the triblock polymer
can tolerate only homopolymer S without suffering decreased tensile
properties, and then only when the polymer is similar in M% to the end
block.



2.2 THE MICROSTRUCTURE OF BLOCK COPOLYMERS
2.2.1 Introduction

An interesting feature of many block polymers is that they
exhibit optical clarity, even though a heterophase structure exists.
Normally, light is scattered at the interface between two coexistent
phases; one would therefore expect block copolymers to be opaque.
However, most block copolymer systems have been reported as either
transparent or translucent. There are in this case two possible
mechanisms for optical clarity; either the refractive indices of the
phases are equal, or a dispersed phase may exist in domains which are
small compared with the wavelength of visible light, and the amount of
visible radiation scattered in this case would be small, resulting in a
nearly transparent material. Although the first possibility cannot be
discounted, the phases of many block copolymers are not similar enough
chemically to allow equality of theilr refractive indices. So that, in
the general case, block polymers rely for their optical clarity on the

existence of a dispersed phase which scatters little visible radiation.

A number of experimental techniques have been developed to
facilitate the study of the morphological detail of block copolymers, not
least amongst these being electron microscopy, and low angle X-ray
scattering; other techniques used to a lesser extent are phase
microscopy, birefringence and light scattering. For the purposes of this
presentation, it is intended to report on work done using electron

microscopy and low angle X-ray scattering.

2.2.2 Block Copolymers under the Electron Microscope

Transmission electron microscopy has been applied primarily to
block copolymers containing one unsaturated component, allowing staining
with osmium tetroxide by addition to the double bond. Kato [58-61]
demonstrated this technique in the study of flow patterns in moulded ABS
thermoplastics. Principally, results have been reported for copolymers
containing eilther polybutadiene or polyisoprene, both of which react with
osmium tetroxide. Other techniques, such as shadowing with carbon, gold
or platinum, have been developed for the sub-microscopic study of materials

which cannot be treated with osmium tetroxide (0504).

Beecher et al [62] made one of the most significant early
contributions to the understanding of block copolymer structure in both
the unstrained and strained conditionms. Electron micrographs of SBS and

SIS led to the conclusion that in both systems, the polystyrene blocks may



[

tend to aggregate into spherical domains of diameter about 120 A. The
domains were found to be present in solution cast films from different
solvents and also in compression moulded samples, with the domain size
being dependent upon the method of sample preparation. The spheres were
thought to be interconnected by thin paths of polystyrene, and regions of
up to 1000 2 square were found to exhibit local order which approximated
to a simple cubic lattice. When samples were strained, the spheres first
deformed into ellipsoids, but at high strains the ellipsoids began to

break apart.

In a similar study, Morton et al [14] observed that an SIS
polymer exhibited a highly dispersed polystyrene phase in the continuous
polyisoprene matrix. The size of the dispersed phase in this case was

]

found to be around 400 A.

An interesting phenomenon is that block polymers of
polystyrene and butadiene or isoprene may form different two-phase
structures dependent upon such variables as the molecular weight, or the
molecular weight distribution in the molecule. Bradford & Vanzo [16,19],
studying A-B type block polymers of styrene and butadiene using electron
and phase microscopy, found that their copolymers formed alternate
molecular layers of polystyrene and butadiene in a lamination effect.

Good agreement was found between the layer spacings measured from micro-
graphs and the chain lengths calculated on the basis of the molecular
weights of the two phases as determined from independent light scattering
experiments. The thickness of the laminations varied between 25-50 nm,
dependent upon the molecular weight of the sample. It was found also
that the structure was dependent upon the method of sample preparation;
lamellae being observed in samples cast from concentrated solutions, and a

proportion of spherical domains resulting from a dilute 1% solution.

Similarly, Inoue et al [50,63,64], in a study of SI block
polymers, observed alternate lamellae of styrene and isoprene. As the
percentage of polystyrene in the material was increased above 607, the

isoprene phase appeared as discrete spheres.

Matsuo et al [65] report electron microscopic observations of
both SB and SBS copolymers with the terminal block being either styrene or
butadiene (SBS or BSB). For the SBS polymer, almost spherical butadiene

islands, of the order of 20- 50 nm diameter, in a styrene matrix were
reported. The dimensions of the domains decreasing with decreasing
butadiene sequence length. On the other hand, the polymers of SB or BSB
showed that the butadiene chains linked together to form irregular rod-like



structures. Again, Matsuo [51,66] noted that in the SBS block polymers,
as the block fraction of butadiene was increased, the domain structure
passed from spherical to rod-like to layered. It was shown that the
microstructure was also dependent upon the solvent used to cast the
material, with the change in structure resulting in marked differences in

physical properties.

Other wo;kers who were early in the field demonstrated that
materials other than SBS and SIS had a regular sub-microscopic structure.
Molau & Wittbrodt [67,68] studied phase separation and compatibility in
blends of compositionally different styrene-acrylonitrile copolymers, and
in mixtures of block polymers with their component homopolymers.

Blokland & Prins [69], using light scattering and birefringence to support
electron microscopy, claimed the existence of rod-like structures of
approximate length between 300 nm and 800 nm in cross-linked polyurethane

elastomers.

More recent work has tended towards the investigation of new
materials or materials of high purity (that is, containing very little low
molecular weight species), and also the examination of materials prepared

in different ways.

Lewis & Price [70,71] studied the microphase separation of SBS
copolymers and also a graft copolymer formed by the grafting of
polyisoprene chains onto the polystyrene backbone. The domain structure
was found to be a function of the rate of evaporation of the solvent from

castvfilms.

Bi & Fetters [72] were concerned with the microstructure of
star block polymers of styrene and isoprene. They demonstrated the
coexistence of three styrene domain arrangements, square (100 plane),
rectangular (110 plane), and hexagonal (111 plane). These features were
rationalised and explained by reference to the body centred cubic lattice.
By the rotation of this lattice structure around a prescribed crystallo-
graphic axis, it is possible to observe all three morphologies. They
discount the possibility of cylindrical domains, suggesting that their

observation is caused by the illusion presented when spheres overlap.

Pedemonte & Alfonso [73], working with an SBS copolymer cast
from various mixtures of the solvents tetrahydrofuran (THF) and methyl ethyl
ketone (MEK), found only what they claim to be a lamellar structure, in
contrast to what other workers say should be a cubic array of styrene
spheres in the butadiene matrix. However, Pedemonte supports his micro-

structural evidence with tensile stress—strain curves which indicate the



presence of a continuous polystyrene phase.

An interesting technique has been employed by a number of
researchers, including Douy [32] and Mayer [33], when studying the solution
structure of ABA polymers of differing composition. Electron microscopy
was facilitated by the use of a polymerisable solvent in order that the
solution could be transformed into a solid for microtoming and structural

determination.

Two groups of workers have concerned themselves with the
effects of orientation on the microstructure of block copolymers. Keller
et al [74-77] investigated SBS polymers using extrusion techniques to
obtain a high degree of orientation. - Similarly, Pedemonte et al [78]
studied an SIS polymer in both the ‘'as-received' condition and after
extrusion processing. The polymer had a relatively low styrene content
(10%), and the structure noted was of polystyrene spheres in the isoprene
matrix. Annealing of the extruded sample at 150°C for several days
resulted in a sharp increase in phase separation and in the long range
order of the microstructure. Later [79,80)], Pedemonte and coworkers
investigated the microstructure of an SBS copolymer after extrusion

processing.

2.2.3 Small Angle X-Ray Scattering (SAXS)

Electron microscopical examination of polymers suffers from
the disadvantage that only replicated or microtomed thin films may be
studied; neither of these techniques necessarily shows the true material
structure in the bulk. SAXS has the primary advantage that it permits
direct measurement on bulk specimen. For block polymers, the results
obtained also give information about the size of domains and the average

distance between them.

The earliest work concerning SAXS of ABA block polymers was
conducted by Hendus & coworkers [81]. It was reported that diffraction
patterns of an SBS polymer showed a discrete diffraction ring corresponding
to a domain spacing of the same order as observed by electron microscopy.
Other investigators [82,83] also repdrted that the Bragg spacing of
laboratory manufactured and commercial SBS polymers agreed with the inter-

domain distances obtained from electron microscopic studies.

As techniques improved, it became possible to assign lattice
parameters to the domain structures by the use of SAXS results. Brown,

Fulcher & Wetton [84] claimed agreement on the basis of a simple cubic



lattice of sﬁherical domains for a commercial 30 wt7? styrene SBS polymer
cast from a variety of solvents. On the other hand, McIntyre & Campos-
Lopez [85], using a laboratory prepared SBS polymer of 38.5 wt% styrene,
cast from 90/10 THF/MEK, and of a similar molecular weight to the polymer:
studied by Brown et al [84], assigned the face-centred orthorhombic
lattice. Later, Campos-Lopez, McIntyre & Fetters [35], in a more
ambitious study of laboratory prepared samples of SBS triblocks, held the
styrene content at 27 wtZ and varied the number average molecular weight
(ﬂk). The diblock and homopolymer impurity was claimed to be low and the
polydispersity factor, EL/Hg = 1.1, Casting from 90/10 THF/MEK solution,
the domain arrangement was found to be a face-centre cubic array. From
the cell dimensions and sphere size, the end-to-end distance of molecular
chains, the extent of the interfacial region and molecular weight
dependence of the domain size and spacing was deduced, with good agreement

. with the theory of Meier.

Kim [86] compression moulded specimen of the same commercial
SBS material used by Brown et al [84], and he concludes that there is a
sharp interface between the styrene domains and the butadiene phase, and
that the domains are spherical with a radius of 13.2 nm. Brown had
previously deduced that his solvent-cast samples had domains of maximum

radius 12 nm.

A study of SI and SIS polymers and mixtures of the two together
with the homopolymers was carfied out by Inoue et al [87], all samples
were found to be consistent with the spherical styrene in isoprene matrix
pattern. Experiments were conducted in order to -monitor the tensile _
deformation behaviour using the SAXS technique. When loaded, the domain
spacing was found to increase in the direction of loading, although not as
a monotonic function of the macroscopic strain. Later, in a similar
study, Montiel, Kuo & McIntyre [88] confirmed the structure of their SBS
sample cast from 90/10 THF/MEK to be one of spherical domains in a
butadiene matrix; they went on to show that at relatively small strains
(A < 1.3) compared with the study of Inoue et al [87] (A < 2.2), the X-ray
patterns changed with increasing strain, and again the interdomain strain

was not directly proportional to the strain in the bulk material.

On the basis of SAXS measurements, other workers have assigned
the hexagonal array of cylindrical domains to thelr preparationms. For
instance, Keller et al [74], with their extruded plugs of SBS, found that
the diffraction pattern after annealing revealed single 'crystals' with

hexagonal symmetry along the extrusion direction. Lewis & Price [70],



using two samples of SBS of differing block lengths, prepared solvent cast
and compression moulded specimen. The compression moulded samples were
found to give X~ray reflections indicative of héxagonally packed domains.
The solvent cast patterns, however, although in a regular array, were
indefinite and no conclusions were drawn as to the nature of the packing
arrangement. Pillai, Livingston & Strang [89] concur that the commercial
SBS material subject to their attention formed rod-like domains of
polystyrene when cast from a variety of solvents, in agreement with
Meier's theory for preferential solvents to produce these structures in

the transition region between low and high styrene content polymers.

The final type of structure to be found in these polymers is
the lamellar form. Relatively few examples of workers using such a
material are available. However, Dlugosz, Folkes & Keller [76] studied
a high styrene content SBS with their usual extrusion technique and found
a long range ordering of lamellae. When the specimens were annealed, the
extent of the ordering and its perfection were found to increase.
Hashimoto et al [90] also discovered a lamellar structure in SI copolymers
cast from toluene; the SAXS study indicated that the lamellae were

oriented almost parallel to the surface of the cast sheets.

Sadron, Douy & Gallot [32,34,91] studied laboratory pfepared
SB, BSB and SBS polymers using SAXS techniques. Their work was conducted
in order to discover the morphology of the copolymers whilst in solution.
Structural parameters were investigated as a function of solution '
concentration, type of solvent, molecular weight variations of each block
type, proportion of styrene, and temperature. A gimilar study of
copolymers in solution and also in the solid form is attributed to Mayer
[33], who investigated SI and SIS polymers, looking at variations in
structure related to solvent concentration, copolymer composition and heat

treatment.

2.2.4 Sﬁmmarz
The morphology of linear polystyrene-polydiene block copolymers

has received intensive scrutiny in recent years, mainly by means of
electron microscopy and small angle X-ray scattering (SAXS). Electron
micrographs of these block copolymers show that there is a pronounced
tendency for polystyrene (when the minority component) to form ordered
domains in the polydiene matrix. SAXS has also clearly shown the lattice-

like arrangements of the polystyrene domains.



The most commonly examined materials have been linear diblock
and triblock copolymers in which the polystyrene content has ranged between
10 wt% and 40 wtZ. Commercially available copolymers with relatively high
polydispersity ratios (M;/E%) and significant diblock and homopolymer
content have been studied in addition to laboratory prepared samples with

reduced polydispersity and little low molecular welght impurity.

Contrasting interpretations have been made as to the structure
of the phase-separatéd polystyrene domains, with spherical, cylindrical
and lamellar structures having been reported to exist. More controversy
has occurred over attempts to assign structural lattice formations to the

domain arrangements.

It is now accepted that varying the ratio of the block lengths
determines firstly which is the dispersed and which is the matrix phase;
as to be expected, the component which is present in the larger proportion
(in terms of block ratio) is always the matrix phase. For the most
disparate compositions, the dispersed phaée is in the form of spheres as
shown in Figure 2.2; for more closely similar but still unequal
proportions, it is in the form of cylinders. In both cases, the matrix
becomes the dispersed phase as the ratios are reversed. In the case of
comparable compositions, the structure is lamellar when there is no
distinction between matrix and dispersed phases. This general rule may
be complicated by processing variables such as the casting solvent, which
may inhibit or promote the formation of one structure or another.
Variation of the molecular weight of the copolymer molecule determines the
scale of the microphase structure; that is, molecular weight variations

affect the dimensions of the domains and their separation.



2.3 MECHANICAL PROPERTIES
2.3.1 Introduction

The vast potential of block copolymers arises largely from
their improved mechanical properties relative to the component homopolymers
or to the random copolymer of equivalent composition. It has been
proposed that these enhanced properties are due to the hard domains acting
as virtual or pseudo-crosslinks for the rubbery segments, similar in effect
to an inert filler. ° Another explanation proposed by Holden et al [49] is
that the glassy domains do not themselves lead directly to the enhancement,
but act rather as '"tie-down'" points which prevent disentanglement of the
rubbery matrix. Regardless of the actual mechanism of reinforcement,
these unfilled, uncrosslinked heterophase elastomers exhibit higher modulus,
tensile strength and resilience at small strains than the unfilled rubbery
homopolymers.

Since the hard domains in block copolymers apparently give
rise to mechanical reinforcement, the distribution of these segments along
the copolymer chain should be of considerable importance. If they act as
a tie-down point, or quasi-crosslink, a requirement for enhanced strength
should be that at least one rubbery block per molecule be surrounded by
two glassy blocks [92]. If A represents the hard segment and B the soft
segment, then properties of molecules of the type ABA, ABAB and ABABA
should show improvement over the component homopolymers, whereas the
properties of AB and BAB types should not. This requirement is supported
by Morton et al [14], Holden et al [49] and Matsuo et al [65], all working
with copolymers of polystyrene and either polybutadiene or polyisoprene.
Furthermore, it has been shown that increasing the number of blocks in a
molecule above three (e.g. from ABA to ABABA) is not accompanied by
appreciable property improvement [14].

2.3.2 Dynamic Viséoelastic Properties

The dynamic mechanical properties of block copolymers have been
the subject of a number of investigations utilising different types of
apparatus in order to vary the mode of stress application. There are
primarily three types of dynamic apparatus in general use: the vibrating

reed, torsion pendulum and rheovibron viscoelastometer.

Using a torsion pendulum, Kraus et al [93] studied the effect
of monomer sequence on dynamic properties. The materials used varied
from random copolymers of uniform composition along the polymer chain to

ideal block polymers of a specific block sequence. Uniform composition



random copolymers were found to exhibit a single glass transition
temperature with a corresponding, very narrow, dynamic loss peak. On the
other hand, block copolymers displayed two transitions, one at the Tg for
each type of block.. The position and width of the dynamic loss peaks
were related to block length and compositional purity of the constituent
blocks.

Matsuo et al [65] also investigated the effect of sequence
arrangement in a series of SBS block copolymers. Using a Vibron
viscoelastometer, they studied the temperature dependence of the dynamic
modulus E' and dyﬁamic loss E".  Each polymer showed peaks at around -80°C
and +110°C, with the heights of E” maxima varying with butadiene sequence
length. '

Performing their experiments on SBS Kraton 101 and also
several SIS polymers, Beecher et al [62,94] used a vibrating reed apparatus
to study the damping curves. For the SBS polymer, major peaks were
discovered at -80°C and +90°C with a broad intermediate peak near +35°C in
the case of a sample cast from CC14- Smaller intermediate peaks were
noted for materials cast from 90/10 benzene/heptane (BEN/HEP) and 90/10
tetrahydrofuran/methyl ethyl ketone (THF/MEK). A similar pattern of
behaviour was noted when attention was drawn to SIS polymerg, with major
transitions at -50°C and +100°C, and intermediate peaks at +40°C.

Beecher suggests that the intermediate damping peak is due to the degree
of mixing between the styrene and the butadiene or isoprene, the greater
the degree of mixing the more significant the peak, as in the CCl4 cast
samples. THF /MEK cast materials showed the largest and best-defined
styrene transition and only a small intermediate peak, indicating a lower
degree of phase-mixing. Obviously, this phase-mixing is indicative of an

interfacial region.

Robinson & White [95] with a Nonius torsion pendulum utilising
free torsional oscillations, found damping peaks at +10°C and +100°C for
the SIS triblock copolymers used in their study. The peak at +10°C they
suggest indicates the onset of rotation of the polyisoprene segments (Tg);
the transition is shifted in their case to a relatively high temperature
owing to a high concentration of 3,4 and 1,2 structure due to sodium

initiation in a polar solvent.

Miyamoto et al [96] cast SBS film samples from toluene, CCl4,
ethyl acetate and methyl ethyl ketone (MEK). They observed two major peaks
on the loss curve at about -70°C and +100°C which they attributed to glass

transitions and the onset of segmental motion. The butadiene peak heights



were found to vary with the degree of solubility in the particular solvent
used; however, the styrene peaks varied in the converse order.
Additionally, a third peak was observed at +10°C for specimens cast from
ethyl acetate and methyl ethyl ketone. A transition corresponding to

this peak was also noticed in thermal analysis data. They propose that
the aggregation of polystyrene blocks is relatively incomplete in specimens

cast from poor polystyrene solvents.

- In a foliow—up study to that of Miyamoto et al [96], using
similar polymers and the same solvents, Kraus et al [97] looked at the
dynamic properties in both tensile and shear deformation modes. Between
the glass transition regions of the styrenme and butadiene, the ratio of
storage moduli E’/G' in tension and shear for the same polymer varied from
3 to more than 30, depending upon the sample preparation and hence the
structural anisotropy of the system. For films cast from good solvents,

the ratio was near to 3, the larger E'/G' ratios resulting from deposition
| from poor polybutadiene solvent systems or from compression moulding.
Above the polystyrene glass transition, E'/G' approached 3 for all samples.
The effect observed is ascribed to various degrees of polystyrene domain
connectivity. In addition, it was noted that the loss tangent in tension
is an effective discriminator for variations in styrene connectivity;
whereas, in the shear mode, the loss tangent was only moderately affected

by differences in morphology.

Two studies by Cohen & Tschoegl [98,99] are of some interest.
They studied blends of SB diblock and SBS triblock networks with controlled
amounts of terminal chains of known molecular weight. Mechanical
properties of these materials were measured dynamically in free oscillation
over a temperature range -150°C to +100°C. The terminal chains were
found to act as internal plasticiser, lowering the storage modulus in the
transition region. If the molecular weight was sufficiently large, a
second broad maximum appeared in the loss modulus curve. However, the
appearance of the polybutadiene transition region was unaffecﬁed by the
amount of terminal chains. The second paper [99] deals with a mathematical
model which describes the phenomenon of entanglement slippage in the
elastomeric triblock-diblock copolymer blends. The predictions of the
model compared well with the previously described measurements of the

dynamic properties.

2.3.3 Swelling
Owing to the highly disordered state of long chain amorphous



polymers, the presence of entanglements between neighbouring chains is
inevitable. The extension of unvulcanised elastomers causes entanglement
slippage, resulting in stress relaxation and/or flow. | If, however, both
ends of each elastomer molecule are held firmly in place, as in the
domains of block copolymers, this gradual disentanglement is not longer
possible. The entanglements will then serve as effective cross-links.

In which case, the network molecular weight, M&, for SIS and SBS block
polymers might be expected to be of the order of the molecular weight
between entanglements in the elastomer homopolymer, rather than the
molecular weight of the elastomer segments in the block copolymers. 1t
follows that the elastic moduli of these block polymers at constant
styrene content should be substantially unaffected by the molecular weights

of the elastomer segments.

The molecular weight between effective cross-links may be
calculated from the saturation absorption of a swelling agent by an
elastomer network, using a form of the equation developed by Flory & Rehner

[100] for conventional vulcanisation (see section 3.5.2, equation (3.5)).

The theory assumes the network contains no imperfections or
free chain ends and that the cross-link functionality is 4. Application
of this approach has also been made to vulcanisates containing fillers
[101].

The treatment may be applied to SBS and SIS [49,102] block
copolymers if a swelling agent 1s used which swells the elastomer phase
" but does not affect the polystyrene domains, and if the polymer-solvent

interaction parameter is known.

Meier [103] argues that the Flory-Rehner treatment of swelling
in block polymers (using Gaussian statistics) is not satisfactory. He
points out that existing theories [101,104] relating the deformational
properties of filled elastomers to network statistics contain a fundamental
flaw. That is, the effect of the filler or inclusions is assumed to arise
from a perturbation of the local strain fieldArather than from the change
in the network statistics caused by the inclusions. The assumption is
incorrect since network statistics are affected by inclusilons; certain
regions in space are excluded to the network chains so that space i1s not
isotropic and the mere presence of an inclusion near a chain will bias the
distribution function of the chain. It is suggested that a proper account
of the effect of fillers on the deformation of a network would be based on
the evaluation of the probability of finding the network in the deformed

or undeformed state. Such an approach is impractical for the general



case of filled elastomers. However, the treatment is possible for ABA
block copolymers, since in this case the filler system (A domains) has a
high degree of regularity, and the origin of the B chains can be taken as

the surface of the domains.

2.3.4 Tensile Properties

2.3.4.1 .Stress-strain characteristics

Generally, the tensile strength of the block polymer
is superior to that of conventional vulcanizates and similar to that of a
vulcanizate containing filler or possessing the ability to crystallise on
elongation [49,102].

The stress-strain data for SBS triblock polymers
presented by Cooper [106] and Fielding-Russell [107] for Kratons 101 and
1101, respectively, are representative of block copolymer elastomers
possessing a structural high-modulus phase. On the first loading, a high
modulus 1s observed at low elongation, further strain leads to yielding
followed by a distinct drawing region. Plastic flow continues to higher
elongations, where a rapid increase in stress occurs. Smith & Dickie
[108] and again Smith [109-111] claim that the higher modulus domains,
being small and closely packed, impede crack growth, resulting in the need
for a much higher applied stress to produce a crack of a critical size

necessary to cause failure.

_ It should be emphasised that the shape of the stress-
strain curve and particularly the yielding phenomenon is sensitive to the
block composition [31,43,65,95,112], and to the method of sample preparation,
with particular sensitivity to the casting solvent [43,62,80,107,113].
Normally, no yielding is observed if the block polymer contains less than
30 wtZ hard block, although when films are cast from a solvent which is
preferentially a much better solvent for the hard phase than the soft, a

yield point may be observed at a lower hard-segment concentration.

If the test sample 1s not taken to the break point but
is relaxed to zero stress, stress-softening or stress hystefesis is
observed, as shown schematically in Figure 2.3. Subsequent stress-strain
cycling produces increased stress-softening, but the hysteresis decreases
in magnitude after the first cycle and has been reported to attain an
equilibrium or steady-state value after several cycles [79,80,107]. When
specimens are cast from a preferential solvent for the hard phase, the
stress-softening is particularly marked, whereas preferential solvents for

the rubbery phase produce a less marked effect [107].



The fact that the stress decreases on repeated
straining suggests a disruption of the block polymer structure. However,
any breakdown, 1f it occurs, appeafs to be reversible and apparently does
not involve the cleavage of primary intrachain bonds or permanent viscous
flow. Original stress-stra