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ABSTRACT

The effects of pressure on the miscibility limits of high molecular weight
blends of polystyrene (PS) — poly(vinyl methyl ether)(PVME) have been
investigated, by turbidimetry, using a high pressure apparatus designed for
operation at pressures up to 3 Kbar and temperatures up to 280°C.

In the molecular weight range studied, this system shows a Lower
Critical Solution Temperature (LCST) behaviour.

The phase boundary was raised with an increase in the molecular weight
of PVME, with a decrease in the molecular weight of PS, with deuteration and
with pressure. The pressure dependence of the LCST, (9T/dP)c, at the critical
composition, was found to be + 0.023 degree atm-! for hydrogenous PS—PVME
blend and + 0.038 degree atm-! for perdeuterated PS—PVME blend.

The interaction parameters, deduced from measured heats of mixing of
the oligomeric mixtures and from Small Angle Neutron Scattering (SANS)
measurements of the high molecular weight blends, were found to be {favourable
for mixing.

The volume contractions on mixing were quantified by density
measurements and by the effect of pressure on the cloud point.

Flory's equation of state theory with an entropy correction factor was
used to calculate the volume contraction on mixing and the residual
thermodynamic quantities.

Computer programs, based on this model, were written for the
simulation of the miscibility — temperature — pressure — concentration
diagrams, in order to be able to interpret the pressure data using modern

thermodynamic theories.



The merits and inherent difficulties of this model were discussed prior to
suggestions for improvements, including a need for a completely new model to

explain the thermodynamic quantities of blends with specific interactions.
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CHAPTER 1
INTRODUCTION
1.1 General

The increasing demand for the production of polymer materials with
'tailor—made' properties, for engineering and other specialist applications, has
initiated in—depth studies in the area of polymer syntheses. In recent years the
production of completely new homopolymers which have achieved commercial
viability has been small while that of polymer blends and composites has been
highly significant.  Apart from being a cheaper and easier alternative to
expensive and expansive syntheses of new materials, blending offers versatility
in terms of both the type and composition of constituents.

In order to utilise this new technology, a fundamental understanding of
the phenomena of polymer miscibility is essential. For example, over the past
twenty years thermodynamic knowledge has been used to identify a host of
homogencous polymer pairs. The most important quantity needed for such an
identification is the free energy (of mixing) of the system, as a function of
temperature, composition and molecular weight. Apart from the miscible
homogencous, there are also the phase—separated, heterogeneous blends which
comprise the majority of commercial polymer blends, for example,
acrylonitrile—butadiene—styrene (ABS) terpolymers. For these, kinetic and
morphological studies are useful for the control of phase sizes and adhesion
between phases. The composition, thermodynamic coefficients and processing

conditions of a blend determine its morphology. It was shown by Yee (1977)



and Van Oene (1978) that the microstructure of a blend has a profound
influence on its properties and consequently on its end uses.

It should be noted that a polymer blend does not always provide all the
satisfactory properties of a homopolymer. If suitably paired however, each
component polymer can still retain most of its individual properties while
contributing in a synergistic way to providing new macroscopic properties for
the material as a whole.

The effect of temperature and pressure on any system is an important
aspect of thermodynamic studies. Temperature has two distinct effects on a
system, namely thermal expansion and molecular agitation. It is only by
companion studics with pressure that these two cffects can be separated so that
a comparison may be made with results derived from the usual models which
assume constant volume. While pressure effects are transmitted virtually
instantaneously, the time scale for any thermal changes are slower because they
are dependent on the thermal conductivity of the system. Although the effect
of pressure has been extensively studied for gaseous systems, this is not the case
for solid and liquid systems. One of the reasons for this is the difficulty in the
design of high pressure equipment. The increasing use of high pressure in the
polymer industry especially in polymer blend processes, (Chapter 3), demands a
better understanding of the effects of pressure on the phase diagranis of polymer
blends.

Among the newer techniques, isotopic labelling has become increasingly
available in the study of polymer blend miscibility. Small angle neutron
scattering (SANS)has been used to measure the physical properties of polymer
systems such as single chain dimensions, second virial coefficients, molecular
weight, mass diffusion coefficients, local chain configurations and miscibility of

polymer blends in the solid state. References are Kirste et al (1975); Ballard et
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al (1976); Schmitt et al (1980); Wignall et al (1980); Walsh et al (1981);
Russel and Stein (1982); Warner et al (1983); Jelenic et al (1984);
Hadziioannou and Stein (1984);  Maconnachie et al (1984).  These
measurements which use mixtures of two analogues to extract single chain
information, assume that isotope—labelled polymers, mainly
deuterium—labelled, are physically identical to their hydrogenated analogues or
at least differ only negligibly, Yang et o/ (1986). This assumption is largely
justified but in some cases however, the properties differ signiﬁcaﬁtly enough to
produce measurable isotope effects. The question of deuterium isotope effect
has become increasingly important as the use of this technique increases.

Since it was demonstrated, about f{iftcen years ago, that a blend of
hydrogenous polystyrene (PS) and poly(vinyl methyl ecther) (PVME)
phase—separates on heating and remixes when cooled , this system has been
investigated using a number of techniques. It has now taken a prominent post
as a model system of thermally induced phase—separation in polymer blends.
Surprisingly in its extensive literature, there is only one reported work on the
use of high pressure in the study of this blend. No reported studies on the effect
of high pressure on (perdeuterated PS)-PVME blend are known to the author.
A study on the effect of pressure on the thermodynamic properties of these two
blends will {further advance the knowledge of this much—studied system. Such a
study will also compare the thermodynamic behaviour of hydrogenous and

perdeuterated polystyrene.



1.2 Objectives and scope of work

The main objective of the present investigation is to study the pressure
dependence of phase separation in binary, high molecular weight polymer blends
and to determine quantitatively various thermodynamic coefficients. This work
is a contribution to an extensive research programme aimed at the isolation and
characterisation of new plastic materials.

In order to achieve the above objectives:

— a number of blends, which varied in composition and in the molecular
weight of the components, were prepared from (hydrogenous PS) —
PVME and (perdeuterated PS) — PVME.

— high pressure equipment was designed and constructed to study the
effect of pressure on the above mentioned blends.

— the heats of mixing of oligomeric mixtures of the system were measured
as a function of composition in a batch—type microcalorimeter.

— the interaction parameter of (perdeuterated PS) — PVME blend was
measured by SANS, as a function of temperature and compostion.

— the densities of the blends were measured as a function of composition in
a density gradient column.

From the cxperimental results, various thermodynamic coefficients were
calculated as an input for theoretical simulations of the spinodals. These were
made using a modelled equation based on the equation—of—state theory of Flory
and his co—workers, so that comparisons could be made between the theoretical

spinodals and the experimentally determined phase diagrams.



1.3 Layout of the thesis

The thesis consists broadly of two parts.

The first part consists of eight chapters of which this introductory
chapter is the first.

A critical review of the relevant theories is introduced in Chapter 2. In
Chapter 3 the general background to the study of polymer blends is presented.

The experimental section begins in Chapter 4 with a description of the
pressure rig, followed in Chapter 5 by details of the experimental work carried
out.

The results obtained are presented and discussed in Chapter 6.

An account of the simulation of the spinodals is given in Chapter 7.

Chapter 8 is the closing chapter — the major results of Chapter 6 are
summarised; various problems encountered during the investigation and their
solutions are discussed prior to recommendations for future work.

The sccond part of the thesis is the Appendices which contain relevant
computer programs and derivations of equations, too long to be included in the
first part. The Appendices also contain major features of information from

elsewhere used in this work.



CHAPTER 2
THEORETICAL BACKGROUND
2.1 General

According to the second law of thermodynamics, the thermodynamic
stability of a mixture depends on the sign of AGy, the free energy of mixing,

which may be expanded in terms of thermodynamic functions:
AGm = AI{m - TASm (2.1)

All and ASy, are the enthalpy and entropy changes on mixing, respectively and
T is the absolute temperature.
IFor miscibility to occur between two components 1 and 2, the

thermodynamic treatment requires that
AGR <0 (2.2)
where AGp = Gig — (G1 + Gz) (2.3)

Gyy is the free energy of the mixture
Gy, Go are the free energies of the components.

If AGy, is negative the mixture is miscible because the {ree energy of the
system is decreased. Although a negative AGp is a necessary requirement for a
homogeneous phase, for this phase to be stable against phase separation, the

additional requirement that



Figure 2.1

Iree energy of mixing, AGp, as a function of composition, ¢,

and temperature, T

I(AGp)
do 2

>0 (2.4)

must also be satisfied (here, ¢; is the volume fraction of either component).
This is because the stability of a mixture is also determined by the curvature of
AGp, as shown in Fig. 2.1, which is a plot of AGp, as a function of composition
al various temperatures. At temperature T4 the system is miscible in all
proportions and the curve is everywhere concave downwards. The system
passes through the critical temperature T. to the partially miscible range

Ty —Ts.



Although at these temperatures AGy, is still negative the curves are not
completely concave. In the central region the mixture can develop a lower free
energy by partial scparation into two phases. For the system to consist of two
phases in equilibrium, the chemical potential (x) of each component must be

equal in both phascs,

A= A’ or jig = piy’ (2.5)

where jy and 4 are the chemical potentials of component 1 in the two

separated phases.

Ay = ((?AGm/agSg)T P (2.6)
=0 + Ay (2.7)

40 is the chemical potential of the pure substance at the same temperature and
pressure.
This is the condition described by the binodal which separates the stable
onc—phase region from the region in which two phases coexist in equilibrium.
The spinodal, the locus of points for which the second derivative of the
Gibbs frec energy of mixing, AGy, equals zero, divides the two—phase region

into metastable and unstable portions. The spinodal is defined by

((Am[RT)/0¢al , = 0 (2.

]
o
p——



and the critical point by
[P(Am/RT)[8¢27],, , = 0 (2.9)

Because of the different ways in which the energy state of the
homogeneous mixture responds to composition changes, the mechanism of phase
separation depends on whether the single phase is metastable or unstable. In
the metastable region, (H(Aul/RT)/agt)g)T’p > 0 and small fluctuations in
volume fraction decay with time. For phase separation to take place, a large
composition fluctuation or nucleus is required. Once such a nucleus is formed it
can grow by normal diffusion. The composition of the growing phase remains
constant during this 'nucleation and growth' process. Although no kinetic
model of 'nucleation and growth' exists for polymeric systems, the phenomenon
has been observed for polymer blends by both optical, Nishi et al (1975) and
transmission electron microscopy, McMaster (1974).

Within the unstable region inside the spinodal, (r?(A/zl/RT)/HQSg)T’P <0
and there is no thermodynamic barrier to phase separation. As a result, small
concentration fluctuations can grow with time by a mechanism termed spinodal
decomposition. A kinetic treatment of the early stages of the process has been
developed by Cahn (1965).  Experimental verification of the spinodal
decomposition mechanism has been obtained for a number of polymeric systems.
The characteristic interconnected phase morphology has been observed for both
polymer solutions, van Aartsen (1970), Smolders et @l (1971) and
polymer—polymer blends, McMaster (1974), Nishi et al (1975). van Aartsen
(1970) successfully predicted the magnitude of the phase spacing for spinodal
decomposition in polymer—solvent mixtures, using Cahn's theory together with

a Flory—Huggins expression for the free energy of mixing. Finally, Nishi et al



(1975) have analysed phase separation in a miscible polymer blend. Their
results give direct evidence of the spinodal mechanism: that for short times, the
concentrations of the two phases change exponentially with time while only

slight changes in the volume fractions of the phases are observed.

2.2 Thermodynamic theories of binary mixturcs

Thermodynamic theories as applied to mixtures of small molecules had
been well established by the turn of the century. These theories were later
modilied in order to make them applicable to polymer solutions and mixtures.
They provide an expression for the free energy of mixing from which both the
miscibility of two components can be predicted and the phase separation of a
mixture accounted for, from the view point of thermodynamics. Some of the
theories, namely:

— Raoult's Law for ideal solutions

— Hildebrand's 'regular’ solution theory
— Ilory—Huggins 'lattice' theory

— 'free volume' theories

are briefly reviewed in Sections 2.2.1 to 2.2.4.
2.2.1 Idcal solutions

In the simplest type of mixing wherc the components of the mixture are
chemically similar, for example, benzene and toluene, an ideal mixture is formed

in which Raoult's Law is obeyed throughout the composition range. This law

states that the partial pressure of each component in the mixture is

10



proportional to its mole fraction. Hence from the condition for equilibrium

between two phases

Gi=kTInN; and Go=kTIn Ny (2.10)

The ideal entropy of mixing is given by:

ASp = —k[n; In Ny + na In Ny (2.11)

where n; and ny are the number of moles of components 1 and 2 respectively,

Ni, Ng are their mole fractions and k is Boltzmann's constant.

IFor ideal mixing

AHp =0 (2.12)

that is, the components mix without any change in energy and since AS, > 0,

substituting equations (2.11) — (2.12) into equation (2.1) gives

AGp = — TAS, (2.13)

Consequently spontaneous mixing occurs in all proportions.

2.2.2 Regular solution (solubility parameter) theory

A regular solution is one in which the two kinds of components are

distributed randomly but have different interactions with each other in the

11



mixture. ASp, has the ideal value, that is, AS; > 0 but in contrast to the

previous theory, AHy, is finite, i.e.

AHp >0 (2.14)

It was found that very few liquid mixtures obey Raoult's Law, so

Hildebrand and Wood (1933) and Scatchard (1931, 1937) independently derived

the following equation

Al = (N 1v1+szo){[A5;“} {AE””T} bidr (215)

which has formed the basis for the regular solution theory, developed by
Hildebrand et al (1970).

AEm is the internal energy of mixing, that is, the difference between the
energies of the solution and the components and is equivalent to AHp. Ny and
Ny are the molar fractions and ¢; and ¢ are the volume fractions of the
components. Vi and Va are the molar volumes. é}g/‘l is the energy of
vaporisation per unit volume or the 'cohesive energy density' and is related to

the solubility parameter, §, by

5= {évf] (2.16)
Thus AH, = (N1\/1 + NQVQ)(&l - (52)2@751@52 (2.17)

The regular solution theory ignores any volume changes on mixing, so while it

was able to predict symmetrical phase diagrams it failed to deal with

12



asymmetric phase diagrams caused by differences in the molar volumes of the
components. [or this theory, spontaneous mixing occurs in all proportions only
when the solubility parameters of both components are equal, leading to AHp, =

0 and hence AG, < 0.

2.2.3 Flory—Tuggins 'lattice' theory of polymer solutions

Flory (1941, 1942) and Huggins (1941, 1942), working independently,
successfully used a rigid 'lattice' model to derive the expression for the ideal
entropy of mixing for chemically similar, low molecular weight components.
They used the same model to obtain the following expression for the entropy of

mixing of polymer solutions

ASm = — ]{[m In ¢1 -+ N9 In Q52] (2.18)
. ony . _ _Tng
here 91 = ny + rny’ ¢ = n; + rig

n; is the number of molecules of solvent, ny is the number of molecules of
polymer, ¢; and ¢9 are the volume fractions of the solvent and polymer
respectively and 1 is the degree of polymerisation.

Equation (2.18) assumes that the system is completely random. This is
a good approximation for weakly interacting molecules because strong
interactions induce short range order and therefore lower the mixture entropy.

Ior polymer solutions AS; is small compared to that involving small
molecules because there are fewer ways in which the same number of lattice
sites can be occupied by polymer segments. The forces between a polymer and

a simple molecule are similar to those between pairs of simple molecules. The
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heat of interaction between a polymer molecule and its surroundings should
vary linearly with the composition . Flory therefore wrote an expression for the
heat of mixing of a polymer solution, similar to that used by Scatchard, (1931)

for simple molecules
AHm = kTX12n1¢Q (2.19)

x12 is the Flory—Huggins interaction parameter; it is independent of the
concentration and molecular weight of the components.
The free energy of mixing is obtained by a combination of equations

(2.18) and (2.19)
AGp = kT(Ih In ¢y + ny In @9 + 111(/52X12) (2.20)

Extension of Flory—Huggins theory to polymer—polymer mixturces

The Flory—Huggins equation for the free energy of mixing of a
polymer—solvent system was later extended to polymer—polymer systems.

In analogy with equation (2.18) the entropy change of mixing two

polymers is given by
ASp =—k(nyIn ¢y + na In ¢o ) (2.21)

As the molecular weights of the two polymers tend to infinity, n; and n»

tend to zero and ASy tends to zero. For high molecular weight polymers,

ASp =~ 0 (2.22)
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Substituting equation (2.22) into equation (2.1),

AGp ~ A, (2.2

o
o
w2
~——

Similar to equation (2.19), the enthalpy of mixing of two polymers is
AHm = kTXm n1r1¢2 (2.24)

The {ree energy of mixing, AGy, of high molecular weight polymers is
therefore determined by the enthalpy of mixing, All,, since AS; is negligible.
A negative AHy, implying an exothermic heat of mixing, is therefore necessary
for two high molecular weight polymers to mix spontaneously.

Equation (2.17) suggests that except when d;y = 02, AH, must always be
positive and so high molecular weight polymers are rarely expected to be
miscible. Dowbry and Boyer—Kawenoki, (1947) investigated 73 polymer pairs
and confirmed that 90% of them were immiscible.

I'lory—Huggins theory was only able to predict miscibility for low
molecular weight mixtures (oligomers) which generally show “ipper critical
solution temperature (UCST).  This is because these systems mix
endothermally (AHp is positive) and ASy is large and positive. An increase in
temperature therefore makes AG, more negative and miscibility is improved.
Phase—separation occurs on reduction of temperature when TAS, is offset by
the positive value of AHp, equation (2.1).

Although the 'lattice’ theory has some merits it also has several
disadvantages. It assumes that the interaction parameter is onl); temperature
dependent and fails to account for its concentration, pressure and molecular

weight dependence which had been observed in previous studies of polymer

15



solutions and mixtures. A modified interaction parameter suggested by Tompa

(1956) has been extensively used to describe binary mixtures

X =x1+ x2¢2 + x3¢22 + . .. (2.25)

A similar empirical function, g, has also been introduced by Koningsveld

and Kleintjens (1971) to replace the interaction parameter

g =gkt + gk2/T + gr,3T + gra In T (2.26)

gk,i depends on measurable physical quantities such as the heat of

mixing and molecular weight. This g function is related to xi2 as follows

—~
v
o
-1

S—r

xiz = g(1 - ¢’2)%§5

It has been used, Koningsveld et al (1974) when only the second and third terms
of equation (2.26) are used to describe the phase boundaries of mixtures.
However, no satisfactory molecular interpretations of g exists, Koningsveld et al
(1974, 1980), Koningsveld and Kleintjens (1977).

The Tlory—Huggins theory neither predicts lower critical solution
temperature (LCST) nor does it explain all the observed LCST behaviour which
is a common feature in high molecular weight polymer mixtures. It does not
predict miscible high molecular weight polymer pairs, of which there are now
known to be many. A compilation of these miscible polymer blends has been
made by Paul and Newman, (1978) and by Olabisi et @l (1979). The theory,

like the previous one, assumes that mixing is entirely random and that there is
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no volume change on mixing. By assuming the 'ideal' entropy of mixing, it
predicts entfopies of dilution that are too positive.

Another shortcoming of the 'lattice' theory was pointed out by Allen et
al (1960, 1961) who found a bimodality on the cloud point curves of low
molecular weight polyisobutene—poly(dimethylsiloxane) mixtures. Koningsveld
et al (1974) assumed a quadratic dependence of the interaction parameter on
concentration, and combined this with equation (2.26) to reproduce the
observations of Allén et al. In their theoretical simulation a restricted
temperature dependence of g was used and polydispersity of the system was
ignored.  On this basis, Koningsveld et al (1974) concluded that the
concentration dependence of the interaction parameter can outweigh the effect
of the entropy of mixing and this might explain the results of Allen et al (1961).

Finally, the theory does not take into account the effect of pressure on
the miscibility of mixtures. It was found, Tripathi (1979), that for the
oligomeric polystyrene—polybutadiene system, for which positive heats of
mixing were measured by Chong (1981), an increase in pressure elevated the
cloud point curves to higher temperatures.

However, because of its simplicity and its success in many aspects, at
least qualitatively, the Flory—Huggins expression for the free energy of mixing is
still often used but generalised to allow the interaction parameter to depend on

concentration and other variables.
2.24 I'rce—volume theories
The inadequacies of the last theory have largely been overcome by the

'free volume' theories, whose common factor is the recognition of the

dissimilarity in the free volume of the components as a result of their difference
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Figure 2.2
The temperature dependence of the interaction parameter.

Schematic representation of contribution to yja

Curve 3 total yio;

Curve 2 contribution to yi2 due to free volume dissimilarity between the
components;

Curve 1 contribution to x;2 due to contact energy dissimilarity between

the components.

in size. This difference produces major contributions termed structurél or
equation—of—state to the thermodynamic mixing functions AHp, ASy, AGy and
AVy. During the mixing process, the more expanded component 'condenses'
into the denser one so that the total volume change on mixing is negative. This
results in a negative contribution to AHy, and ASp. These two contributions
arc often included in a new interaction parameter, Xjo. X;jo is therefore made
up of the Flory—Huggins interaction parameter, Yj2, Equation (2.24) and the
negative contributions to AHp and ASy from the 'free volume' effect. Wihile
the 'lattice' theory attributes yj2 to polymer—polymer interaction alone and

predicts it to increase monotonically as the temperature decreases, the
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contribution to yi2 from the 'free—volume' effect is an increasing function of the
temperature (Fig. 2.2). Thus both UCST and LCST are predicted by these
theories.

Prigogine and his co—workers (1953, 1955, 1957) first proposed their
‘corresponding states' theory, based on the 'cell model' used by Eyring and
Hirschfelder (1937). Here each pure component is characterised by three
equation of state parameters. V*, T* and PDk which may be evaluated from the
pure component data, density, thermal expansion coefficient and thermal
pressure coefficient (Appendix C). Since then other attempts have also been
made to describe the effect of volume changes on polymer mixtures based on the
pure components' equation—of—state.

The most widely used of these equations—of—state are the Simha and
Somcynsky (SS) hole theory (1969), the lattice fluid theory of Sanchez and
Lacombe (SL) (1976) and the Flory, Orwoll and Vrij (FFOV) equation, Flory et
al (1964), Flory (1965), Abe and Flory (1966), Orwoll and Flory (1967),
Eichinger and Flory (1968). Of these, the last named has been most extensively
applied. The FOV model, henceforth referred to as the Flory's
equation—of—state, differs from the cell model in that it uses a partition
function which requires a scparation of internal and external degrees of freedom.

Although Flory's equation still requires an empirical entropy correction
parameter, Qio, to fit detailed behaviour, it has been successfully used to
predict the effect of the various contributions to the phase boundaries of
hypothetical mixtures, McMaster (1973). It has also been suceessfully used to
simulate the phase boundaries of miscible, high molecular weight polymer
blends, Olabisi (1975), Chai et al (1983), Rostami and Walsh (1984). The other
two theories are still comparatively at the early stages of their development and

so lack experimental evidence.
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2.2.5 Flory's Equation of State

In deriving this equation, Flory combined some features from the
corresponding states theory and the cell models of Prigogine, (1957) while he
attempted to correct some of their shortcomings. He thereflore treated the
intermolecular energy in a more empirical way, following the ideas originally
suggested by Hildebrand and Scott (1962). Based on the ideas developed by
Tonks (1936), Eyring et ol (1937), Hirschfelder et al (1937) and Rice (1944) for
pure liquids, Flory then obtained the free energy directly from the partition
function.

The equation of state parameters, P*, V* T* which may be evaluated
from the pure component data (density, thermal expansion coefficient and
thermal pressure coefficient) were used to characterise each pure component
while the properties of the mixture were calculated by using an interaction term
Xig, Flory et al (1964, 1965). The combinatorial entropy parts were 'borrowed'
from the lattice' theory but the terms due to the 'free volume' effect on mixing
were derived. Flory's derivation of the 'equation of state' theory is shown in
Appendix A. In this section, only an abridged version of the theory is
presented.

Since the free energy of mixing, AGy, is related to the partition function,

Z by

AGn=kTInZ (2.28)

Flory first divided N spherical, non—interacting molecules, of a pure component,

having 3c external degrees of freedom per segment and contained in a volume V,



into r segments. He then obtained an appropriate partition function Z such

that

2= o[t (oMo =y ]| B/ 220

where
Qc is a combinatorial factor which counts the number of ways of mixing
Nr segments, as in the Jattice theory
— V jq + 3
v=pgis the volume per molecule
v*, the hard—core volume, is the volume per segment,
7 is a purely geometric factor
Eo is the mean intermolecular energy of a system per molecule which,

when only nearest neighbour contacts are important, becomes
Eo = (no of contacts) x 3
= — (Nr s7/2v) (2.30)

where
:g is the average interaction energy of a nearest neighbour pair
s is the number of intermolecular contact sites per segment.
Equation (2.30) was further expressed in terms of the reduced parameters
o T=re; P=to (2.31)

vV =

<)<

where the hard core parameters are related by the expression
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P*v* = ckT* (2.32)
and T* = sp/2v* ck (2.33)
By substituting v and T from Equation (2.31), Equation (2.29) becomes

3Nrc/ \;’i‘)

(2.34)

3Nrc (
R

-1
Z = constant {(v s _4
the constant being independent of v and T.

The pure component equation of state was then generated from the
partition function by differentiating Equation (2.34) for the pressure of the
system, thus

P = (kT/Nr) (d1n Z/@V)T’N (2.35)
On substituting from Equations (2.31) and (2.32), Equation (2.35) becomes
P = (T/Nrc) (0In Z/ov), (2.36)

This gives the resulting equation of state for the pure component

Py/T = v 13 [§1/3 -~ 1} —1/Tv (2.37)

By making the following assumptions, the theory was adapted to binary

mixtures:
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the core volumes of the pure components are additive and the
specifications of a segment for each component remains arbitrary. It is
therefore convenient to choose segments of equal size so that

vi¥ = vo* = v*
the intermolecular energy depends on the surface area of contact between

molecules and/or segments since the intermolecular attractions are of

short range compared to the molecular diameter of most liquids.

These assumptions have been discussed by Patterson and Delmas (1970).

The pure component parameters could be calculated at a temperature, T

and at atmospheric pressure (P ~ 0) from the following relationships

W13 =1 4 oT)(3 + 30T) (2.38)
P* = yTv2 (2.39)
T = [v1/3 - 1]/%4/3 (2.40)
T=21 (2.41)

-

The hard—core pressure P* and temperature T™ of the mixture are calculated

from

P* = P1*¢1 -+ Pg:kqf)g — ¢102X12 (2.42)

T = p*/(¢1P1*/T1* + @2?2*/7[‘2*) (2.43)
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v can then be found iteratively by using the equation of state

o8 = 11 = Tv)(Pv2 4+ 1)) (2.44)

The enthalpy change (that is, excess enthalpy) on mixing, which is equal

to the energy change on mixing at low pressure is given by
Hn =Eo —(F 2.4
AHy, Eom (Eol + Eoz) ( ‘5)

where 1,2 represent the pure components
12 represents the mixture

On further manipulation, Equation (2.45) becomnes

AH, = ENV*{QXPL*(\-’{I — ;7'1) + ¢2Pg*(V2“1 — V'l) + ¢1 03X12/\~7}
(2.46)

The last term in Equation (2.46) is the contribution from contact interactions
due to a difference between 1,2 pairs and the mean of 1,1 and 2,2 contact pairs.
The terms preceding it are the equation of state terms. Their contribution to
the enthalpy change on mixing depends on the reduced volume of the mixture.

Xyq is related to the Flory—Huggins interaction parameter, yia, by:

- -1 -1/ -
xiz = PPV RT¢2{3Ty In(v /3 —1)/(v /3 — 1)
+ (:/1“‘ - :’) + X12922/P1*\~f} (2.47)
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On substitution and subsequent mathematical manipulation, Eichinger

and Tlory, (1968), IEquation (2.1) becomes

- -1 -1
AGp = kT (ny Ingy + na Ingg) + 3r.Nv*{¢P1*T1 In (v /5 _ 1)/(v /s _ 1)

+ Py Ty ln (v 13 = 1)J(v 3 = 1)} + INVF{(8P1*(1 Jv1 — 1/%)
+ GaPy*(1/va — 1)) + ($16X1/v)) (2.48)

The first term is the combinatorial entropy term just as in the Flory—Huggins
lattice' theory, Equation (2.18). The second term reflects the
equation—of—state contributions and the third term reprcsents the enthalpy
which contains the interaction contributions (Xj2).

The "equation—of—state" has been successful in its prediction of lower
and upper critical solution phase boundaries for polymer mixtures, negative
heats of mixing, interaction parameters and excess volumes of mixing.

Abe and Flory (1965), (1966), Chalal et al (1973) found discrepancies
between the theoretically predicted and the experimentally determined values of
the interaction parameter. The theory had assumed that only contact
interactions between nearest neighbour segments contribute to X2 which was
thus trcated as an enthalpy parameter only. These interactions however also
affect the entropy and the observed difference was concluded to result from the
non—inclusion of the entropy effect. Flory corrected the error by the
introduction of a purely entropy correction term, Qq2, into the free energy

equation of state of the mixture. Qo is represented by its contribution —vTQq2
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to the total exchange interaction parameter Xjs which consists of both an

entropy and an enthalpy part.

The enthalpy interaction parameter

Xu = X192 —vQq2 (2.49)

From the relationship given by Equation (2.49), a positive value of Qg2 suggests

that the entropy of interaction between unlike segments, 1 and 2, is favourable

for mixing while a negative value suggests an unfavourable contribution to the

mixing. The effect of Q2 on the phase boundaries of mixtures will be discussed

in Chapter 7.

Despite its weakness, earlier mentioned in Section (2.2.4), Flory's

equation—of—state theory has some merits which include:

the concentration enthalpy and entropy dependence of the interaction
parameter are approximated.

the volume change on mixing is brought within the scope of the
treatment.

the phase diagrams of polymeric systems have been treated more
realistically than any other existing theory.

it is simple to apply when the state parameters of the pure components
are known.

IFor the above reasons, this theory has been applied in the present work,

to calculate the interaction parameter and other thermodynamic quantities. It

has also been applied for the simulation of the spinodals, which is presented in

Chapter 7.
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2.2.6 Application of the 'theory' to cloud point

The chemical potential of component 1 in a polymer mixture is given by

(0AGn/ 0 ¢2)
RT— = Am/RT

=In¢s + (1 —r1/r2)¢2
+ POV RTBT In(vi 13 =1)/(v 19 =1) + 1/vy —1/v
+ Py(v —v1)} + Vi*Xp2t2/RTvV — Vi*Quo0s2/R (2.50)
Applying the spinodal condition
(0] 0¢2)(Am/RT) = 0,
this becomes
(0/0¢2)(Ap/RT) = 0= —1/¢1 + (1 —11/1r2)
+ PPVi*RTH(=D/v — v'/3) + Py*V{*D/RTv2 + PV,*D/RT
b Vi*X1920020, /RTv dy s — Vi*¥X 12D 052 /RTv2

— Vi*Q1220:201 /R1 62 (2.51)

27



where D = dv/d¢s (2.52)

and
o _ ot [_{D_+ _~_L]
oy 992 Thalr 1o
OV = (2.53)
02 ey
2 _T@Bv/3—2)
v3 3v5/3(v1/3 1)2
with
—g% = pEQ{PI* — Po* — hX 19 [1 - %ﬂ} (2.54)

0T _T 3P, Py*Ty — P/*Ty
T8, P 04 P

(2.55)

The effect of the term containing 1;1 in Equation (2.50) and hence that
containing P in Equation (2.51) is small and does not describe the main effect, of
pressure on the phase diagram which is due to its effect on the expansion
coefficients and hence on the reduced volume of the mixture v.

In order to solve Equation (2.51) it is necessary to know the following
state parameters of the pure components:
- the specific volume, vgp = é

- the thermal expansion coefficient

- the thermal pressure coefficient
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- the surface per unit of core volume ratio, s = g%

- the interaction terms, Xio, Q12
The determination of the above parameters will be shown later, in Chapter 7.
By the use of the determined parameters and Equation (2.51) the
spinodal curve can be calculated at any given pressure.
The main assumptions in this treatment are that the equation of state
theory in this simplified form can be used with constant values of P*, T* and

V* and that the effect of pressure on Xj3 and Q2 can be neglected.
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CHAPTER 3

GENERAL BACKGROUND

3.1 Binary polymer blends

Binary polymer blends or polyblends are usually understood to be
mixtures of two polymers without a lower molecular weight component, .

Polymer melts are liquids and so like other liquids, various pairs of
polymers might be expected to be miscible. This indeed is the case; however,
due to the very high viscosity of polymer systems, the methods of blend
preparation and establishment of their miscibility are more tedious; also time
scales required to cffect separation are much longer than for analogous mixtures
involving only small molecules.

Over the years, polymer compatibility and polymer miscibility have
often been used synonymously by various workers. To the technologist,
interested in the end product, a compatible blend is one which gives a desired or
benelicial result irrespective of the number of phases. For example, ABS, a
rubber—toughened two—phase SyStcm is described as compatible while a single
phase blend of PS and poly(phenylene oxide)(PPO) is also compatible.
Processability is often used as a criterion for compatibility in commercial
productions. In the literature both compatibility and miscibility are generally
used synonymously to describe the single phase behaviour of a mixture.
Miscibility implies homogeneity on a molecular level and is therefore better
defined in thermodynamic terms by the thermodynamic function of the free
energy of mixing, which provides an unambiguous criterion for predicting

miscibility and a true picture of the equilibrium state of the mixture.
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3.2 Phasc diagrams

Timmermans (1936) described the phase diagrams of a number of binary
systems of simple molecules at atmospheric pressure. Examples of the types of
phase diagrams of polymer solutions or blends which appear in the literature are
schematically given in Ilig. 3.1 (a to d). Polymer solutions for example,
PS—acetone, Siow et al (1972), cellulose acetate—acetone, Cowie et al (1971)
have two regions of immiscibility which are bounded by an upper critical
solution temperature (UCST) and a lower critical solution temperature (LCST).
An interesting variation is the 'hourglass' type which is rare but has been

reported with polyoxyethylene—water systems, Malcolm et al (1957).

3.3 Critical solution phenomenon in binary systems

Miscible high molecular weight polymer blends generally show an LCST,
which has been interpreted by Paul and Newman (1978), Olabisi et ol (1979) in
terms of cquation of state or free—volume contributions. Some miscible
polymers also exhibit phase separation at low temperatures. This UCST
behaviour is rather uncommon and has been observed only when one or both
components is an oligomer, Roe and Zin (1980), Zachaius e/ al (1983). The
system, PS—polybutadiene was studied by Allen and Yip (1976), a UCST which
increased with the molecular weight of either component was reported. A
similar observation was made by Friday el ol (1977) for methoxylated—poly
(ethylene oxide)/poly(propylene oxide) systems. In both systems the molecular
weight of the components was less than 20,000. 1t is just possible that for
higher molecular weight components these systems may show an LCST

behaviour.
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Figure 3.1

Schematic temperature—composition phase diagram for binary systems



Toshiaki Ougizawa et al (1985) have recently reported the existence of
both a UCST and an LCST behaviour for a mixture of high molar mass
polymers. This is an unusual behaviour although McMaster (1973) had
predicted the existence of both phase boundaries for miscible high molecular
weight polymers which show no net attractive interactions, for example,
PS/poly(o — cholorostyrene), Murray et al (1985). McMaster suggested that
experimental conditions usually prevent the observation of the UCST phase
boundary since it would be difficult to detect below the glass transition
temperature of the blend.

At high temperatures most polymers start to degrade chemically and
this region of the phase diagram may be experimentally inaccessible. On the
other hand, because of kinetic considerations, thermodynamic equilibrium is
never reached below the glass transition temperature (Tg) of a blend. This is
because the molecules are 'frozen—in' in position at Tyg. This region of the phase
boundary is thereforc experimentally inaccessible, if approached via
temperature. This 'frozen—in' effect may however be exploited, by 'quenching'
a blend into a glassy state to preserve the structured characteristics of a higher

temperature, usually for subsequent morphological studies.

34 Preparation of blends

The properties and therefore the end uses of a blend largely depend on
its preparation. This aims at mixing and bringing the component materials as
close as possible, in order to relax any non—equilibrium concentration gradients.
Intimate mixing is improved by heat, shear and solvents. Scott (1947} had

recognised that two undiluted high molecular weight polymers rarely form a
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homogeneous mixture and he deduced the secondary role of solvents on
miscibility.

There are three general methods of blend preparation, namely:

3.4.1 Melt mixing

This consists of mechanically mixing the two components in the molten
state. High dispersions can be achieved and because no solvents are required
the process is simple and the product 'uncontaminated'. However, the high
temperatures required to melt them pose serious problems of thermal
degradation and thermally induced phase separation of the polymers. It is still
the primary comimercial blending method where the large amounts of materials
used justify the high cost of the equipment such as Banbury mixers and

blenders.
3.4.2 Casting from a common solveant or emulsions

This is the simplest laboratory method for obtaining test samples of the
blend. This method has been used extensively, Sacki et al (1982), Morawetz
(1983), Han et al (1988). The polymers are dissolved in a common solvent
‘which is subsequently evaporated at a fairly low temperature, leaving a thin
film of the blend. Mixing in a common solvent does not however guarantee a
homogeneous blend even for miscible polymers.  Regions of two-phase
coexistence within the polymer/polymer/solvent three compﬁonent phase
diagram can cause the formation of phase separated structures. For example,
with poly(vinyl chloride)/poly(ethyl acrylate), no suitable solvents have yct

been found to produce homogeneous blends and mixtures can only be prepared
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by in silu polymerisation, Walsh and Cheng (1984). Although problems
associated with high temperatures are eliminated by solvent casting, the
difficulty of solvent removal prevents the preparation of thicker shapes and
often a common solvent cannot be found for two polymers. Further, some
polymers retain some solvents and the residual solvent has an adverse effect on
the results of an analysis. Davis and Kwei (1980) found that the nature of the
film depends strongly on the solvent and the preparation. Walsh and McKeown
(1980) also noted similar problems as well as those of concentration and
temperature gradient during the removal of solvent. This effect can sometimes

he solved by 'freeze—drying'.

3.4.3 In situ polymerisation

When the component polymers are thermally unstable but have a high
Tg, miscibility can be enforced at lower temperatures, by reactions between the
polymers. For example, in situ polymerisation is the polymerisation of one
monomer in the presence of another polymer. Although it has many advantages
in the preparation of blends it does not guarantee that homogeneous blends can
be prepared at all compositions. In the preparation of poly(vinyl
chloride)(PVC)/solution chlorinated polyethylene blends, vinyl chloride is only
partially miscible with chlorinated polyethylene, Doube and Walsh (1979),
which limits the range of compositions prepared by a one—step polymerisation.
In the preparation of PVC/poly(butyl acrylate) blends, vinyl chloride is
completely miscible with poly(butyl acrylate) but a two—phase region exists
within the polymer/polymer/monomer three component phase diagram as
shown in Fig. (3.2), Walsh and Cheng (1982). Polymerisation from A to B

produces a homogenecous blend whereas from E to H produces a two-—phase



Solvent

Polymer 1 -
olymer 3

Figure 3.2
A hypothetical phase diagram for two polymers with a common solvent

showing a two—phase region

structure. The polymerisation pathway enters a two—phase region at B and
when leaving at C the mixture does not become homogeneous. It is possible to
reswell composition B to C and repolymerise to D to produce a homogeneous
blend. When phase separation takes place it appears to produce a mixture of
relatively pure PVC plus a blend of approximately 50/50 composition. The tie

lines are believed to radiate from the apex as shown.
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3.5  Miscibility criteria and their determination

Of all the possible binary high molecular weight polymer blends, few are
miscible. This is because the combinatorial entropy of mixing of two high
molecular weight polymers is very small and much less than that for two low
molar mass compounds, Flory (1953). The enthalpy of mixing, on the other
hand, is often positive. Therefore dissimilar polymers are only miscible if therce
are favourable specific interactions which may lead to a negative contribution to
the Gibbs free energy of mixing. In most cases however, the molecular origin of
the driving force for miscibility is generally not clearly understood. Thereflore
the search and characterisation of molecular parameters which lower the total
free energy, represent important areas of study.

A number of criteria have been employed {or the characterisation of
polymer miscibility; a review of these has been made by MacKnight ¢t al
(1978) and Olabisi el al (1979). The more important methods are briefly

described below.
3.5.1 Optical clarity

A miscible blend is by definition, transparent, indicating optical
homogeneity. On phase separation the mixture may turn cloudy or turbid.
This change, which can be caused by variations of temperature, pressure or
composition of the blend, may vary from almost unnoticeable to a very opaque —
white due to the presence in the medium of volume elements of the second
phase. The most obvious criterion, therefore, for deciding whether a system is
heterogencous or not is its transparency to light. This criterion, although the

simplest, has limitations because light scattering from heterogeneous systems



depends not only on the difference in the refractive indices of the coexisting
phases but also on the dimensions of the phase domains. An immiscible blend
can appear transparent if the difference in the refractive indices (An)of its
components satisfies the condition An <0.01, Bohn (1975).

If the dimensions of the dispersed phase are small compared to the
wavelength of visible light, (< 10-7m), the amount of scattering will be reduced
such that the mixture appears clear. Neutrons or X-rays which have much
shorter wavelengths (10°9m) may however be used to overcome this latter
problem. It may also be useful in cases where there is no refractive index
difference since there may still be an electron density difference (which will
result in x—ray 'cloudiness') or a difference in the neutron scattering length
density (for a neutron 'cloud point'), Walsh et ol (1984).

The above situations mentioned earlier have been exploited in the
manufacture of optically clear, non—homogencous Dblends.  For example,
immiscible blends of polystyrene and bis phenol — A — polycarbonate with
refractive indices of 1.585 and 1.590, respectively, vield transparent films,
Rosen, (1967).

The effect of domain size on the film clarity of a miscible LCST blend
has been reported by Bauk ef ol (1971). As the blend phase — separated, the
domain size of the dispersed phase grew larger. At the same time the
transparent film changed to a bluish appearance and later became opaque —
white. As the size of the separated particles continued to increase, the opacity
of the film decreased due to their coalescence. Since miscibility limits for many
polymer blends are determined as the temperature at which a given composition
becomes cloudy, optical clarity is used to generate phase boundaries. In this
case the temperature of the blend is altered at a programmed rate while its

clarity is monitored either visually, on a hot stage microscope or by the
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measurement of the intensity of the scattered or the transmitted light from the
sample. The onset of turbidity is the cloud point; a cloud point curve (epc) for
the blend is generated by measurement of the cloud points for other
compositions.

These measurements are usually ambiguous about whether the binodal
or the spinodal is being observed. More sophisticated use of the radiations in
scattering experiments can in some cases distinguish both loci on the phase
diagram, Schwahn et al (1987). Generally, nucleation processes are very slow
for high molecular weight blends; hence the observed cloud points correspond
more to the spinodal. TFor many high molecular weight polymer blends clarity
can be restored on reversal of temperature and this may be proof that phase
separation had taken place or that the original clear blend consisted of a single
phase. If the sample is heated very fast, however, the phase separation process
may lag and cloudiness may not be observed until higher temperatures than the
thermodynamic binodal or spinodal. The cloud point may also be difficult to
observe if the mobility of the two polymers is not sufficiently high to effect

phase separation within a reasonable time.

3.5.2 Glass transition determinations

As a viscous homopolymer is cooled, it changes from a soft elastomer to
a rigid glass. This transition occurs at a temperature or over a range of
temperatures (due to polydispersity), known as the glass transition
temperature, Tg. All polymers exhibit this phenomenon which takes place in
their amorphous region. The glass transition temperature is very important
because at or in the vicinity of this temperature various physical properties of a

blend or homopolymer are altered.
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The second common way of determining miscibility limits is to observe
the Tg of the systems. For a truly homogeneous system all molecules are in the
same environment and only a single, well defined Ty which is a monotonic
function of composition is observed. In the heterogeneous system two Tg's at
temperatures identical to those of the pure components will be observed,
providing the component polymers themselves have Tg's differing by about
200C. The partially miscible system shows a single broad Ty in the one phase
region of the phase diagram; this splits into two Ty's on crossing a phase
diagram into the two—phase region. As the blend becomes more segregated, the
glass transition temperatures appear increasingly like those of the pure
components. The sole use of Ty measurements as a criterion for miscibility in a
blend can however be susceptible to error if the ill—defined limits of the
measurement techniques are exceeded.

Practical difficulties may also arise, particularly with the Differential
Scanning Calorimetry (DSC) if the concentration of one or more of the
components falls below approximately 10%, thus reducing its potential
detectability. The relationship between detectability and domain size remains
unsolved, a consideration which is of particular importance in assessing the
degree and miscibility of a system. For example, Matsuo ei al (1969) observed
a single broad loss peak (E/“) in blends of poly(vinyl chloride) (PVC) with
butadiene — acrylonitrite copolymer although electron micrographs of osmium
tetroxide — stained sections indicated domains of about 10nm in size. A related
problem is the effect of surface energy on Tg when the domain sizes are small;
this can enhance the Tg by as much as 5°C for 6 nm diameter spheres,
Couchman (1977).

The concentration dependence of Ty can be described by a number of

equations, some of which have empirical origins whilst others are based on free
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volume or thermodynamic arguments. The simplest description, based on the

rule of mixtures, Nielson, (1978) predicts that the Ty of the blend is given by

Tg = W1Tg1 + Wngg

where w; represents the weight fraction of the components and Tg; their Tg's.

This equation is more commonly known in its inverse form as the Fox
equation, Fox (1956) which has been successfully used to predict the Ty —
composition dependence of several compatible blends, Zakrzewski (1973),
Macknight et al (1978), Suess et al (1987).

A variety of methods exist for determining Tg's including dielectric
relaxation spectroscopy and dilatometry; the latter was used by Akiyama
(1972) to study the miscibility of blends of poly vinyl nitrate and poly vinyl
acetate. These techniques have been fully described by Ke (1964), Manche et
al (1972) and Cowie (1973). However, the commonest techniques are based
either on calorimetric measurements of heat capacity as a function of
temperature or low strain dynamic mechanical measurements of the
temperature dependence of the complex modulus. Several recent reviews have
been published which describe the applications, methods of data analysis and
instrumental capablities for both mechanical, Read et al (to be published),
Macknight et al (1978), Wetton (1986), and thermal analysis, Richardson
(1978), Turi (1981), Fried (1983).

Thermal analysis

Measurements of the temperature dependence of heat capacity (Cp) can

be achieved either by Differential Thermal Analysis (DTA) or by its more
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quantitative development, DSC, Chiou et al (1987). DTA measures the
temperature difference between a sample and a reference when both are heated
at the same set rate; DSC measures the energy required to maintain a sample
and a reference, usually an empty pan, at the same temperature during a
programmed heating. Both techniques reflect the changes of enthalpy in a

sample.
Dynamic mechanical analysis (DMA)

Dynamic mechanical analysis comprises a wide variety of techniques
such as free vibration and forced non—resonance, some of which have been
developed into commercial instruments. Most of these techriques involve
monitoring the response of a material to some applied periodic force, either as a
function of frequency or temperature, Tagayanagi (1963), Murayama (1986).

Although both thermal analysis and mechanical techniques are used to
determine the Tg's of materials it is often the case that more information about
the system can be obtained if they are used in a complementary fashion.
However, there are occurrences where this is neither desirable nor practicable.
IFor example, DMA methods require samples in the form of bars, films or fibres,
therefore powders can only be studied by DSC or DTA. Limited amounts of
sample often preclude the use of mechanical methods in favour of DSC or DTA
which can be used to study milligram quantities. The speed at which samples
can be heated or cooled in a DSC in a controlled fashion is a necessary requisite
if either components are prone to degradation at temperatures near to the phase
boundary. DSC—type techniques however, are less sensitive than DMA
methods to locating Tg's. DMA methods also give useful information

concerning



more local motion of the chains, for example, side groups which may reflect

specific interactions between blend components.

3.6 Infra—red spectroscopy (IR)

IR or vibrational spectroscopy is a method for examining the interactions
of different polymers in a blend, using the specific vibrations of the chemical
groups. It is thus an attractive technique for establishing miscibility. When
properly assigned, the position, intensity and shape of vibrational bands are
useful in clarifying conformational and environmental changes of polymcers at
the molecular level. Because intra—chain energy is so much higher than
inter—chain non—bonded interactions, spectroscopic features of a single molecule
as a result of molecular interaction are generally quite small.  Strong
interactions such as intermolecular hydrogen bonding are well documented in
the literature. In most polymer blends however, small differences in the
vibrational spectra are difficult to observe directly and can only be shown in the
difference spectra. Iourier transform infra—red (FTIR) spectroscopy has made
analysis of chemical mixtures by computer—calculated difference spectra quite
convenient and accurate. Several studies have shown that specific spectroscopic
features sensitive to changes in miscibility can be observed and these have been
used to interpret conformation or environment of polymers when blended.

Coleman and Zarian (1979) studied the FTIR specicum of poly
(e—caprolactone)(PCL) — poly(vinyl chloride)(PVC) blends and observed a
band shift to a lower frequency in the C=0 absorption of PCL as a function of
PVC concentration. The width at half-height of the carbonyl band also varied

with PVC composition. These observations indicate the existence of a specific
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interaction between the components whose miscibility is due to the interaction.
Tabb and Koening (1975) studied the FTIR spectra of plasticised PVC and
suggested that interactions between the carbonyl bands and the carbon—chloride
band occur in the amorphous region of this polymer. Coleman et al (1977)
observed a shift in the C=C stretching frequency of poly (methyl

methacrylate)(PMMA) in the presence of poly (vinylidene fluoride)(PVFs).

3.7 Microscopy

Optical microscopy

Although the transmitted and the phase contrast techniques of optical
microscopy require a difference in the refractive indices of the phases, contrast
is best obtained in transmission with opaque or coloured samples. With the
phase contrast optics, good contrast is obtained with transparent materials.
This is because as well as a difference in the refractive indices, contrast also
depends on the difference in the geometrical path of the light waves from the
components, hence when this technique is available, it is the preferred method .

A hot stage with programmed heating and also a camera can be fitted to
an optical microscope in order to study the morphology of the blend; optical

micrographs can thus be obtained, at different stages of phase separation.
Electron microscopy
The resolving power of a light microscope is limited by the nature of the

light. The minimum spacing, d, which can be resolved by a good microscope is

of the order of the wavelength of the radiation source, A, and is given by:
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A
d=—==7 (3.1)

0 is the angle of acceptance of the lens and n is the difference in the refractive
index of the specimen. For better resolution, a larger angle and a shorter
wavelength are desirable.

The transmission electron microscope (TEM) has a resolution of 2 to
10 A. Tt uses an electron beam source and electrostatic or clectromagnetic
lenses instead of the glass lenses of optical microscopes. The technique and its
application to polymers have been described by Collins ef al (1973) and Rabek
(1980).  Other specific applications of electron microscopy are given by
McMaster (1975) and Meyer et af (1978). It has the advantage that it reveals
the geometry of the phase domains as well as the nature, sharp or diffuse, of the
phase boundaries.

The method is limited by the sample preparation and the stability of the
polymers in the electron beam. Other limitations have been outlined by
Christner and Thomas (1977).

Scanning electron microscopy has also been used in the study of blend
morphology. A fine beam of electrons is scanned across the surface of the
specimen to which a conducting film had previously been applied by
evaporation.  Secondary or back—scattered electrons or (in the electron
microprobe) X-—ray photons are emitted when the beam hits the specimen.
These are collected to give a signal which is used to modulate the electron beam
in a television tube which scans in synchronism with the microscope beam. The
resulting image has a great depth of field and a three—dimensional appearance
because the microscope beam maintains its small size over the large distance,
relative to the specimen. Contrast depends on differences in surface topography

or texture.
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3.8 Fluorescence methods

Non-radiative energy transfer between appropriately labelled polymers
can be used as a criterion of polymer miscibility. In this technique the first
polymer is labelled with a fluorescent substituent (the donor) and the second
polymer with another fluorescent group (the acceptor) chosen so that the
emission spectrum of the donor overlaps the absorption spectrum of the
acceptor. It can then be shown that radiant energy supplied to the donor may
be transferred to the acceptor over distances of the order of 2—-51 nm, so that
donor fluorescence intensity, I, is enhanced. The ratio ID/ I (I A 1s the acceptor
fluorescence intensity) will therefore decrease to the extent that the two
polymeric species are intertwined allowing the donor and acceptor fluorophores
to approach one another within a critical distance.

Another fluorescence phenomenon which may be used for the study of
polymer miscibility involves excimer formation. An excimer is a complex
between an excited and a ground—state fluorophore which involves typically two
aromatic residues lying approximately parallel to each other at a spacing of
about 3.5 A. In a polymer carrying closely spaced chromophores of this type,
excimers may form either by the interaction of such groups carried by the same
chain molecule or different chain molecules. Thus in mixtures of fluorescent
and non—fluorescent polymers, excimer emission will be favoured by phase

separation.
3.9  The present system, PS—PVME

During the past two decades considerable effort has been expended by

the polymer industry to identify miscible polymer pairs. Various techniques
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have been used in an attempt to understand both the phase separation
behaviour of polymer blends and their associated properties.

Theoretical treatments, for example, Cahn's (1965) concept of spinodal
decomposition, was extended by studies on the growth process of the unstable
concentration fluctuations involved in the spinodal decomposition mechanism.

As a result an increasing number of publications have been devoted to
the miscibility of polymer blends both from an experimental and a theoretical
viewpoint.

In a literature search covering the last twenty ycars, numerous
publications dealing in some way with mixtures of polymers were encountered
by the author. Rather than try and review this enormous amount of
information, this section will be limited to the relevant aspects of miscible high
molecular weight blends, in particular, to the present system and to the effects
of pressure on polymer systems.

Since Bank et al (1971) demonstrated an LCST in PS—PVME blends,
there has been a great deal of effort to locate precisely the phase diagrams and
the factors which influence their shape and position, Nishi et el (1975), Nishi
(1977), Nishi (1980), Halary et ol (1984), Ubrich et al (1985). Workers focused
their attention on the mechanisms of microphase separation in this blend
because high polymer systems suitable for such studies are uncommon. In
addition to the thermodynamic constraints pointed out by Olabisi et al (1979),
it was further observed by Strobl et ol (1986) that the critical temperature for
such a system has to lie above the Ty of the blend and at the same time below
the temperature range where rapid chemical decomposition occurs. These
workers also obscrved that among chemically dissimilar polymers, there are
only a few pairs in which miscibility can be demonstrated over the whole

compositional range. TFurther, polystyrenes of a variety of molecular weights



are readily obtained, thus making it possible to study the effect of chain length
on both the kinetic — Gelles and Frank (1983) and thermodynamic, Ubrich et al
(1985) — aspects of phase separation in polymer blends. This is an important
consideration because most of the 'anomalous' behaviour of polymer systems is
a consequence of their high molecular weights. PS—PVME blend also offers
versatility in the choice of techniques which include optical and electron
microscopy, differential scanning calorimetry, X-ray, light and neutron
scattering, nuclear magnetic resonance spectroscopy, vibrational spectroscopy
and excimer fluorescence. Both equilibrium and dynamic studies of phase
behaviour have been made with this blend so that it has become a 'model' for
advancing a fundamental understanding of polymer systems and their materials
application. Besides, the unusual miscibility behaviour of this binary mixture is
particularly interesting. A number of workers have shown that solvent,
molecular weight, composition and temperature can all affect the miscibility of
these two polymers, Bank et al (1971), McMaster (1973), Kwei et al (1977),
Davis and Kwei (1980), Reich and Cohen (1981). Bank et al (1971) used
differential scanning calorimetry and dielectric relaxation studies to investigate
the miscibility of this system. They found the phase behaviour to be solvent
dependent — an exception to the conclusion reached by Scott (1949). The
polymer pair is miscible in all proportions in hydorcarbon solvents such as
toluene or xylene but not in chlorinated solvents such as trichloroethylene
(TCE) or chloroform. The reason for this unusual solubility behaviour was
analysed by Robard and co—workers (1977). Using the gas—liquid-
chomatography (GLC) technique, they demonstrated in a conclusive manner
that a large differcﬁce between the interaction parameters (Ay) of PS—TCE
(x12) and PVME-TCE (x33) where (Ay = yi12 — y13) is responsible for the

incomplete miscibility in the ternary solution. Similar conclusions were reached
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by other investigators such as Hugelin and Dondos, (1969), Hsu and Prausnitz
(1974), Nishi and Kwei (1975) and Aharoni (1978) and Robard ¢f al (1978).
The general conclusion reached by Bank et al (1971) is that for the compositions
investigated by them, miscibility is not complete. Further studies by these
workers (1972) indicate that the initially single—phase films cast from the
appropriate solvents, phase—separates when heated above 125°C. Although all
thermally phase—separated samples can be brought back to their original state
of miscibility, reversibility of the process depends on such factors as cooling
rates and thermal history. The two—phase films cast from the above listed
solvents retained two—phase behaviour after thermal treatment consisting of
extensive annealing and slow cooling.

Kwei et al (1974), Nishi et al (1975) and Davis and Kwei (1980) have
undertaken detailed investigations to ascertain whether the miscible or the
immiscible mixtures represent the thermodynamically preferred state.

Based on density measurements, Kwei et al (1974) indicated that
miscible PS-=PVME films can best be described as microheterogeneous with the
different types of polymer molecules extensively mixed but not completely
mixed on the segmental level as in random copolymers. This further
observation was made because the Tg—composition curve of the blend deviates,
especially at high PVME concentrations, from the theoretical predictions made
by Tox (1956) which relate Ty to copolymer composition. Vépour sorption
techniques allowed further evidence in that the interaction parameter, yi2, was
found to be negative in the range 35 — 65% PS, thus satisfying the
thermodynamic criteria for miscibility within this range. By means of specific
volume and interaction parameter measurements as well as diffusion and nmr
spin lattice relaxation time studies, these workers suggested the existence of

both a UCST and an LCST behaviour for this blend.
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Cowie and Saeki (1981) used ternary solvent ,y /polymer ., /polymer g
system followed by extrapolation to zero solvent — a method developed by them
— to locate both a UCST and an LCST for this blend, as earlier suggested by
Kwei el al (1974). Their phase diagrams show regions of immiscibility above
750C and below 350C with a miscible one—phase region in between. This latter
region increases as the weight fraction of PS is increased beyond 0.2.

Hourston and Hughes (1978) investigated the dynamic mechanical and
sonic velocity behaviour of this blend. They suggested th‘,f,t it consists
cssentially of a two—phase morphology in which there are regions richer in PS
and a completely mixed matrix of PS and PVME. This inhomogeneity is
further emphasised by their electron micrograph of a 'miscible’ sample
containing 40% by weight of PVME; the micrograph clearly shows a two—phase
morphology. Theoretical calculations made by these workers show that for this
blend incompatibility is predicted over most of the compositional range. These
calculations are based on criteria for prediction of miscibility; Scott (1949),
Krause (1972) Schneier (1973); McMaster (1973) investigated this system and
confirmed the earlier observations made for toluene—cast {ilms. The
cloud—point temperature — composition data clearly illustrates it to be an
example of an LCST behaviour. Using a modification of Flory's
equation—of—state approach to tllermociyhamics, McMaster confirmed, using
this system that an LCST behaviour should generally be anticipated for high
molecular weight polymer blends due to differences in the pure component
thermal expansion coefficients.

Nishi et al (1975) offered evidence of spinodal decomposition by pulsed
nmr data which indicates a gradual change in the composition of newly formed
phases, whereas phase separation via nucleation and growth leads to discrete

phase domains. Hashimoto el ol (1983) studied the dynamics of its phase
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separation and confirmed that the early stages of phase separation in the
spinodal decomposition (SD) regimes is in accord with the linear theories of SD
originally proposed by Cahn (1965) for small molecules and later extended by
de Gennes (1980) for polymers. The later stage of SD is found to deviate from
exponential behaviour while in the nucleation and growth (NG) regime, the
intensity increases non—exponentially with time.

Recently a new fluorescence method, Halary et al (1984), was proposed
as a tool for accurate determination of both its spinodal and binodal curves. At
about the same time, Yang et ol (1983), Atkin et al (1984) and Halary et al
(1985) produced evidence from cloud point measurements and from fluorescence
and SANS, that the use of perdeuterated polystyrene (PS—dg) instead of
hydrogenous polystyrene (PSH) of identical chain length allows the LCST to
rise by about 400C, thus improving miscibility. Earlier workers, Nishi et al
(1975) had achieved the same result by cross—linking the blend by UV
irradiation. Iollowing Nishi's result, Paul and his coworkers (1978, 1982)
concluded that the LCST boundary can generally be moved upwards by making
the net interaction between the chains more exothermic. An appealing
approach to these workers was the addition of a small amount of comonomer
into one of the blend components, Fernandez et al (1986), Fowler et al (1987),
Min and Paul (1987). Kwei et al (1985) demonstrated this by incorporating a
comonomer having hexafluoroisopropanol units that strongly interact with
PVME via hydrogen bonding and by incorporating one into methyl
methacrylate where no such interaction is likely, Chien et al (1988). Using the
PS—PVME system as an example, Min and Paul (1988) préyided further
illustrations of how cloud point curves can be shifted upwaras by use of
comonomers. They found that blends of PVME with a styrenic copolymer

containing 1% acrylic acid did not phase separate prior to decomposition. It is
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possible to elevate the cloud point curve by as much as 1000C using acrylonitrile
as the comonomer and by about 60°C using maleic anhydride. A rational choice
of a comonomer for this purpose however requires knowledge of both the
intermolecular and intramolecular binary interactions among the various
monomer residues present. Some attempts had earlier been made by Lu et al
(1983), Garcia (1984) and Garcia (1984a) to specify precisely the nature of
molecular interactions responsible for the miscibility of PS—PVME pair by
using I'TIR.  Although the spectral complexity stood in the way of definite
answers, it was proposed that the interaction involves the cther lone—pair
clectrons of PVME with the benzene ring of PS. Larbi et al (1986) tried to
cross—check these findings by using quite a different approach based on the
location of the phase diagrams of PVME either blended with poly(1—penta-
deuterophenyl  ethylene)(PS—ds)  or  with  poly(1—phenyltrideutero-
ethylene)(PS—d3z).  Their conclusions confirm that the benzene rings of
polystyrene are responsible for the interactions with PVME. In addition it was
shown that any change in polydispersity of the blend components leads to a
shift of the minimum of the phase diagrams, without any modification of the
minimum phase separation temperature (Tmin)Oo which should be observed in
the presence of a PS of infinite molecular weight.

The elevation of the cloud point on deuteration of PS was suggested by
Yang et al (1983) to be due to a solubility parameter difference between
hydrogenous (PSH) and perdeuterated — polystyrene (PSD). Strazielle and
Benoit (1975) had earlier observed this difference to be — 0.04. Using the
relationship proposed by Krause (1978), a difference in interaction parameter,
xi2, of 0.01 is estimated for PSH/PVME and PSD/PVME. Although the
difference is small, McMaster (1973) had shown that a difference in yi2 of 0.05

can, according to the equation—of—state theory, lead to a shift of 1300C in the



LCST. A greater solubility and higher LCST is predicted for the PSD/PVME
blend based on these observations. The existence of a volume change on mixing
PS and PVME is seen in the data of Kwei et al (1974). This volume change,
therefore, depends on whether PSH or PSD is blended with PVME.

Hiramatsu et al (1983) studied the effect of high pressure on the phase
separation behaviour of hydrogenous — PS/PVME blend. They found that with
an increase in pressure, the cloud point curves shift to higher temperatures.
They also observed that the mechanism of phase separation by both spinodal
decomposition and nucleation and growth is slower under high pressure.

Various workers have also observed the effects of pressure on polymer
systems. Some of these cffects which have been reported in the literature arc

briefly reviewed in Sections 3.10 — 3.15.

3.10  Effect of pressure on phase separation temperature of polymer systems

Van der Lee (1900) observed that the solubility of the system, phenol —
water diminished while its UCST increased with pressure.  Since then
systematic studics have been carried out by several authors, on the effect of
pressure on the critical solution phenomena of simple liquid mixtures, Buchner
(1906), Timmermans (1936), polymer mixtures, McMaster (1973) and
oligomeric mixtures, Tripathi (1979). As a result of these investigations three
possible effects of pressure on various systems have been reported, Timmermans
(1900).

- the mutual solubility is reduced while the UCST is increased, for

example, the system cyclohexane — aniline, Timmermans (1900).
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— the mutual solubility is increased but the UCST is reduced as in the case
of hexane — nitrobenzene system, Timmermans (1900). _
— both the mutual solubility and the LCST increased as observed with the
system (COg — O) — nitrophenol, Timmermans (1900).
In each case, authors have related their results to the volume change on
mixing, AVp, and to the heat of mixing, AH,, by the expression for the

pressure dependence of the critical solution temperature, Prigogine (1957)

() 0P)e = = (8x/ 0P), /(9x/ TT),, = TRq (3.1)
and

AHp = TAV,/(0T/0P), (3.2)

Therefore the sign of the pressure dependence of the critical solution
- temperature, (9T/0P)¢, depends on the sign of AH, and on whether the system
shows a UCST or an LCST. At a UCST, the mixing is always endothermic, i.e.

AHp, is positive; the two possibilities are:

1. AHp = —— F2Vn

If there is a contraction on mixing, (0T/0JP). is negative. Therefore an increase

in pressure lowers the UCST and miscibility of the blend is improved.

+ TAV,
¥ (9T /P,

2. AHp =

Hence if there is expansion on mixing, (0T/dP). is positive and so an increase

in pressure raises the UCST and miscibility of the system is reduced.



The effect of pressure at an LCST is just the reverse. In this case mixing

is exothermic and the two possibilities are:

If there is a contraction on mixing, (dT/0P)c is positive. Therefore an increase

in pressure raises the LCST and miscibility is improved.

— (0T /] 0P)c

[S]

If there is an expansion on mixing, (9T/JP). is negative. Thercfore an increase
in pressure lowers the LCST and miscibility of the system is reduced.

Whenever there is contraction on mixing, the miscibility of the system
generally improves with pressure. On the other hand, miscibility is reduced if
the system mixes with an expansion in volume.

For most high molecular weight binary polymer blends, mixing is
exothermic and there is contraction in the volume of the system. Therefore
pressure is expected to raise the LCST and this should result in an improvement
in the miscibility of the system.

The LCST has its origin in a negative non—combinatorial contribution to
AS, associated with the difference in the 'free volume' or degree of thermal
expansion of the components. Application of pressure decreases this 'free
volume' difference. The miscibility of oligomeric systems which show a UCST
depends on their large combinatorial entropy. An increase in pressure induces
order and reduces the entropy. This decreases the mutual solubility of the

system and the UCST is raised.



Saeki et al (1975) found that the value of (9T/dP). for PS in cyclohexane
(an UCST system) is positive when the molecular weight of PS is 3.7 x 104 but
this changes to negative for solutions containing a high molecular weight PS.
(11 — 145 x 104). Tripathi (1979) also found that an increase in pressure on two
UCST systems, (methoxylated poly (ethylene glycol) in methoxylated
poly(propylene glycol) and PS in poly(butadiene), decrease their miscibilities.
He showed, using the Ilory — Huggins model, that yjp values increase with an

increase in pressure for the above mentioned systems.
3.11  The effect of pressure on miscibility

The effects of thermodynamic variables on the properties of polymer
solutions and blends can be predicted by the 'free volume theories’. A
convenient form of this expression, which enables the effects of pressure
variation to be monitored has been presented in the literature, Gaeckle and

Patterson (1972)

2
- -~ ~ ‘2 P
vio(P.T) = ¢ {— Uiy dc, .(P{I‘I){T + EL} } (3.3)
1 Pyvi2+1

The equation is written in terms of reduced thermodynamic variables for
component 1 (with tilde superscripts) and parameters v2, 7 and 7 which
characterise differences between the two components. The terms are described
as follows:

Uy represents the configurational energy of component q and it is the energy

of vaporisation divided by energy reduction parameters.
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3C1

is the number of external volume—dependent degrees of freedom of a

molecule of component 1.
C = Pl*V1*/T1*R (3.4)
is the reduced configurational heat capacity, equivalent to the

temperature derivative of Uy,

The parameters v2, 7 and 7 are defined as follows:

e= (T = D[R =
= -l = - A o
= [[re -] o

in equation (2.55) is the contact energy, and hence v2 expresses the
difference in the chemical nature of the components.

expresses the difference in the degree of thermal expansion of the two
components.

expresses the difference in pressure reduction parameters of the
components.

The xj12 value calculated from equation (3.3) as a function of pressure

can exhibit a wide range of behaviour because of the number of variables and

their dependence on pressure, for instance:

An increase in pressure affects component 1 (the more expanded



component) to a greater extent; therefore 7 is decreased. This results in a
decrease in y19 and improved miscibility.

— An increase in pressure increases v2, the interaction variable. This is
unfavorable to mixing because y12 is increased.

- Experimentally, the = coefficient has been found to increase with
pressure.

— The reduced volume decreases while the reduced pressure increases with
pressure.

The application of pressure has been found to have the most significant
effect on yio at high temperatures where there is a large difference in free
volume between the components and in systems where the:_ disparity of
intermolecular forces between components is small. :

Patterson and Robard (1978) used a combination of the Prigogine and
Flory equation—of—state theories to relate the interaction parameter, to two

terms interactional and {ree—volume:

X1z __Py* \:’1/3 X2 + \:’1/3 72
il el e E

(3.8)

interact i onal free volume
term term

where the terms are as defined earlier. Rostami (1983) used the above equation
to calculate the effects of temperature and pressure on the LCST system of
poly(cethylene — co — vinyl acetate (EVA45) — chlorinated polyethylene (CPE3).
He found that an increase in temperature causes the negative interactional term
to decrease and the positive free volume term to increase. Application of

pressure to this system is expected to reduce v and make yio



more negative. The miscibility of the system therefore increases in a similar

manner to that observed by Saeki et al (1975, 1976).

3.12  The effect of pressure on static properties of polymer systems — virial

coefficient and chain dimensions

The second osmotic virial coefficient, Aq, is a measure of the miscibility
between two components A and B. It reflects the tendency of a segment of
polymer A to exclude its neighbours from the volume it occupies, Billmeyer
(1971). Thus a large positive Ag indicates a better affinity between segments of
the different components A and B than between like segments of A or B.

The radius of gyration, Rg, is a measure of the average distance of a
chain element from the centre of gravity of the coil, Billmeyer (1971). Tt is also
a measure of the miscibility between the components. A large radius of
gyration indicates an increase in the interaction between the components and
hence enhanced miscibility. The interaction parameter can be calculated from

the virial coefficient, Aq, which is directly obtainable experimentally. Jelenic et

al (1984).

/s Mo?2
Xie = p [0.5 Vil 13 Ay (3.9)

where My is the molecular weight of component 2 and P; is the dégree of
polymerisation of component 1.

x12 and Aq usually exhibit opposite signs and are almost proportional to
cach other. Therefore in polymer blends, the usual criterion of miscibility

x12 < 0 can be replaced by Aq > 0.



Pressure should have a large effect on parameters such as A, and Ry
which reflect the interactions between the components especially where the free
volume contribution is dominant; these quantities should increase with
pressure. This would correspond to a decrease of AGy, or to a negative value of
AVy. At low temperatures or for UCST, the free volume contribution will be of
less importance. The second virial coefficient and the polymer dimensions could
decrease with pressure, corresponding to a positive value of AV,

The second virial coefficient of high molecular weight polystyrene in
various solvents, were measured by light scattering as a function of pressure up
to 5000 atm. Depending on the system, Aq is found to increase in magnitude
leveling off at high pressures, remains constant independent of pressure or
decreases in magnitude, resulting in precipitation, McDonald and Claessor
(1973, 1976).

The change in virial coefficient with pressure has been r’élated to the

volume of dilution, Schulz and Lechner (1970), thus:

AV J0A, i
V'I'l = C2RT l:*“ [W}T - D\TAQ} (310)

where
Vi is the molar volume of the pure solvent at the experimental temperature
and pressure
C is the concentration in weight of polymer per volume of solution and
X is the isothermal compressibility: [%7} {g\}% o
The second term within the brack;)t in equation (3.10) is usually
relatively small. Consequently the volume term and the pressure derivative of

the virial coefficient have opposite signs.
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A system which has an endothermic heat of mixing or positive volume of
dilution would show a negative value for the pressure derivative of the virial

coefficient.

3.13  Effect of pressure on the viscosity of polymer systems

For moderate pressures at a given temperature and concentration,
Claesson ¢t al (1983) found that both the viscosity coefficient, 7, and the
intrinsic viscosity, [7], of PS in toluene increases while the Huggins constant
decreases with pressure. Wolf and his co—workers (1979, 1981 and 1982)
measured the effect of pressure on solutions of PS in various organic solvents up
to 1 Kbar. After an initial increase they observed a sudden decrease in viscosity
because of phase separation with increasing pressure. This increase in viscosity
which is greater with concentrated solutions is due in part to a closer
interaction between the components, brought about by pressure. This results in
improved miscibility. This is consistent with the observation (see previous
Section) that the second virial coefficient increases gradually with increasing

pressure.

3.14  Effect of pressure on dynamic properties of polymer systems

Although a number of reports have appeared in the literature on the
effect of pressure on static properties of polymer systems, very little attention
has been paid to the pressure dependence of dynamical properties. Roots and
Nystrom (1982) studied the pressure dependence of the diffusion coefficient, D,
and the hydrodynamic radius, R”, of dilute and semidilute solutions of
polystyrene in toluenc. The diffusion coefficient was observed to decrease with
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pressure. This decrease was however correlated to the change in viscosity of the
solution with pressure.
These workers concluded that both the diffusion coefficient, D and the

hydrodynamic radius, R, are independent of pressure.

g
3.15  The cffect of pressure on glass transition temperature and dielectric

relaxation time of polymer systems

In an attempt to clarify the criteria satisfied at the glass transition the effect of
pressurc on the glass transition temperature of polymer systems has been
studied by several workers. O'Reilly (1962) measured the dielectric constant
and loss of polyvinyl acetate, as a function of temperature (25 — 1200C),
pressure (0 — 3300 atm) and frequency (0.06 — 10 Keycles/sec). He found that
[%1;3] which was identified as the temperature at which c,:,;x occurred at a
constant pressure, is 0.0220C/atm. He also found that In Tp (where T, 1
relaxation time) is linear in the pressure. The pressure dependence of Tg has
been found to be positive but its value varies with the type of system, Igonin ef

al (1959), Gilchrist et al (1957), Wood (1958), Nolle et al (1959), McKinney et
al (1961).



CHAPTER 4

DESCRIPTION OF THE EQUIPMENT

4.1 The pressure rig

An equipment, the pressure rig (Fig. 4.1) was set up to study the effect
of pressure on the phase separation behaviour of miscible, high molecular weight
polymer blends. Designed for operation at pressures up to 3 Kbar and
temperatures up to 2800C, the rig is equipped with sealed viewing tubes, fitted
with sapphire windows through which the sample can be viewed. Fig. (4.2)

shows details of the rig. Pressure is transmitted to the sample by silicone oil,
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Block diagram of the rig

pumped through the pressure line. The temperature of the sample is monitored
by a type — K coaxial thermocouple. The intensity of the collimated beam of
light, transmitted through the sample, is measured as a function of temperature
and pressure by a photodiode. A BBC microcomputer is used for data logging
and for driving the temperature ramp at a preset rate. A NEC printer which
automatically prints out the data is connected to the microcomputer. Fig. 4.3
is a block diagram of the pressure rig which consists of the following major

components:
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Figure 4.4 PRESSURE VESSEL

The pressure vessel



Figure 4.5

The sample loading assembly
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Figure 4.6

The heating system

= the pressure reactor (vessel) (Fig. 4.4)
- the sample loading assembly (Fig. 4.5)

— the heating system (Fig. 4.6)
4.2 The pressure reactor

The cylindrical pressure reactor, Fig. (4.7) of dimensions 5.2 cm (OD),
2.3 cm (ID) and 50 cm height, is made of low alloy steel. It has side tubes for

sample illumination through sapphire windows. Both ends of the reactor are

fitted with identical end — blocks by means of neoprene rubber 'O' ring seals.
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Thé end — blocks are retained by screw caps which screw onto the threaded
ends of the reactor, thus compressing the 'O' ring seals. The upper surface of
the top screw cap is stepped in order to facilitate the seating of a spanner which
is used for tightening and releasing the cap. The lower end of the reactor is
connected to a pressure gauge and a hydraulic hand pump in a standard tee —
piece fitting. An analogue pressure is provided by the 'Budenberg' pressure
gauge which can read a maximum of 1500 atm while the voltage from the
pressure transducer is digitised prior to its display on the microcomputer. A
calibration of the pressure output from the computer against the reading from

the pressure gauge is shown in Fig. (4.8). The pump has a capacity of 700 cm3

1200
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<
g
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o
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°
2
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Computer readout (1000's)

Figure 4.8

Calibration curve of pressure
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and it develops pressures up to 3 Kbar. It is connected to a silicone oil reservoir
by a (0.6 cm OD) copper tubing. The sapphire windows are retained by copper
~ washers. Fig. (4.9) shows the pressure reactor and the arrangement of the
'seals'. Figs. (4.10) and (4.11) show details of the 'side seal assemby' and the
'end seal assembly' respectively.

The upper end of the reactor like the lower end is connected to a
standard AMINCO joint and a high pressure valve. This upper end is mainly
used as a vent. The connections to the reactor are carefully made so as to

isolate the pressure gauge and the reactor between two standard high pressure
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Figure 4.10
Side seal assembly
valves. Standard tubing made of stainless steel (0.64 cm OD and 0.23 ID) is

used to connect the different parts of the high pressure reactor.
4.3  The sample loading assembly

The sample loading assembly, Fig. (4.12), consists of a sample holder,
Fig. (4.13), mounted on an adjustable support. The latter ensures the correct

height for viewing the sample through the sapphire window and viewing tube.

The 'assembly’ is held in place by a retaining knot.
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4.4.  The heating system

The pressure reactor sits on a hot air jacket, a cylindrical steel tank (25
cm ID, 132 cm high) which serves as a thermostatic air bath. The bath is
heated by an 'in — line' process air heater, designed for use with a centrifugal
fan. The heater itself has a 9 KW element whose loading is controlled by a 3 —

heat switching system connected in parallel. The flow of heat is directed
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through a flexible steel hose (3 metres long; 5.1 cm ID) into the air — bath
through an air regulating valve. Hot air is thus circulated round the pressure
reactor. The equipment is well lagged to prevent heat exchange with the

surroundings.  The heater is controlled by a proportional — integral —
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differential (PID) controller. The latter has three settings, the proportional

factor, the integral factor and the differential factor, which are adjusted to give
the best response for the desired rate of heating. Fig. (4.14) shows a controlled

experimental heating rate of 0.20C/minute.

4.5 Instrumentation

Experiments on the pressure rig take several hours, hence the need for

automation. A BBC microcomputer is used to:

- set up a temperature ramp using a PID control loop



- generate a real time clock

- measure and log the time, temperature, pressure and light intensity

- eliminate storage of redundant data

- collect data on a data file for subsequent processing.
4.6  Sapphire window housing

An adequate sealing of the sapphire windows is most essential for high
pressure operation. A special arrangement as shown in Fig. (4.15) has been
made to house the windows. The two cylindrical synthetic sapphire windows
(1.9 cm diameter and 1.28 cm thickness) with polished parallel faces are
mounted diametrically opposite at each end of the viewing tube.” They are held
in place by copper washers and then pressure — sedied by means of neoprene 'O’
rings, as shown in Fig. (4.16). The sapphire windows are finally locked and

retained in place with the help of retaining screws.
4.7  Optical alignment

The optical alignment is shown in Fig. (4.17). The sample is illuminated
by a collimated beam of light from a 12 volt projector lamp. The beam of light
is adjustable for correct viewing height through the guide tube, as shown in Fig.
(4.18). The intensity of the light transmitted through the sample is detected by

a photodiode set at zero angle to the incident light beam.
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4.8  The pressure line

The pressure line is shown in Fig. (4.19). The optical system is switched
on and the sample is viewed. Final adjustment in the position of the sample is
made at this stage. The upper cap is replaced and screwed on. The high
pressure valve, Vi, with its fittings is screwed on and remains open. The valve,
Vs, is now open and with the help of the hydraulic pump, silicone oil from the
reservoir is pumped into the pressure reactor. Any air present in the vessel and
the connecting tube is discharged through the valve, Vi, and the vent. When
there is a continuous flow of oil (indicating the absence of any air bubbles), the
valve, Vy, is closed. The valve, Vj, remains open and using the hydraulic pump
further pressure is applied until the desired pressure is attained. The valve, Vo,
is now closed to isolate the reactor. Usually there will be a slight pressure drop

in the first half hour before the system equilibrates.
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CHAPTER 5

EXPERIMENTAL

5.1  The polymers

Since its first commercial production in 1934, polystyrene

[=CH,CH—] 4

has remained one of the world's highest produced thermoplastics. This is
because it combines its low cost with other desirable properties such as
hardness, rigidity, transparency and freedom from odour and taste. It has low
moisture absorption, good dimensional stability, mouldability, -electrical
insulation properties and colorability. It also has a reasonable chemical
resistance. Its glass transition temperature (T¢) is about 1000C so it is 'glassy’
at room temperature (200C). The principal limitation of the polymer is its
brittleness and consequently a number of attempts have been made to modify it
for 'improved' impact strength.

The most successful of these attempts has been the use of rubber
additives to produce blends of greatly improved toughness. The rubber
particles 'bridge' a propagating crack and, because of their higher extensibility,
are able to ahsorb a much larger amount of the energy causing the crack than

an equivalent volume of PS. In order to improve its toughness it is necessary

that the rubber remains rubbery at any service temperature envisaged for the



blend. A wide range of elastomers have been investigated as possible impact
modifier for PS. Poly (vinyl methyl ether), [FCHoCHOCH3],, an elastomer
which was first made available in Germany just before 1940, is a water —
soluble (cold water), viscous liquid or tacky solid at room temperature. It has a
low Tg of — 280C and its main application is in the adhesive and rubber

industries.
5.2 Materials

The origin and molecular weight characteristics of the polymer samples
used in the present study are given in Table (5.1).

The PS samples are coded PSO — PS9. PS5 is a commercial sample
supplied by BASF. The rest are commercial standards for gel permeation
chromatography and are supplied by Polymer Laboratory.

The PVME samples are coded PVME(A — F). NMR study of these
samples confirms that they are all atactic polymers. The commercial sample
PVME — 1 (Lutonal) supplied by BASF has a broad molecular mass
distribution (9.4). Fractionation was carried out to reduce its polydispersity.
This was achieved by the use of the lower critical miscibility of aqueous PVME
solution.

The procedure of Manson and Arguette (1960) was used for the
fractionation. An aqueous PVME solution (2%) was gradually heated until a
suitable amount of precipitate was obtained. This was dissolved by reducing
the temperature. The precipitation temperature was again ap-proached very
slowly. After the first fraction had been taken out (32°C) the procedure was
repeated at a slightly higher temperature (349C). The precipitate was dissolved

in methanol and the solution evaporated to dryness under vacuum. This
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TABLE 5.1
Polymer Origin and Characteristics

Polymer Origin ﬂw ﬁw/ﬁn Source of Data

llydrogenous
Polvstyrene

PS- 0 Polymer Lab. 51,500 Less than 1.04  Supplier
PS - 1 Polymer Lab. 76,500 Less than 1.04  Supplier
PS - 2 Polymer Lab. 95,500 Less than 1.04  Supplier
PS - 3 Polymer Lab. 110,000 Less than 1.04  Supplier
PS - 4 Polymer Lab. 115,000 Less than 1.04  Supplier
PS - 5 BASF 117,000 4 GPC (RAPRA)
PS- 6 Polymer Lab. 195,000 Less than 1.04  Supplier
PS - 7 Polymer Lab. 233,000 Less than 1.04  Supplier
PS - 8 Polymer Lab. 390,000 Less than 1.04  Supplier
PS - 9 Polymer Lab. 500 Less than 1.04  Supplier
PYNE - A (Lutonal) 8,500 3.1 GPC (RAPRA)
BASF based on PS
standard
PVME - B 8,000 4 Supplier
PVIE - C 24,000 4 by Viscometry
PVME - D 89,000 4 by Viscometry
PVWE - E Polysciences
PVME - F 1,000 4 Supplier

Deuterated Polymer Lab 196,000 less than 1.02  Supplier
Polvstyrene
PS - d

fraction %%ﬂ = 3.1, as determined by GPC| was used for phase separation
n

studies.
Oligo—PVME — F was kindly supplied by Dr D J Walsh.
PVME — (B—D) were kindly supplied by Dr Adrian Rennie.
PVME — E is a commercial standard supplied by Polysciences.
Deuterated polystyrene, PS—d (1 and 2) are commercial standards for

GPC and were supplied by Polymer Lahoratories.

85



Prior to blending, the materials were dried in a vacuum oven at 500C for

48 hours.
5.3  General

Although several techniques such as DTA, microscopy, dynamic
mechanical relaxation and turbidimetry have been developed for measurement
of phase boundaries, (see Chapter 3), one of the dominating factors which
influences the choice is the rate of phase separation and the size of the separated
domains. This is because the measured phase boundary, although in principle

an equilibrium thermodynamic property, is often influenced by the kinetics of
phase demixing.

For instance phase separation in blends, in which at least one component
has a low Tg or a low molecular weight, is fast and the phase domains are large
enough to be observed visually by optical microscopy. On the other hand,
blends with high T¢ components phase separate at a very slow rate to produce
small domains which are not readily detectable. PVME has a low Tg (— 280C)
and PS is also mobile above its fairly low Tg (1000C). Phase separation in this
blend is fast and the domain sizes are large enbugh to scatter the incident light.

At the cloud point, the transparent film becomes turbid so that this transition

is easily observed.
5.4  Turbidimetry
A light wave incident on a sample may be tranmitted, absorbed or

scattered. These phenomena constitute the basis of turbidimetry which has

been described by Stein (1978), Olabisi et al (1979) and Higgins (1984).
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The technique has been used to study the cloud point curves of polymer
solutions, Cowie and Saeki (1982); oligomers, Tripathi (1979), Chong (1981)
and high molecular weight polymer blends, Reich and Cohen (1981).

While the pressure rig, (Chapter 4) measures the intensity of the
transmitted light from the sample, as a function of temperature and pressure,
the light scattering turbidimeter, (Section 5.6) measures the scattered light
intensity from the sample as a function of temperature.

In the present work, both pieces of equipment were used for the
establishment of the cloud point curves of the various blends. The accuracy of

each is + 0.05°C.

5.5 IExperiments on the pressure rig

Mixtures of PS and PVME were dissolved in toluene to give 10%
solutions of varying composition. Films were cast by placing two drops of the
solution on microscope coverslips. The films were dried in an oven, first at
room temperature for 24 hours, next at 600C for 24 hours and finally under
vacuum at 609C for 7 days, for complete removal of the solvent. Control films
containing 100% PS, thus treated, showed Tg values characteristic of PS. Film
thickness was approximately 100 zm.

Two coverslips containing the dried films were sandwiched together and
placed between two identical neoprene 'O' rings before being screwed into the
sample holder. The microcomputer was programmed to take readings at one
minute intervals. The film was heated gradually at an average 'hea.ting rate of
0.20C min-! at, atmospheric pressure.

This rate of heating was used for the determination of the cloud point

because the temperature of phase separation of a blend was found (Chapter 6)
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to be dependent on its rate of heating. This dependence was more pronounced
at a heating rate above 0.20C min-L

The corresponding temperature of the first deflection point was taken as
the cloud point temperature. Typical trace of the transmitted intensity as a
function of temperature for a 30% PS blend is shown in Fig. (5.1A). A trace of
the control experiment in which only the silicone oil was heated is shown in Iig.

(5.1B), in this case there was no deflection point.
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The procedure was repeated for the whole range of concentrations in
order to obtain the cloud point curve of the blend.

Cloud point curves at pressures in the range 100 — 1500 atm. were
similarly obtained. Each experiment was repeated twice and the average value
was used for processing the data.

It must be pointed out that the silicone oil only acts as a pressure
transferring medium and has virtually no effect on the cloud point of the blend.
This latter statement was confirmed by:

- sealing the edges of the coverslips in order to prevent any oil from
penetrating into the sample. Identical results were obtained both for
this sample and for an unsealed one in contact with the transfer oil.

- measurenment of the cloud point by light scattering turbidimetry which
does not require any pressure transfer oil. The results for experiments
using both pieces of equipment at atmospheric pressure are almost
identical, Figs. (5.2) and (5.3).

The following investigations, which were carried out on the pressure rig,

are briefly described below.

Effect of rate of heating on T

Ut
Ot
fu—

Heating rates in the range 0.10C min-! to 10°C min! were varied during
the determination of the phase separation temperature of films of a 30% PS
blend. Each sample was heated from an initial temperature of 200C at

atmospheric pressure.
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5.5.2 Effect of initial temperature on T¢

The effect of initial temperature on the phase separation temperature of
a blend was determined at atmospheric pressure by using 100 pm thick films of
a 30% PS blend. Each sample was heated at a rate of 0.20C from an initial

temperature in the range 180C to 300C.
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Effect of sample thickness on T

Films of various thickness were cast from solutions of a 30% PS blend.
The concentration of the solutions were varied in the range 1% to 10%. The
cloud points of these films were measured from an initial temperature of 200C

and at a heating rate of 0.20C min-1.
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5.5.4 Application of pressure

The pressure of the system increases with its temperature. Pressure can
thus be applied by starting from a low value and then allowing it to increase

steadily with time, while the system is heated, as shown in TFig. (5.4). The
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corresponding pressure at the point of phase separation is taken as the relevant
pressure. On the other hand, a constant pressure can be applied and
maintained for the duration of the experiment by intermittent opening and
closing the valve Vy, to release excess pressure.

These two methods of application of pressure were compared but for

experimental convenience, all the experiments were carried out using the first.

5.5.5 Effect of pressure on the phase separation temperature of binary

blends

The effect of pressure-on the phase separation temperature of various
blends of PSh—PVME and PSd—PVME were studied. The blends varied in the

composition and the molecular weight of the components.

5.6 Light scattering turbidimetry

IFor our investigation, a specially designed, light scattering photometer,
described by Chong (1981) was used. The equipment was automated for the
present work by the incorporation of a BBC microcomputer to:

- measure and log the temperature, time and intensitv at a preset interval,

- eliminate storage of redundant data and
— store data for subsequent processing.

The film (100 x thick) was supported in a sample holder located in a
thermostatically controlled block. Light from a 12 volt tungstenk filament lamp
was focused on to the sample and the intensity of the light scattered at 450 was
measured by a photodiode. The temperature of the block was controlled and

programmed to alter at a constant rate by a temperature ramp. The sample
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Scattered light intensity as a function of temperature

was heated at 0.20C min™! and the microcomputer was programmed to take
readings at one minute intervals. A plot of scattered light intensity against
temperature was obtained. At the cloud point the intensity increased rapidly
and the corresponding temperature of the point of intersection of the two
tangents which reflect the trends of intensity before and after phase separation,
was taken as the cloud point, as shown in Fig. (5.5). Each measurement was
repeated twice and the phase boundary for the blend was generated. The

accuracy of the phase boundary is estimated as + 0.20C.
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In order to determine whether a blend was undergoing phase separation
or merely domain ripening, the scattering intensity at an angle of 450 was
observed as a function of time. This is equivalent to the light scattering

invariant, at a fixed angle, as defined by Koberstein et al (1979).

00
Qg =/, Rhdh (5.1)
where R is the Rayleigh ratio and
h= \ig is the scattering vector.
A S1 n§

In the spinodal decomposition or nucleation and growth mechanisms of

phase separation, Q . increases with time, whereas in the domain ripening

LS
mechanism it remains constant with time. Fig. (5.6) shows the continuous
increases in scattering intensities with time for a 20% PS blend. The figure
shows an increase in the intensity of the light scattered at temperatures above
the cloud point and a constant value below this point. These observations show
that the phase separation mechanism is not by domain ripening and they also
provide an alternative method of finding the cloud point of the blends.

The investigations carried out with the light scattering turbidimeter are

outlined in the following section.

5.6.1 Effect of molecular weight of PS on the phase boundary

The molecular weight of PS was varied in the range 51,500 to 390,000

while that of PVME was kept constant. The phase boundaries of these various

blends were determined at a heating rate of 0.20C min-L.
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5.6.2 Fffect of molecular weight of PVME on the phase boundary

The molecular weight of PVME was varied in the range 8,000 to 99,000
while that of PS, 115,000, was kept constant. The cloud points of the blends

were determined at a heating rate of 0.20C min-! and their phase boundaries

were generated.
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5.7.  Heat (enthalpy) of mixing, AHp

Evaluation of the heat of mixing is essential for the prediction of
polymer miscibility and also for the simulation of the spinodal curve. Patterson
(1968) showed that the heat of mixing changes sign in the region corresponding
to two phases. Cruz et al (1979) demonstrated that two polymers with a
negative heat of mixing are likely to be miscible.

Efforts have been made by a number of workers to determine the heat of
mixing of polymers. Weeks et al (1977) reported substantial errors in the
calculation, made by Tager et al (1975), of the heat of mixing of solid polymers
by the use of Hess' Law. Natansohn (1985) measured the heat of mixing of a
PS — PVME blend by observing demixing in the DSC. An unsuccessful
attembt was made by the author to obtain the heat of mixing of a 50% PS
blend by this method. Perhaps our DSC is not sensitive enough to detect the
heat of demixing.

Experimental values of the heat of mixing are usually obtained by direct
calorimetric measurements with the components, at a constant pressure. Allen
et al (1960), Cooper and Booth (1977) successfully used this method to obtain
the heat of mixing of oligomeric mixtures. Enthalpic interactions are primarily
determined by intermolecular interactions between neighbours. Since it is
almost impossible to directly measure the change in enthalpy associated with
mixing two polymers, much of the quantitative correlation work has involved
measurement of heat of mixing of Jow molecular weight liquids which have
chemical structures similar to those of the polymers of interest. While this
technique has proved useful in many studies, Cruz et al (1979), Harris et al
(1984), Woo et al (1985), Rostami and Walsh (1985), Cheng and Walsh (1985),

its success depends on how closely the selected analogue actually simulate the
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interactions of the polymers. It is also often difficult to find liquid molecules
which are structurally identical to the polymer repeat units of interest.

This problem can in principle be resolved by using a group contribution —
based, thermodynamic model to obtain characteristic interaction parameters for
structural groups which are common to both the liquids and the polymers.
Barlow et al (1988) have discussed the results of such a model, used by Lai et al
(1988) for predicting polymer — polymer miscibility.

In our heat of mixing experiments, oligomeric mixtures of the two
components were used. As far as is known to the author, this is the first
reported measurement of its kind for this system.

The oligo — PVME has a molecular weight of 1000 while the molecular
weight of oligo — PS is 500. Both oligomers are viscous liquids at room

temperature (20°C).

5.7.1 Experimental

The heats of mixing were measured using a modified NBS batch — type
heat conduction calorimeter which depends on the measurement of a
temperature change. It consists of a calorimeter compartment or cell
surrounded by a heat flow device which in turn is surrounded by a heat sink (or
block). The heat sink is kept at a constant temperature by two constant
temperature jackets. The heat flow device consists of multiple—junction,
serially connected thermocouples (thermoelectric cells) between an inner face in
good contact with the calorimeter cell and an outer face in good contact with
the heat sink. Details of the calorimeter have been given by Chong, (1981).
The equipment has an accuracy of £0.02 J/g as determined by an acid — base

reaction. The viscosity of the oligomers, however, made mixing difficult and an



error of £ 0.1 J/g may be more appropriate for this system. The equipment was
calibrated electrically, using a 77 ohm resistor immersed in a 50/50 w/w %
mixture of the oligomers. The current, I, was fed into the resistor R for time, t.
The chart recorder showed a peak whose area, A, was proportional to the heat
Q, generated by the resistor. By varying the time, t, a plot of Q vs A was

obtained, hence the calibration constant was calculated by

F=Q/A (5.2)

Figs. (5.7) and (5.8) show examples of the calibrations, first in distilled water
and then in the mixture at 280C and at 50°C.

The stability of the temperature of the equipment was within 0.0010C.
The total weight of the two components was 1.0 gm. The samples were kept at
the experimental temperature for about 6 hours before the mixing. The heat of
mixing measurements were carried out only at one temperature, 500C, due to

the limited quantity of the samples.
3.8 Scanning clectron microscopy

A 30% hydrogenous polystyrene (PSh) and a 30% perdeuterated
polystyrene (PSd) blend with PVME were studied by both optical and scanning

electron microscopy. Scanning electron micrographs of these blends, at the

different stages of phase — separation were taken.
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Calibration curve for distilled water at 28'C

5.9 Optical microscopy

Morphological observations using a camera—equipped optical microscope
were made on a 30% PSh (critical composition) and a 50% PSh blend. These
samples phase — separate by 'spinodal' decomposition and 'nucleation and

growth', respectively.
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Calibration curves for PS/PVME (50/50 wt%) at A 500C and B 280C

The sample was heated at a given pressure up to a temperature below its
cloud point at 0.20C min'! and then heated at 20C min~! to a temperature 200C
higher than its cloud point. The time dependence of the transmitted light
intensity, as a function of pressure and composition was determined.
Micrographs of samples, 'quenched" at different stages of the phase — separation

were taken.
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5.10  Differential scanning calorimetry (DSC)

The DSC measurements were carried out in a Perkin — Elmer DSCI,
with a cell at a sensitivity of 0.2 mcal sec’! and a heating rate of 200C min-L
The samples were scanned between — 250C and 1100C. The heat flow as a
result of a power difference between a sample (~ 10 mg) in an aluminium pan
and a similar empty pan was recorded. DSC traces were obtained for miscible
clear films and for cloudy, phase — separated films of PSd — PVME and PSh —

PVME blends. These blends varied in the composition of the components.
5.11 Heating/cooling cycles

A thermally phase — separated sample when cooled to below its cloud
point, usually regains its clarity. A 50% PSh sample was subjected to a
heating/cooling cycle, as shown in Fig. (5.9). Although the sample regained
clarity, Fig. (5.9) shows that a certain amount of turbidity was still retained.
DSC traces of the sample 'quenched' at points A, B, C, D and E were obtained,

and these confirm the observation of Fig. (5.9).
5.12  Dynamic Mechanical Thermal Analysis (DMTA)

The mechanical responses, stress — relaxation and creep, of long chain
molecules at their glass transition temperature, Tg, are viscoelastic and time —
dependent. Stress relaxation is defined as the decrease in the force (stress)
required to sustain the deformation under constant strain. Creep responds to

progressive increase in strain over a long period under a constant stress.
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If a sinusoidal strain, €, is applied to a viscoelastic material at a
frequency, w, and with a small amplitude, the stress will also vary

sinusoidallybut will be out of phase with the strain by a phase angle, §, as

shown in Fig. (5.10). A phase lag results from the time required for molecular
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Schematic relation between various parameters in dynamic

mechanical relaxation measurements

rearrangement associated with the relaxation. The stress, o, and strain, ¢, are

expressed by:

0 = oo sin(wt + 6); €= ¢ sin wt
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where w is the angular frequency
¢ is the phase angle
o and op are the maximum strain and stress respectively.

On expansion,

o = 09 sin wt cos § + oo €os wt sin & (5.4)

The stress can hence be resolved into two components:

oo €os 4, which is in — phase with the strain and is related to the stored elastic

stress
strain

energy and o sin é, which is out of phase. Modulus ( ] can thus be
separated into in — phase (real) and out — of — phase (imaginary) components,
le.

E = (Ef—gcos band B’ " = Z—gsin ) (5.5)

where E” is the storage modulus and E”” is the loss modulus.
The energy loss per cvcle or damping in the system can be measured
from the "loss tangent", tan 6, defined by:

s

tan 6 = T = 75
where 7 is the relaxation time.

A maximum in tan é marks the onset of main chain segmental motion
which corresponds to the glass transition. The ratio %—— is the dissipation
factor.

The dynamic mechanical measurements were carried out using a
'Dynamic Mechanical Thermal Analyser', (Model PL — DMTA, Polymer

Laboratories LTD., UK) at a constant oscillating frequency of 1 Hz on x4 strain



setting, which corresponds to 62.5 pm peak displacement [st;rain =

dis élllggimem]. This strain setting controls the transducer amplifier gain and

the applied existing force.

A strip of the sample, (20 x 5 x 0.3 mm), was firmly clamped in the
apparatus and subjected to a sinusoidal force applied to its midpoint. A
temperature range of — 20 to 2000C was scanned at a 20C min™! heating rate. A

plot of loss tangent, ¢ and log E- against temperature was recorded.
5.13  Small Angle Neutron Scattering (SANS)

The availability of SANS techniques in recent vears has initiated many

new research projects in the area of homopolymers and polymer blends. A

number of recent articles on details of neutron scattering experiments and

theory, as applied to polymer systems, have appeared in the literature;

Richards (1980); Sperling (1984); Higgins and Maconnachie (1985). While the

technique can bhe used to observe the miscibility limits in the equivalent of a

cloud point measurement, the cost of neutrons and the relative inaccessibility of

neutron sources have confined its uses to problems where it provides a unique
advantage. It is used for instance:

— in the study of the structure and dynamics of amorphous polymers since
information about the crystalline state may be obtained by X-ray
diffraction and other conventional spectroscopic rechniques.

- in the study of molecular conformation of labelled chains in the single
phase and the interactions between them.

— when the domain dimensions of separated phases are closer to neutron

than light wavelength.
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Table 5.2

The coherent scattering lengths of different atoms

Atom Nucleus b x 10-15m
Hydrogen tH - 3.740
Deuterium 21 ‘ 6.674
Carbon 120 6.648
Oxvgen 16() 5.830
Nitrogen 14N 9.36

In these studies deuterated polymer molecules are substituted for some of
the usual hydrogen—containing molecules as a means of selective labelling. Such
substitution relies on the fact that the neutron scattering lengths of deuterium
and hydrogen are very different, (Table 5.2), while the difference in other
physical and chemical properties between the deuterated and hydrogenated
counterparts is negligibly small. Scattering measurements from assemblies of
atoms consist of coherent and incoherent scattering. The latter is isotropic and
produces a background effect that must be subtracted from the measured total
scattering in order to determine the intensity of the coherent séaLLCrhlg which
provides the structural information about the material. The methods of
subtraction of the scattering background have been discussed in detail by

Maconnachie and Richards, (1978).
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For a two—component polymer blend, an expression for the scattered
intensity, I(q), at any angle, which depends on the Flory—Huggins interaction
parameter, yis, can be obtained by the use of the random—phase approximation
technique, as introduced by de Gennes (1979).

Warner et al (1983) derived a general expression for a sample containing
volume fraction ¢; and ¢9 of two polymers, where the type 1 segment is
deuterated. The expression can be manipulated in several ways to extract
different parameters.

At zero angle, for instance, the scattered intensity can be expressed by:

3.7

where
X12 1s the interaction parameter,
d and b are scattering lengths per monomer unit, of monomer 1 and monomer 2
respectively,
Vy is the molar volume of one repeat unit of polymer 1,
b= [ %} is the relative volume of monomer 1 and monomer 2,
¢ and @ are the volume fractions of the polymers and
N; and Ny are the degrees of polymerisation.
In the present study, the expression has been used to obtain the binary

interaction parameter, yia, for a deuterated—PS/PVME system.
5.13.1 Experimental

The characteristics of the deuterated—PS (compound 1) and

hydrogenated PVME (compound 2) are listed in Table (5.3).
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Table 5.3

Characteristics of samples used for SANS studies

Polymer M j\'iw/h'in Molar Volume Ny N

to

(cm3 mol-1)

Deuterated-PS 196,000 1.02 100.54 3438
llydrogenous- 99,000 2.3 55.47 3414
PVME

The neutron scattering samples were prepared from the above listed
polymers by solution casting from toluene, as earlier described in section (5.1).
The cast films were cut, stacked between aluminium foils and then 'pressed’
between two stainless steel plates at 1009C, into discs of 19 mm diameter and
varied thickness, as shown in Table (5.4).

The discs were mounted in brass cells and coded, based on the weight
percentage of PSd. All the specimens were thoroughly dried in a vacuum at
800C for sixteen hours. SANS experiments were carried out at the 'listed'
temperatures, on the D17 spectrometer of the Institut Max von Laue Langevin,

Grenoble, France. A SANS spectrometer at the Institut is shown in Fig. (5.11).
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Table 5.4 Characteristics of test samples

Run number  Sample code Wt 7 PS-d Temperature 9C Sample

thickness
£ 0.01 mm
mm
6597 D70 70 50 0.764
6594 D70 70 71.2 0.764
6632 D70 70 Room Temp (~20) 0.764
6593 D30 30 50 0.6
6607 D30 30 30 0.6
6608 Background 1.4
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Figure 5.11
A SANS spectrometer
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5.14  Density Measurements

The density of the films of the pure components and of their different

blend compositions were measured in a density gradient column at 350C.

Experimental

A density gradient column containing a solution of sucrose in distilled
water was prepared, such that the density of the solution was in the range 1.030
and 1.070; details of the preparation of the density gradient columns are
contained in the manual by Davenport Ltd (1972). The temperature of the
column was maintained by a thermostat.

Suitable 'floats' within the range of the gradient column were selected
and cleaned in diethyl ether to remove any grease. They were gently dropped
into the gradient column, one by one, with the aid of tweezers. Care was taken
to prevent air bubbles from adhering to the 'floats'.

The column was covered and the floats left for 24 hours to reach
equilibrium. At the end of this period, they were checked for air bubbles. a
calibration graph of the height of the float (with the aid of the scale on the tube
and measured from the centre of the float) and its density was drawn, Fig.
(5.12).

Two specimens were cut from each sample, using a very sharp razor
blade. The cut edges were 'clean' and free from voids. The shapes of the
specimens were such that they could be identified and also their centre could be
casily determined. The specimens were 'cleaned' with diethyl ether and gently
dropped into the column. The rubber cap on the tube was replaced to prevent

any contamination of the liquid. The samples were left for four hours to
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equilibrate. The centre of their volume positions was determined with the scale
and their density ascertained.
The experimental errors of the densities measured are estimated to be

+0.00049 g cm3,
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IFigure 5.12
Calibration of density gradient column
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CHAPTER 6
RESULTS AND DISCUSSION
6.1  Results of preliminary tests

Prior to the determination of the cloud point of the blends, preliminary
tests were carried out, as described in Section (5.1) to investigate the effect on
the cloud point of:

— initial temperature
- film thickness

- rate of heating
Effect of initial temperature

Varying the initial temperature within the range 180C to 309C did not
affect the cloud point of the sample. For consistency, all the samples were
heated from 200C.

Effect of film thickness

The cloud point was not affected by the variation in the sample
thickness. The intensity of the scattered light, however, increased with the
thickness of the film. All the samples used for cloud point determination are
prepared from 10% toluene solutions.

Effect of rate of heating

It was found that the cloud point temperature depends on the rate of
heating: the higher the rate, the higher the cloud point. The rate of heating
was varied in the range 0.1 and 5°C/min., while the increase in the cloud point
was about 40.

A heating rate of 0.20C/min. is used for all the determinations.
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Accuracy
The experimental error in the determination of the cloud points by this
technique (turbidimetry) is + 19C for this system due to the sharp cloud points

caused by the high mobility in this system.
6.2  Effect of molecular weight (of PS) on the LCST of PS—PVME blends

PVME—-A (from Table 5.1) was blended with monodisperse PS whose
molecular weight varied in the range 50,000 to 390,000. The resultant cloud
point curves, determined at atmospheric pressure, are shown in Fig. (6.1).

The effect of increasing the molecular weight of PS is to lower the phase
boundary of the PS-PVME blend. This is expected since the combinatorial
entropy term in the free energy of mixing decreases with an increase in the
molecular weight of either component, as suggested by Equation (2.21). Using
a modified version of Flory's equation—of—state theory, McMaster computed
that the mutual solubility of two polymers decreases as the molecular weight of
either is increased. Nishi and Kwei (1975) confirmed the above theoretical
predictions by determining the cloud point curves for blends of PVME and
monodisperse PS of varying molecular weight. Their cloud point curves shift
strongly to lower temperatures with an increase in the molecular weight of PS.
Patterson (1982) used 'entropic stabilisation' to quantitatively verify this effect.
He applied the Flory—Huggins expression for the AS, associated with mixing N
moles of component 1 with Ny moles of component 2:

B30 = [Ning; + Nolngy] (6.1)
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Figure 6.1
Effect of molecular weight of PS on the LCST of PS—PVME blends

where R is the gas constant and ¢; are the volume fractions of the components
in the blend. Since ¢ < 1, AS, is positive, as required for 'entropic
stabilisation' of the blend. On transforming the above equation to give the

combinatorial ASy, per volume, V, of blend, it becomes

ARV = — | &8 oyt (6.2)

with Vj = the molar volumes of the pure components.
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As the molecular weight of component 2 is increased, Vs is also increased
and the second term of Equation (6.1) is reduced in importance, finally
disappearing as Vo - o for a polymer of infinite molecular weight. Thus as the
molecular weight of either component is increased the entropic stablisation of a
blend is decreased and phase separation is made easier.

Fig. (6.1) shows that the shift in the position of the curves reverses for
PS having molecular weight of 390,000. Nishi and Kwei (1975) observed this
unusual reversal phenomenon for PS having molecular weight above 110,000
and attributed it to chain entanglement. For PS, the critical chain length for
the formation of entanglement is about 300 to 500 (Mw ~ 30,000 to 50,000), Fox
and Flory, (1954); Beng and Fox, (1968); Porter and Johnson, (1968). For
PVME the entanglement chain length is not known but it is probably about 300
(Mw ~ 17,000) or less because the chain is more flexible. The two polymers are
mixed well in toluene and there should be many molecular entanglements
between PS and PVME molecules as solvent evaporates. After evaporation of
toluene the entanglement between different chains can be preserved and can act
as a hindrance to phase separation at high temperatures although separation is
favoured on thermodynamic grounds.

Based on the above reasoning, a very slow heating rate of 0.20C per
minute (fifty times slower than that of Nishi and Kwei, 1975) has been used in
this investigation in order to allow enough time for chain disentaglement prior
to phase separation. The effect has been observed not in the range quoted by
the above workers but for a much higher molecular weight. This observation

implies that the phennomenon is a non—equilibrium, time—dependent effect.
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6.3  Effect of molecular weight of PVME on the miscibility of PS—PVME
blends

Monodisperse polystyrene of molecular weight 110,000 was blended with .
PVME, the molecular weight of which ranged from 8,000 to 99,000. The result,
Fig. (6.2) shows that the LCST is raised with an increase in the molecular

weight of PVME.



The observed experimental result is contrary to theoretical prediction.
It should be noted however, that the molecular weight effects are accounted for
in the theory, in terms of chain length effects for monodisperse, unbranched
polymers; all the PVME samples used in the present investigation are
polydisperse.  Their molecular weight and polydispersity are indicated in
Table (5.1).

Previous investigations on the molecular weight effects in this system
have concentrated on varying the molecular weight of PS while that of PVME
remained constant. This may be due to the comparatively easier access to
monodisperse PS of different molecular weight. The effect on the phase
boundary of varying the molecular weight of PVME has not previously been
demonstrated, consequently no previous suggestions have been made in the
literature to explain this observation. It is suggested that this unusual
behaviour is due to an unfavourable contribution to the thermodynamic excess
functions of mixing.

Schneider and Brekner (1985) observed the flow behaviour of this blend
and noted that its mobility is dependent on the more flexible PVME chain.
Taking into account the interaction between the components of this blend, it
may be assumed that a lower molecular weight PVME will adapt closer to the
PS chain, thereby introducing less free volume. As the temperature is raised,
however, the mobility of the chain—ends of PVME will contribute to an
enlargement of the free volume of the blend, an effect which is unfavourable to
miscibility. The lower the molecular weight of PVME, the higher the number
of chain—ends and hence the greater the unfavourable contribution which leads

to phase separation.
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“emperature dependence of transimitted light intensity under various pressures

6.4  Temperature dependence of transmitted light intensity under various

pressures

At a given pressure, the decrease in light intensity transmitted through
an 'LCST' blend is a function of temperature. The effect of pressure on the
temperature dependence of the transmitted light intensity through a 50% blend
of PS—3 and PVME—E (whose characteristics are given in Table (5.1)) is shown
in Fig. (6.3). It is seen that the cloud point increases while the decrease in light

intensity becomes less 'pronounced' with an increase in pressure.
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Figure 6.4 A
The effect of pressure on the LCST phase boundary of PS—PVME blends

6.5  The effect of pressure on the LCST phase boundary of PS—PVMI blends

The effect of pressure on the cloud point curves (cpc) of blends of
PS—-PVME was investigated. Fig. (6.4)(A and B) shows the cpc of blends of
PS—3 and PVME-E hoth at atmospheric pressure and at other higher pressures,
as indicated. This result is typical of those obtained using hlends of PS and
PVME whose molecular weight characteristics are different from the

above—mentioned samples.
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Figure 6.4 B
The effect of pressure on the LCST phase boundary of PS—PVME blends

It is found that although their LCST profiles (i.e. having a minimum)
are retained, the cloud point curves shift to higher temperatures with an
increase in pressure. The results indicate that the miscibility gap of PS=PVME
blends is increased on the application of pressure. This is in accord with
theoretical predictions based on the 'free volume' theories, as suggested by

Equation (3.3). High molecular weight polymers mix with a contraction in



their free volumes; this brings the molecules of the system closer together
introducing a negative contribution (net contraction) in AVy, which also results
in negative contributions in AHp and ASy,.

LCST occurs because of the difference in the degree of thermal expansion
of the two components which leads to an increase in the free volume difference
and phase separation.

The effect of pressure is to reduce this difference and thus improve
miscibility. The application of pressure has been found to have the greatest
effect at high temperatures where there is a large difference in free volume

between the components.

6.6  Pressure dependence of cloud points at different composition of

PS—PVME blends

The pressure dependence of the cloud points obtained from the results of
Fig. (6.4) is shown in Fig. (6.5)(A and B). For every blend composition, the
cloud points increase linearly with pressure. Allen and Baker (1965) and Saeki
et «l (1976) also observed a linear pressure dependence on the LCST of their
polymer—solvent systems.

The pressure dependence is found to vary with composition and is
highest for the 90% PS blend. Because of this variation with composition, it is
expected that the shape of the cloud point curve changes with pressure.

Table (6.1) and Fig. (6.6) show the pressure dependence for the blend of
polymers of indicated molecular weight, as a function of composition. The
pressure dependence at the critical composition is 0.0230C/atm + 0.002 °C/atm.
For the molecular weight studied by them, Hiramatsu el al (1983) obtained a

value of 0.030C/atm. for the critical composition.
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In their theoretical calculation based on Equation (3.2), Patterson and

Robard (1978) obtained a value of 0.130C/atm. Our result is about six times

lower than their theoretical estimation. Fig. (6.6) shows that the increase in

the pressure dependence of the cloud points is non—linear in composition. The

greatest effect of pressure is observed in the mid—composition range.

In their investigation on the effect of pressure on chain dimensions,

Gaeckle and Patterson (1972) observed that the effect of pressure is most

significant at high temperatures where there is a large difference in the free

volume of the components.

This observation also supports the experimental
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Table 6.1

Pressure dependence of cloud points on blend composition

Composition (% PS) grpg (x 103 Atm)
10 22
20 22
30 23
40 26
50 32
60 34
70 36
80 38
90 39

data presented in Table (6.2) which shows that the pressure dependence of the
cloud point increases with a decrease in the molecular weight of PS; our
experimental result agrees with their observation because the cloud point
increases with the weight fraction of PS and with a decrease in the molecular
weight of PS.

It is suggested that the lower rate of increase at higher PS contents (Fig.
(6.5)) is due to the difference in the thermal expansion coefficients, a, of the
components of this blend. Equation (3.3) suggests that an increase in pressure
alfects the more expanded component to a greater extent. For this blend

PVME is the more expanded component. At 500C, for example, o for PVME is



6.911 x 10-4K-! while o for PS is 5.74 x 10-4K-1; thus at high PS contents, the

net effect of pressure gradually diminishes.

Table 6.2
Pressure dependence of molecular weight of PS at

the critical composition

il
Molecular Weight (x 10°3) T, (°C) sp= (x 103 Atm)

51 98 32
76 93 29
95 88 27
110 S5 23

PVME (Mn = 8,000)
blended with PS 55 15
(Mn = 110,000)




Table 6.3
Effect of molecular weight of PSd on the
cloud point of a PSd-PVME blend

T
Mol. We. of PSd (x 10°3) T, (°C)  zp= (x 103 Atm)

163 121 46
196 93 38

6.7  Effect of molecular weight of perdeuterated—PS (PSd) on the cloud point
of PSA—PVME blends

Only a small quantity of PSd—2 (Mn 163,000) was available, hence only
one blend composition (30% PSd) could be prepared from this polymer. The
cloud point of this composition was determined both at atmospheric and at 500
atm. pressure.

Table (6.3) compares the results obtained using the above—mentioned
polymer with a similar blend composition using PSd—1 (Mn 196,000).

The result shows that similar to blends of hydrogenous—PS—PVME, an
increase in the molecular weight of perdeuterated—PS decreases both the cloud

point and its pressure dependence.
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Effect of deuteration on LCST Phase Boundary
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6.8  Effect of deuteration on LCST phase boundary of PS—-PVME blends

The cloud point curves for the two blends,‘ PSh—PVME and
PSd—PVME, are illustrated in Fig. (6.7). The difference in the behaviour of
both blends is apparent. The two polymers are not 'matched' in terms of
molecular weight, hence it is not possible to accurately assess the increase in the

LCST arising from the substitution of PSd for PSh.
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6.9  Lffect of pressure on LCST phase boundary of PSd—PVME blends

The pressure dependence of PSd—PVME phase—boundary was
investigated, using blends of PSd—1/PVME. Fig. (6.8) shows the miscibility
limits of the phase boundary at atmospheric pressure and at the indicated
higher pressure. |

Similar to its effect on PSh—PVME phase—boundary (discussed in
Section 6.5), pressure shifts the phase —boundary of PSd—PVME blend to

higher temperatures, thus improving miscibility.
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Effect of pressure on the LCST phase boundary of PSd—PVME blends
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Pressure dependence of cloud points on composition of PSd—PVME blends

6.10  Pressure dependence of PSd—PVME phase boundary at different blend

composition

The pressure dependence of the cloud points obtained from the results of
Iig. (6.8) is shown in Fig. (6.9). Similar to the results discussed in Sections (6.5
and 6.6) for PSh—PVME, the cloud points show a linear pressure dependence
which varies with blend composition, for the compositions investigated. This
latter observation is demonstrated in Fig. (6.10) and Table (6.4). For the same

composition however, the pressure dependence for PSd—PVME blend is higher
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Table 6.4
Pressure dependence of cloud points of

PSd-PVME on blend composition

aT
Composition (% PS) ap= (x 103 Atm)
10 36
30 38
50 55
70 60

than that for PSh—PVME blend. The pressure dependence at the critical

composition for the perdeuterated system is 0.0380C/atm (+ 0.0029C/atm}j.

6.11 Heat of Mixing (AHp)

Iigs. (5.8) and (5.9) show the electrical calibration of the equipment

using a 77 ohm resistor immersed in distilled water and also in a 50/50 w/w%
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mixture of the oligomers at the stated temperatures. The F values decrease
with an increase in temperature. The area of the exothermal peak obtained for
the 30% oligo—PS (critical composition) at 500C is 26.01 cm2.

Using the calibration constant, F, the area A, and Q = FA, the heat of
mixing, AH, = Q, is —3.44 J/gm. This exothermic_ heat of mixing indicates the
presence of specific interactions between the components of the mixture. Cruz
et al (1979) and Ziska et al (1981), have discussed the role of specific
interactions in the miscibility of various polyesters. The heat of mixing is an
approximate measure of the free energy of mixing, Flory (1954); Krause (1972)
and may be used as an indication of possible miscibility of the system.

The above indication of the miscibility of the present system is
supported by the observed clarity of the high molecular weight blends as well as
that of the oligomeric mixtures.

Schneier (1973) deduced the following equation for a 2—component high

molecular weight polymer blend,
AH, = {Ell\/h[)l((sl —6)2x [5(_2/(1 — Ez)lVIgpQ
— 4
+ (1 — X1>l\’11p1]2} z (6.3)

where x, p and M are the weight fractions of polymer, polymer density and the
monomer unit molecular weight, respectively. In the above equation the choice
of which polymer is taken as component 1 does not have a significant effect on
the shape of the curve of AH, against the blend composition.

Using the above equation, Hourston and Hughes (1978) calculated heats

of mixing for a range of compositions of the PS-PVME system. A graphic
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illustration of the variation of the heat of mixing with blend composition was
also presented by these workers. On the basis of 'Schneier criterion',
immiscibility was predicted by them, over most of the composition range.
Further, the shape of the curve was dependent on which polymer was chosen as

component 1.

6.12 Density Measurements

The result of the density measurements on polystyrene, poly(vinyl
methyl ether) and their blends containing from 10.0 to 90.0% by weight of PS is
shown in Table (6.5). It is seen that the densities of the blends exceed the

values for either PS or PVME.

Table 6.5
Data of Density and Specific Volume for PS-PVME blends

and for the blend components

We. % P§ Pexpt]. Y Yblend AY, x 104
s /g
0 1.0430 0.9588
10 1.0510 0.9515  0.9582 _67.2
30 1.0525 0.9501  0.9569 -68.3
50 1.0580 0.9452  0.9556 -104.0
70 1.0590 0.9443  0.9543 -100.0
90 1.0610  0.9425  0.9531 ~106.0
100 1.050 0.9524
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Work (1973) and Shur and Randy (1975) observed that the densities and
volumes of immiscible polymer blends and phase—separated block copolymers
agree with the values calculated from the simple additivity relationships given
by Hickman et al (1973) and Zakrozewski (1973),

_ W A WB

1
= 4
pblend p A + p B (6 )

where Wi, p; are the weights and densities of the components of the blend.

Kwei et al (1974) have defined AVy, the volume change on mixing as:
AVp = Vs — Vplend (6-6)

where V; is the experimental specific volume of the blend and Vyjenqg is that
calculated according to Equation (6.5).

The negative volume of mixing, AVp, for all the blends, as shown in
Table (6.5), suggests that the intermolecular interactions between the
components favour better packing between the molecules in the above blends.

Polymer molecules mix with a decrease in their free volumes, Patterson
(1982). The 'free volume' effect brings the molecules of the system closer
together and hence causes negative contributions in AHp and ASy,.

The experimental result is in agreement with the 'free volume theories'

of polymer mixtures, as earlier presented in Chapter 2.
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The scattered intensity from the background

6.13  Small angle neutron scattering (SANS)
Treatment of Data

The experimental data were normalised by the isotropic incoherent
scattering from pure water in order to correct for detector efficiency. This was
followed by the subtraction of the appropriate incoherent background, Fig.
(6.11), using the 'transmission factor' subtraction, Maconnachie and Richardson
(1978).

The scattered intensity at zero angle was obtained from the intercept of
a plot of (Is)"! against g2, as shown in Fig. (6.12, A—E). By the use of Equation
(5.9) and the relevant parameters listed in Tables (5.4) and (6.6) the interaction

parameter was evaluated:
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2x12 = [@1N1]1 + [¢2No] 1 — [(d — ?t()())i/vl} (6.7)
where d and b are scattering lengths per monomer unit of deuterated and
hydrogenous components, respectively,

Vi is the molar volume of one repeat unit of polymer 1,

f is the relative volume of monomer 1 and monomer 2: (Vi/Va),
N; and Nj are the degrees of polymerisation,

X12 is the interaction parameter,

b is the scattering length of hydrogenous component
—CH;CHOCH3— = —3.314 x 1005 m
=—3.314 x 10713 cm

d is the scattering length of deuterated component

—CDg—(l,‘D—

@ = 106.576 x 10" m

= 106.576 x 10°13 cm

Vi for d-PS) = 1.7 x 10722 ¢cm3
Molar volume of PSd is 100.54 ¢cm3 mol-!

Molar volume of PVME is 55.47 ¢m3 mol-!
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Ny = 3438

Ny, = 3414
1 =T T 6
Transmission factor = {ﬁs—] x flat background [ PYME tP VME]
PVME g'lg

where
Ts’ tg are the sample transmittance and the sample thickness, respectively,

7 . 3 - inls
Tovue and boyyg 21€ the background (PVME) transmittance and the thickness,
respectively.

Table 6.6

Scattered intensity from the samples

tur No. Transmittance Transmission ¢ (PSd)  do (PYME) I/I(0)  I(0)

Factor (cm)  (cmt)
6597 0.638 0.1822 0.6860 0.2930 0.177 5.64
6594 0.638 0.1822 0.6857 0.2867 0.210 4.76
6632 0.570 0.2420 0.6858 0.2980 0.282 3.34
6593 0.576 0.3007 0.2897 0.6752  0.158 6.32
6607 0.691 0.1827 0.2922 0.6820 0.108 9.25
6608 0.149
(PVME)
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Results

The results are presented in Table (6.7).

The negative values of the Flory—Huggins interaction parameter, yio.
confirm miscibility of the blend for the compositions examined at the relevant
temperatures.

The observed temperature dependence of yjs confirms that an increase in
temperature is less favourable for miscibility. Han et o/ (1988) measured the
binary interaction parameter of PSd—PVME by SANS, as a function of
temperature, component molecular weight and blend composition. Although an
obvious molecular weight dependence of yi;» was not observed, their results

show a similar temperature dependence as in the present investigation.

Table 6.7

Flory-Huggins interaction parameter from SANS measurements

Run Number Sample Code Temperature Weight 7% PSd Y12
6607 GD30 Room Temp. 30 -5.84x10"2
6593 D30 5000 30 -3.97x10-2
6632 D70 Room Temp. 70 ~-10.5x10-2
6594 D70 71.20C 70 -7.78x10°2
6597 D70 5000 70 - 6.6x10-2
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6.14 The interaction term, Xi9 from AHy

The interaction term, Xis, is evaluated from the measured heat of
mixing, using the relationship given by Equation (2.46) which on rearranging

becomes

where:
the equation—of—state parameters for PS, PVME (subscripts 1,2) respectively
at 500C are given in Table (7.1)
N = N; + Ny are the molar fractions,
= {(¢1/r1+ d2/r2)},
¢1 and ¢9 are the volume fractions of the polymers,
r; and 19 are their chain lengths,
6, = ¢ (62 is the site fraction of component 2, assumed = ¢) and
v is the reduced volume of the mixture.
Origin and characteristics of the polymers, PS—3 and PVME—-E are listed in
Table (5.1).
Xj2 is evaluated as —14.8. The negative value of the interaction term
predicts miscibility for the two components.

Xj2 is related to the Flory—Huggins interaction parameter, xi2, by:

X12 = Pl*V1*/RT¢22{3i‘1ln[(\;i/3 — 1)] + (\;1'1 - \;'1) + X12922/P1*\~/}
(6.9)
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vie for the above listed polymers at the relevant temperature is evaluated as
—51.3 x 102, The negative value of y;2 predicts miscibility for the polymers.

The interaction parameter between two polymers is given by:

x12 = p(6 — 62)2, Hildebrand and Scott (1962, 1964)
(6.10)

where
V; is the molar volume of the smaller polymer repeat unit and
61, 62 are the solubility parameters of the polymers.
Scott (1949) derived the following equation which defines the critical

condition for a mixture of two polymers:

(1, 1)

where

(x12)cr 18 the interaction parameter at the critical point,

x; and xp are the degrees of polymerisation of components 1 and 2 respectively.
Krause (1972) also presented an equation to calculate (yi2)sp, the

interaction parameter at the spinodal,

_ 1 1 X
(Xl?)SP - !:2X1(V1)sp + 2){2(\’2)51) (612)

(vi)sp and (va)sp are the volume fractions of the polymers at the spinodal.
Hourston and Hughes (1978) applied these equations to the PS—=PVME

system and indicated that immiscibility is predicted over most of the
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composition range because 12, the calculated interaction parameter is generally

greater than (xi2)er and (X12)sp-

Table (6.8) shows their calculated values of xja, (X12)cr, (Vi)er and (va)er-

Table 6.8
Parameter Value
X12 0.024
(x12)er 0.0045
(Vi) er % 23
(va)er %o 77

Table (6.9) compares the value of yj2 obtained from SANS with that
obtained from heat of mixing experiments. Both values are for a 30% PS blend
at 500C. The measured enthalpy of mixing, AHy, from which the y;2 value is
obtained is also included. The larger negative value from this latter experiment
is more favourable to mixing than yjo from SANS experiment. The difference
between the neutron and heat of mixing results arises because the latter is a
purely enthalpic measurement whereas the former comes from the free energy of
mixing via the concentration gradient of the chemical potential and therefore
includes both enthalpic and entropic contributions. In the equation of state
theory the interaction term, Xjo, obtained by fitting the heat of mixing data
leads automatically to an entropic contribution because of the inclusion of
volume changes. Discrepancies in the value of Xjo thus obtained led to the
inclusion of an extra interaction entropy term, Qio, as earlier discussed in
Chapter 2. Q2 is an arbitrary adjusting parameter which is used to {it the

theoretical data with the experimental result. In the simulation of the spinodal
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TABLE 6.9

Values of Flory-Higgins interaction parameter

X12 AL X12
(from SANS) x 5% (from heat ofmixing)
- 3.97 x 10-2 (20.02) - - 3.44 J/g - 51.3 x 1072

curve (Chapter 7) it is found that the calculated Xy is too favourable and that
an unfavourable Q19 is required in order to be consistent with the experimental
data.

The data from both measurements confirm that there is an extra
(non—combinatorial) entropy of mixing for blends of PS with PVME which is

unfavourable for mixing.
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6.15 Differential scanning calorimetry (DSC)

Typical DSC results for various miscible PSh—PVME blend compositions
at a heating rate of 20°C min™! are shown in Fig. (6.13). The optically—lear
blends which gave single Tg's were heated to above their phase—separation
temperatures and then 'quenched’ in liquid Ny, to preserve the phase—separated
structure. |

These cloudy samples were found to give two Tg's, as shown in Fig.
(6.14). This result confirms that miscible PSh—PVME blends phase separate on
heating, as previously mentioned in Chapter 3, on 'Methods of Study'. The
Tg's obtained from the above—miscible blends as well as those obtained from

miscible PSd—PVME blend compositions are given in Table (6.10).

Table 6.10
Effect of composition on temperature of thermal transition of
PSH/PVME and PSD/PVME blends cast from toluene
The measurements were made at a heating rate of 200C/min. and a

range of 2 mcal/s using Perkin- Elmer Model DSC-2

APS Tg g%ﬁE Tg g%ﬁE Data from Bank et al
o0 0C on PSH/PVME Tg0C
100 106.5 106.5 102
30 -17.5 -17.5 -14
40 -20.2 -20.2 -20.5
10 -23.0 -23.0 - 26
0 -27.8 -27.8 -28
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Figure 6.13

Differential scanning calorimeter traces of miscible PS—=PVME blends
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Figure 6.14

Differential scanning calorimeter traces of phase—separated blends
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For both blends, a single composition—dependent Tg that was the same
for the same composition was obtained. The IR observations made by Lu et al
(1983) and Garcia (1984) suggest strongly that the interaction between the two
polymers involve the ether lone pair electrons of PVME with the benzene ring
of PS. The glass transition temperature reflects local interactions and since the
Tg is the same for each blend, it implies that the interactions are the same for
PSh—PVME and PSd—PVME blends.

The substitution of perdeuterated—PS for hydrogenous—PS in PS—PVME
blends raised the LCST of the blend and changed the excess volume. Yang et ol
(1986) suggested that since both blends have the same glass transition
temperature for the same composition, this 'deuteration effect' should be
qualitatively interpreted as resulting partially from the larger percentage of
negative excess volume of mixing for PSd—PVME relative to that of
PSh—PVME.

Various empirical expressions have been proposed to relate the Tg of
miscible polymer blends to their blend composition. These include the

equations of Gordon—Taylor (1952)

_kCyTy + kCT,

and Fox (1956),
= %— + % (6.14)
where Cy and Cg = the weight fractions of polymer 1 and polymer 2.

respectively.
Ty, T and T = Ty of polymers 1, 2 and the mixture, respectively

k = constant.
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Fig. (6.15) shows plots of the transition temperature of blends of

PS—PVME as a function of PS concentration —

A is the experimental data;

B, using the Gordon—Taylor Tg rule where k = 0.5
C, using the Fox expression.

The experimental curve shows a poor overall fit to the empirical curves.
A reasonable fit of the experimental data to the expressions occurs only at high
PS contents. Schneider and Brekner (1985) have shown that the composition
dependence of glass transition in the miscible PS—PVME blénd exhibits
deviations from additivity rules because these rules were derived in the
supposition of continuity of the thermodynamic excess functions of mixing. It
was noted that at the Tg of the blend, the pure components are in a mixed
phase — the one (PVME) in the liquid and the other (PS) in the glassy state.
They concluded that only the acceptance of an additional adjusting parameter
which accounts for possible differences in interactions between the components
in the mixed phase, would enable the interpretation of experimental Tg data.
This adjusting parameter was quite different for the blends of PVME with
oligomeric and high molecular weight PS respectively, due to the mobility of
the chain ends in oligomeric PS. The chain—end mobility creates
supplementary free volume in the blend thus causing a substantial depression of
the Tg.

Jenkel and Heusch (1953) had earlier shown that asymmetric Ty —
composition curves can be reproduced by the addition of a quadratic term to
the arithmetic additivity rule of Gordon—Taylor type equations. Kwei (1984)
observed that both asymmetric and S—shaped curves can be fitted by adding the
quadratic term to the Gordon—Taylor equation, to account for specific

interactions.
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6.16 Dynamic mechanical thermal analysis

Table (6.11) gives the glass transition temperatures for PS/PVME as
determined by the DMTA method. Fig. (6.16) shows typical plots of tan ¢
against temperature for various blend compositions. The blends show a single
composition—dependent Tg. Compositions containing more that 70 weight
percent PVME were too rubbery to be tested by this method.

In general the DSC results were lower than the Tg's obtained from

DMTA.

6.17  Scanning electron microscopy

Scanning electron micrographs of a 30% PS blend are shown in Fig.
(6.17 a and b). These show the morphology of the stages indicated as A and B,
Fig. (6.18), at the onset of spinodal decomposition and when there is no further
change in the transmitted light intensity, respectively. No obvious differences
were observed in the morphology of the deuterated and hydrogenous blends of
identical composition. It was noted however, that phase separation is generally
faster with the deuterated blends since it took a shorter time for the

transmitted light intensity to 'level off'.
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6.18 Heat treatment under pressure

Fig. (6.19) shows typical profiles of the transmitted light intensity as a
function of time, at the indicated pressure. The rate of phase separation is
generally faster at atmospheric pressure since the intensity decreases rapidly
soon after the onset of phase separation. The intensity however, slowly
increases with time to point D as shown by the 'solid' line. The 'broken' line
shows the decrease in transmitted light intensity at 1 Kbar pressure. Although
the decrease is more gradual the intensity does not increase with time.

Fig. (6.20), a, b, ¢, and d show the morphology of a 30% PS blend at the
stages indicated as A, B, C, and D respectively, Fig. (6.19).

The increase of light intensity beyond point C has been suggested, by
Hiramatsu et al (1983) to be due to the decrease of the scattering from the
phase boundaries. This is because the size of the phase becomes much larger
than the wavelength of light and also because the number of the phases
decreases due to their interconnection.

Bank et al (1971) had earlier reported the effect of domain size on the
film clarity for this system. As the two polymers phase separate and the
domain size of the dispersed phase enlarges, the cloudy film 'clears' to a bluish
appearance. Fig. (6.21) shows the morphology of a 50% PS blend at the stages
indicted as A, B, C and D in Fig. (6.19). Figs. (6.20) and (6.21) confirm that

the rate of phase separation is generally slower under pressure.
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Dynamic mechanical relaxation curves of miscible blends
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TABLE 6.11
Effect of composition on thermal transition of PSH/PVME
blends cast from toluene
The measurements were made using a 'Dynamic Mechanical Thermal
Analyser', (Model PL-DMTA, Polymer Laboratories LID, U.K.) at a constant

oscillating frequency of 1 Hz on x 4 strain.

Wt % PS T, ¢c)
90 104
80 95
60 67
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Figure 6.17A

Scanning eledfon micrographs of a 30% PS blend

Figure 6.17B

Scanning eledron micrographs of a 30% PS blend
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Figure 6.18

Transmitted light intensity as a function of time for a 30% PS blend
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Transmitted light intensity as a function of time under pressure
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Figure.6.20A -
Optical micrographs of a 30% PS blend

Figure 6.208

Optical micrographs of a 30% PS blend
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Figure 6.20C
Optical micrographs of a 30% PS blend

Figure 6.20D

Optical micrographs of a 30% PS blend
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Figure. 6.20A .
Optical micrographs of a 30% PS blend

Figure 6.208

Optical micrographs of a 30% PS blend
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Figure 6.21C"

Optical micrographs of a 50% PS blend

Figure 6.210
Optical micrographs of a 50% PS blend
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CHAPTER 7
SIMULATION OFF PHASE DIAGRAMS
7.1 General

The statistical — thermodynamic theory of solutions developed by Flory
and his coworkers (1964, 1965) has been applied to a number of binary mixtures
including low molecular weight solutions, Abe and Flory (1965), Flory (1968),
Orwoll and Flory (1967); polymer — solvent systems, Eichinger and Flory
(1968), Flory et al (1968) and polymer — polymer systems, McMaster (1973),
Olabisi (1975), ten Brinke et al (1981).

In order to use this theory to simulate the phase diagram of a high
molecular weight polymer blend, the chemical potential of either component of

the blend must be calculated at the spinodal condition. The chemical potential

of component 1 in a polymer blend is given by:
SHL= Ing, + [1 —i—l] 65 + PV RT{3Tuln(v, /3 = 1)/(v /3 = 1)

+ 1/\;1 — 1/\; + }.;1(; — ;1)} + V1*X120—22/RT;' — leQmagrz/R

(7.1)
Applying the spinodal condition,
9 Al _ (2 Apgl
) (7] = (73] [RA)= 0
__1 I'IJ Pl*vl*[ - D ] P,*V*D | PV, *D
—_ + 1_— + X = = + = + )
o { r2 kT (v — v2/3) RTv?2 k1
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L Vi¥Xy920920,  Vi*XyoD0?  Vi*Q4 920520, (7.2)
RTv ¢1 ¢2 RTv? Rgbl ¢2
which for computational convenience can be expressed in the form:
1 r R | Py* - D D(P*
o= [+ [-H et el =) el )
Z Tl — v " Tl
+2X1202201_X12D022_2Q1202291 (7-3)

Tveida Tv? P12

N v o o7 , "
where D, » 987 06 and T, are as previously defined in Equations (2.52) to
(2.55) respectively. To solve this equation, the following state parameters of
the pure components must be known:

- the specific volume, vgp

— the thermal expansion coefficient, a =

— the thermal pressure coefficient, v = {FI'

— the interaction terms, Xio, Q1o

Lozl
]

— the surface per unit of core volume ratio, s =

wn
—

— the ratio of the component chain length, %2

-3
3]

Evaluation of equation of state parameters, vgp, @, v

For polymers, results of the required accuracy are seldom available. In
the case of PS, for example, determination of these quantities is complicated by
the fact that the polymer is a glass at ordinary temperature whereas vgp, a and
v for the liquid, as opposed to the glass, are required for evaluation of the

parameters specified for the theory. Hence it is necessary to resort to
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extrapolation by one or other of two alternative procedures: measurements
conducted on liquid PS above its Tg (100°C) may be extrapolated to the
temperature ra,ngé of experimentation on solutions, or the properties of
concentrated solutions of PS in a low molecular weight diluent may be
extrapolated as a function of concentration. In the latter procedure a sufficient
amount of diluent is maintained for depression of the Tg below ordinary
temperatures. The former method was used by Hocker et al (1971) for the
determination of the specific volume and the thermal expansion coefficient of
liquid PS at equilibrium. The latter method was used by them for the
determination of the thermal pressure coefficient of the liquid polymer.
Contrary to previous indications, Spencer (1944), Spencer and Dillon (1949),
Krimm et al (1951), Fox and Flory (1950, 1954) Holt and Edwards (1965),
Hocker (1971), found that da/dT changed by approximately 0.2 x 1076 in the
vicinity of 1700C. Below this temperature the experimental values of a for PS
were found independent of temperature.

The dependence of y on composition is very small; throughout the range
from 200 — 1000C the error is estimated to be = 2%.

At the temperature, T. where the expansion coefficients a and the
thermal pressure coefficient 7 of the component polymers are known and at
atmospheric pressure, (15 = (), the component parameters can be calculated

from

Wil = 1+ aT/(3 + 304T) (7.4)
Pi* = ’yiT\.'jQ (7.5)
Ti = (vi/3 =1y /v;' 13 (7.6)
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and hence Ti*, the hard core temperature from
T;* = T/T; (7.7)
The pressure P* and temperature T* of the mixture can be calculated from
P* = P1*¢; + Po™ @2 — ¢16:X12 (7.8)
T* = P*/(61P1*/T1* + ¢2Po*/To*) (7.9)
{, can then be found iteratively by using the equation of state,

S = 1(1 = Tv)/(Pv2 + 1)) (7.10)

which at atmospheric pressure (P = 0) becomes
=1 = Tv) (7.11)

Since phase diagrams extend over a range of temperatures, the temperature
dependence of these parameters are important. Theoretical da/dT and dv/dT

can be obtained from the equation of state theory, Orwoll and Flory (1967):

(00/0T)p_q = (7 + 40T)a2/3 (7.12)

0

(99/0T)p_y = ~[,}] [1 + QTJ (7.13)
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Theoretical values of da/dT for PS at 00C yields 8.3 x 1077 deg-2 whereas the
experimental value is 0.75 x 1077 deg?2  This disparity of the theory is
manifested in changes of the characteristic parameters V*, T* and P* with
temperature. For this reason it is more reliable to extrapolate the values
obtained from experimental data instead of theoretical calculation using
Equation (7.12).

For PS at 00C, the experimental value (—8.6 x 1073 deg2) for the
variation of v with temperature is in good agreement with the theoretical value
(=7.5 x 10-3J cm=3 deg2) obtained using Equation (7.13).

The equation of state data and characteristic parameters at 500C for PS,
Hocker et al (1971) and for PVME, Shiomi et al (1985) are presented in Table
(7.1). vgp, & and 7 are experimental values obtained by these workers and
extrapolated to 500C.

The rest of the parameters in Table (7.1) are evaluated by the use of
Equations (7.8) to (7.11). The hard—core volumes vi* and v* of the

X

components and the mixture respectively are assumed equal (vi* = vo™ = v¥).
7.3 Determination of Xi9, Qg9

Xi2 is determined from the relationship given by Equation (2.46). In the
above equation the value of AH, is that measured for the critical composition
(30% PS).

The value of Xjo thus obtained is — 14.8. The negative value of the
interaction parameter predicts miscibility of the two componenti

The non—combinatorial entropy parameter, Qjo, is used as an adjustable
parameter to fit the minimum of the spinodal to the minimum of the

experimental cloud point curve.
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TABLE 7.1

Equation- of- state parameters for PS and PVME at 500C

POLYMER Vsp a x 104 0 v T* P*  v*
cmd gl deg'! J cm 3 deg !
PS 0.9471 5.74 1.212 1.1647 7592 532 0.8132
PVME 0.8085 6.911 1.120 1.1939 6741 516 0.6772
7.4 Determination of the segmental surface area and chain length ratios

parameter in the solution of the spinodal equation because it influences both the
magnitude of the interaction energy and the concentration dependence of the

interaction parameter. It is related to the site fractions, ¢, f», which govern

the number of 1,2 contact in mixtures hy:

The ratio of the segmental surface area sofs;, (sa1), is an important




Or = ¢osar/(d1 + @osar)

Two methods have been reported in the literature for the determination of the
surface area of a molecule.

Bondi (1964) devised a group contribution technique whereby the total
surface area of a molecule is taken to be the sum of those of the constituent
atoms. The surface area of a monomer unit is obtained in a similar manner in
the case of polymers. This method can be applied to evaluate the surface area
of a large number of molecules.

The second method (Eichinger and Flory (1968) is based on the
information about the geometry of molecules obtained from either
crystallographic data or molecular models. In calculating the surface area
polymeric molecules are treated as cylinders and small molecules as spheres
with the appropriate core volumes. Usually reliable information about
molecular geometry is difficult to obtain for polymers.

Neither method of evaluating the surface area provides a satisfactory
result for polymers. While the former method overestimates the surface area
the latter underestimates it. However, the errors in the surface area of the two
polymers could be partially cancelled in the ratio. Arbitrary adjustments of
sa/s1 have been made by authors to permit agreements between calculated and
experimental results, Eichinger and Flory (1968).

In the simulation, the segmental surface area ratio is initially set at 1.
The chain length is the ratio of the molecular weight of the polymer to that of
the monomeric unit. The chain lengths for PS (r;) and PVME (rs) are

respectively 1058 and 1707, giving a ratio ra/ry of 1.6.
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7.5  Simulated Spinodals

McMaster (1973) applied Flory's equation of state theory to simulate the
spinodal curves of hypothetical polymer blends. By varying the values of the
equation—of—state parameters for the pure components and the binary
parameters of the mixtures, he observed that:

— the theory is capable of predicting both LCST and UCST behaviour
individually or simultaneously.

- the shape and position of these phase boundaries depend on the
above—stated parameters.

Olabisi (1975) applied McMaster's treatment to a real system of
poly(caprolactone) and poly(vinyl chloride). His simulation shows that for a
constant negative value of Xjo, the spinodal curve tends to show a bimodality
with an increase in z—i'ratio.

ten Brinke et al (1981) attributed the occurrence of the asymmetric

phase boundary to the condition:
Qo = 0.0, Xy <0, g%< 1, f—; < landcp >0

where ¢ is the number of external degrees of freedom per molecule.

In the present work, the spinodal equation has been calculated; although
the effect of pressure is considered, those of polydispersity and the c;5 factor are
neglected.

The spinodal curve is first simulated at atmospheric pressure using the
parameters earlier defined for this system and the procedure as outlined in

Section (7.4). This is shown in Fig. (7.1).
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Figure 7.1
Calculated spinodal
m [1]  Experimental
o [2] Calculated
Xig = —14.8; Qg2 = —0.032

Fig. (7.1) shows that the calculated spinodal is a poor fit to the shape of
the experimental curve. No allowance was made in the theory for the
concentration dependence of X9 and Qg2 but Chai (1982) found that the shape
of the calculated spinodal could be greatly improved by the inclusion of an
arbitary concentration dependence of the entropic contribution. The above
Figure also shows that with the value of X, obtained from the heat of mixing

studies and with the value of Qo necessary to match the spinodal to the
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minimum of the cloud point, the calculated spinodal is 'flatter' than the
experimental curve. This discrepancy could be caused by the temperature and
pressure dependence of Xj3 and Qj9, both of which have been neglected in the
present treatment. Coleman and Zarian (1979) have shown from FTIR studies
that X2 is temperature dependent.

A number of curves are further simulated under the various conditions
which are shown in the figure caption, in order to estimate the effect on the

spinodal curve of the binary parameters of the mixtures.

=1
(&3}
f—

Effect of the non—combinatorial entropy parameter, Q2

In order to ascertain the effect of Qqo, a value of the interactional
parameter, Xia, is first selected. Qpa is then used as an adjustable parameter to
fit the minimum of the spinodal to the minimum of the experimental cloud
point curve. The full spinodal curve is then calculated. Generally it is found
that a favourable (negative) Xjo has to be balanced by an unfavourable
(negative) Q1o in order to be consistent with the experimental data, as shown in
Iig. (7.2).

The shape of the curve for Q2 = 0.0 is similar to that of Olabisi (1975)
and ten Brinke ef al (1981) and occurs at a very high temperature range. The
negative value of Q2 reduces the interaction term which in turn reduces the
miscibility gap. This is in agreement with the conclusion reached by McMaster
(1973) that a negative Q2 decreases the miscibility by reducing the contact
energy. The spinodal equation is very sensitive to the value of Q;9, as shown in

the above figure. ~
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7.5.2 The Effect of X9

While Q2 is kept constant. the interaction energy parameter, Xja, is
varied as shown by the caption in Fiz. {7.3). It is seen that the spinodal curve
15 very sensitive to the value of Xy A Xyo is made more negative, the curve is
raised and miscibility is improved. A more positive N2 is unfavourable to

mixing and so the curve is lowered. This behaviour is in agreement with
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Effect of X5 on the position of the spinodal curve

McMaster's observation. Fig. (7.4) shows that the larger the negative values of
N2 the flatter is the spinodal curve. McMaster (1973) also found a similar

effect of X2 on the spinodal curve.
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7.6 The IEffect of Pressure

IFlorv's equation of state theory abandons a fixed lattice and so it is
capable ol predicting volurse changes on mixing and hence the effects of
pressure on the phase diagrar.

Fig. (7.7) shows the simulated spinodal at the various indicaied
pressurcs. The spinodal temperature (Tsp) at the critical composition shows a

shift of up to 249C for elevated pressure up to 1200 atm.
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7.6.1 Volume changes on mixing
Table (7.2) gives the values for [g}l;] based on the theoretical
C
calculation and on the experimental results. It also gives the value of AHy, the
heat of mixing of the oligomers at the critical composition. By the use of these
values and Equation (3.1), the fractional volume change on mixing, AV can be

calculated:
AV, = Al [5311;] JT (7.18)

These values, based on both theoretical and experimental values of
(9T/0P), are also presented.

If the value of :,, the reduced volume of the mixture, is calculated by the
method outlined previously in Section 7.2, a value of AV, can also be calculated

from the relationship given in Appendix (A.50):
AV = v/(61v) + dava) — 1 (7.19)

The value of AV, thus derived is presented in Table (7.2).

Also shown in v‘the Table are values of AVy, for blends of PES/PEO (10 :
90) and EVA 45/CPE3 (50 : 50) for which favourable heats of mixing were
measured for their low molecular weight analogues at the same compositions,
Walsh and Rostami (1985).

The excess volume of mixing obtained from Equation (7.'19) at 500C is
larger in comparison with the value from Equation (7.18), obtained by
measuring (dT/dP)c. The former value is based on the assumption of Eichinger

and Flory (1968) that the volume should be less dependent on the entropy than



Table 7.2

Volume changes on mixing for a 30% PS blend by various methods as described in the text

(aT/9p) .. K atw! 104 AV, cmd /g at 323 K (5000) 104 AV emd /g at 308 K (3500)
Theoretical  Experimental  Theoretical Experimental from
Theoretical — Experimental Al , J gm ' (Equ. 7.18)  (Eqn. 7.18) (Eqn. 7.19)  density measurements
E% 0.020 0.023 - 3.44 - 21.3 - 24.5 - 67.5 - 68.3

- 170.0
at 230C, Kwei et al (1974)
- 100.0
at 250C, Yang et al (1986)

0.022 0.020 - 1.3 - 7.8 - 7.1 - 7.2 EVA45/CPE3 (50 : 50)

0.044 0.046 - 4.0 - 48 - 50 - 48 PES/PED (10 : 90)
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on the energy. After entropy correction by the use of Equation (A.530}.
I??quat.ioﬁ (7.19) predicts a lower excess volume change on mixing. Such ax
entropy correction reduced the value of AVy for a blend of EVA 45—CPE 3
(50 : 50 at 83.50C from — 13.8 x 1074 to — 10 x 1071, Rostami (1983).

Finally it should be pointed out that the large favourable heat of mixing
for this blend is due to specific interactions between the polymers. Although

the equation—of—state theory was not originally designed to cope with such
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systems, the theory however describes the general behaviour of this blend fairly
satisfactorily.

Table (7.2) also gives the value of AV for the critical composition, as
obtained from density measurements at 350C, Kwei et al (1974); at 250C, Yang
et al (1986) and at 359C (present studies), using Equation (6.6).

These values obtained at lower temperatures are larger than the value at
500C This observation is in accord with the theoretical predictions of the free
volume theories (Chapter 2) for an LCST bahaviour. The mixing process occurs
with a negative volume change which results in a negative contribution to AHy

and AS;. An increase in temperature reduces the value of this negative volume

change.
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Chapter 8

CONCLUDING REMARKS

This project has involved building and commissioning part of a pressure
rig in order to observe the effects of pressure on the miscibility limits of high
molecular weight polymer blends. Other analytical measurements have also
been undertaken in order to be able to interpret the pressure data using modern
thermodynamic theories. For this latter work computer programs have been
written for simulation of the miscibility — temperature — pressure —
concentration diagrams. A few problems were encountered during the
experimental investigation and these are briefly mentioned prior to the

conclusions.

8.1  Problems related to the high pressure rig

The high pressure rig described in Chapter 4 operates efficiently within
the range of 1 < Papp1 < 1500 atm and 180 < TOC 2000C — the limits set by
PS—PVME system. The accuracy of the equipment is + 0.50C.

Sample loading for high pressure experiments is both tedious and
time—consuming. A modification of the sample loading procedure should make
the loading and the removal of sample both easier and faster. In the present
investigation, morphological studies on quenched samples were limited because
of the difficulty of sample removal.

Experiments on the pressure rig take several hours but only one sample
can be studied at a time. Provision for multiple sample loading, for instance by

the enlargement of the diameter of the sapphire windows should result in faster
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experiments.  This latter modification might also make it possible to
incorporate a camera—loaded optical microscope so that optical micrographs of
the sample could be taken during an experiment. Alternatively, the sample
holder could be modified for the loading of smaller samples.

The pressure of the system increases with temperature, therefore for
isobaric experiments the pressure is manually adjusted as the temperature rises.
Automation of the pressure—release operation would greatly ease the tedium of

the manual operation.

8.2 Problems related to sample preparation

PVME absorbs moisture readily and this leads to cloudiness in the
blends(films), even at room temperature. This cloudiness may be mistaken for
phase separation. Several samples were discarded at the earlier part of the work
due to this effect. This can be prevented by thoroughly drying the polymers
and all glassware and by ensuring that evaporation of the solvent takes place in

a dry environment.

8.3 Conclusions

The effect of pressure on the cloud point curves of blends of hydrogenous
PS—PVME and perdeuterated PS—PVME have been investigated.

The polymers were miscible over the molecular weight range studied. A
single glass transition temperature obtained for the miscible blend was used as a
criterion for miscibility. Both systems showed an LCST behaviour over the

molecular weight range reported.
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The cloud point curve was lowered with a decrease in the molecular
weight of PVME due to an unfavourable contribution by the higher number of
PVME chain—ends to the thermodynamic excess functions of mixing.

The effect of increasing the molecular weight of PS was to lower the
phase boundary due to an entropic destabilisation of the blend.

A combination of optical and electron microscopy have provided
information about the morphological behaviour of the blends as a function of
temperature.

Negative interaction parameters between the oligomeric mixtures have
been deduced by microcalorimetry.

SANS measurements also gave negative interaction parameters for high
molecular weight perdeuterated PS—PVME blends. The contractions of the
blends have been quantified by density measurements and by the effect of
pressure on the cloud points. Pressure also increased the miscibility gap — a
characteristic feature of LCST behaviour with negative interaction terms.

The substitution of perdeuterated PS for hydrogenous PS in PS—PVME
blends raised the LCST of the blend and changed the excess volume. The
pressure dependence of the cloud point [%TP—C] at the critical composition was
found to be + 0.023 °C/atm (+ 0.0050C) for the hydrogenous system and
+ 0.0380C/atm for the perdeuterated system.

Flory's equation of state theory was used to simulate the thermodynamic
behaviour of the blends. It was demonstrated that the theory can predict the
excess quantities such as the excess volume change on mixing, the pressure
effect on the cloud points and the spinodal phase boundary of the mixture when
the segmental surface area ratio of the components, so/s;, and the entropy
correction factor Qy2, were used as adjustable parameters. The factor, Q2, was

quantified by fitting the minimum of the spinodal to the minimum of the
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experimental cloud point curve. The interaction term, Xj2, obtained by fitting
the heat of mixing data in the equation of state theory was more favourable to
miscibility than that obtained from SANS. As a result of this discrepancy it
was found that a favourable (negative) Xj2 had to be balanced by an
unfavourable (negative) Q2 in order to be consistent with the experimental
data.

No allowance was made in the theory for the concentration dependence
of Xj2 and Qq2 but the calculated spinodal was a poor fit to the shape of the
experimental curve, which could have been improved by an inclusion of an
arbitrary concentration dependence of this entropic contribution.

It was found that with the value of X;o obtained from the heat of mixing
studies at 50°C on the oligomeric mixture and with the value of Q12 necessary
to match the spinodal to the minimum of the cloud point, the resulting spinodal
was 'flatter' than the experimental curve.

This discrepancy could be caused by the temperature and pressure
dependency of X9 and Qa. In the present treatment, both effects have been
neglected although it had been shown from FTIR studies that Xjo is
temperature dependent, Coleman and Zarian (1979).

Finally, in order to accurately predict the experimental findings, it
would be necessary to include an entropy correction factor within the concept of

the partition function.
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APPENDIX A

Flory's Equation—of—State Theory

Pure liquids

For a pure liquid, which may be polymeric, Flory obtained the free

energy of mixing (AGy) in terms of an appropriate partition function, Z,

because

AGp=kTIn7Z Al
Thus for a pure liquid

7 = ¢ Eo/kT A2
where is Tonk's partition function for N non—interacting molecules in a

volume V and
Eg is the mean intermolecular energy of a system per molecule.
I‘or a one—dimensional system of N—hard, non—interacting particles, arranged

on a line of length L, Tonks (1936) has shown that

0= {(1-19" A3
where 1* is the hard—core length of a particle and | = I%T
1—1* is the free length available to each particle.
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In a notation appropriate to three dimensions, Tonk's partition function

is extended thus:

1 1 1
Q = (77313 = v'/3) BN Ad
1%3 . .
where 7y =-y1sa purely geometric factor
\ = }{r is the volume per molecule

Vv is the total volume

v is the hard—core volume of the molecule.
Equation (A.4) can be transformed into an appropriate form for chain molecules
by dividing a chain into r—segments. v* becomes the hard—core volume per

segment and v is the volume per segment given by
v = (V/IN) A5
FFor chain molecules of r—segments Equation A.4 becomes
0= [(71/3(\,1/3 _ V*l/3)e]3Nrc A6

Substituting Equation (A.6) into Equation (A.2) gives

7= Q= [(71/3(v1/3 3 V*1/3)613Nrc e—Eo/kT A

~1

where )¢ is a combinatorial factor which connects the number of ways of mixing

Nr segments with each other, as in Flory—Huggins lattice theory. Provided that

190



only nearest—neighbour interactions are important, the mean intermolecular

energy
Eo = (no. of contacts)n/v = —(Nrsp/2v) A8

where § is the number of intermolecular contact sites per segment
—n/v is the average interaction energy per contact and
N is the number of molecules. The partition function is therefore

given by

7 = Qc[71/3(V1/3 _V*1/3)]3NI'C eNrSU/QVkT A9

Equation A.8 can be expressed in terms of temperature by introducing the

reduced volume, temperature and pressure

v=v/v*, T=T/T* P=P/P* A.10

where the characteristic hard—core parameters, P*, v* and T* satisfy the

equation

P*v* = ckT* A1l
and | T = 2v*ckt/sn A2
Equation (A.11) gives

P* = sp/2v*? A3
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The partition function now becomes

Z = Q¢ (,),NI‘C[(;V*)i/S _ \7"1/3)]3Nrc e(Nrc/VT)
= constant x (;1/3 _ 1)3Nrc e(Nrc/vT) A Ld

the constant being independent of v and T. The pure component equation of
state can be derived by differentiating Equation (A.14) with respect to the

pressure of the system

P = (kT/Nr)(é’an/Bv)T .’ A.15

Substituting Equations (A.10 and A.11) and solving Equation (A.15) gives

P = (T/Nrc)(dnz/dv) . A.16

The resulting equation of state is

Pv/T = v'/3)(v'/s — 1) = () vT) AT

At atmospheric pressure P = 0

T=(v/3-1)"/3 A8
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This is the effective equation of state for the pure components and it is related
to two easily measurable quantities, the coefficient of thermal expansion, «, and

thermal pressure, v, defined by

a— (l/v)(av/(')"l‘)P,N = (61nv/ﬁI‘)p’N A9
¥ = (8P/31‘)V’N A.20

from which it follows:
v=(1+aT)/3( + aT)? A21

Thus if o is known, Equation (A.21) gives v and Equation (A.18) gives T.
Differentiation of Equation (A.16) followed by substitution from Equations
(A.10) and (A.18) gives

P* = 4Tv2 A.22
Evaluation of the equation—of—state parameters in this way enables the other
parameters such as ¢ and (sn/2v), intermolecular energy per segment etc. to be
obtained.

Mixtures

The theory can be adapted to binary mixtures by a set of combining

rules.
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— The core volumes of the pure components are additive; specification of a
segment for each component remains arbitrary. Hence, it is convenient
to use segments of equal size so that vi* = vo* = v*. The segment here
means monomer repeat unit.

- the intermolecular energy depends on the surface area of contacts
between molecules and/or segments.

These assumptions give:

N = N; No A.23

1= (¢1/r1 + ¢afre)! A.24

$ = (181 + ¢os2 = (r1N;81 + roNose)/IN A.25
C= ¢1/c1 + ¢afca = (r1N1¢s + 19NaCo) /€N A.26

@1 and @9 are redefined as segment fractions instead of the volume fractions

which are used int he lattice model, thus

Pr=1—¢1 = (I“ZNQ/EN) A.

Q)
=1

The molar hard—core volume is given by Vi* = rvi* and ra/r; = (Vo*/Vy™) and

we may write the segment fraction as

s = NaVo*/(NaVa* + NyVi¥) A.28

or ¢2 = NIQV*SP,2/(M2V*SP,2 + Mlv*sp,l A.29
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where Mj is the mass of component i and v*sp,; is the hard—core volume

per gm. Irom these the partition function
N 1 -

7 = Zcomb (W*)rNC(V /3 . 1)31NC e(EOm/kT) A.30
can be obtained where Zgonp is the combinatorial factor for intermixing the two
components. Provided that only the nearest neighbour contacts are assumed,
the energy Ey of the mixture takes the form of that for a pure component.

Eom = (A117711 + Agamag + Am?]lg)/v A.31

where Ajj is the number of nearest neighbour contacts of energy, — Njj/v.

Assuming random mixing, it follows from Equation (A.8)

Ajo = $111N 0y = sorasNab, A.32
2A1 + Ap = sirNy A.33
2A99 + Ajp = 919N A34

An=nu + nég — 2n12 A.35

0, and 0, are site fractions and defined by



0 = 1 — ) = saraNa/(soraNa + s111Ny)
= (so/s1) 2/ {41 + (s2/51) f2}
= S¢/(s¢2 + &1)
=saa/(s1¢1 + S2¢2) A.36
Substitution of these equations into Equation (A.31)
Eon = — (SIN/2v) (0711 + (oo — 01 bAA7)) A37

By analogy with Equations (A.8) and (A.13), the energy for the pure

component mixture can be defined by
— Eon/IN = P*v¥/y A.38

Comparison of this equation with Equations (A.36) and (A.13) gives the first

characteristic parameter for a mixture

P* = Pr*é; + Po*dy — ¢10:X 12 A.39
where Xy = $187) A.40
2= 9y=. ’

and is the interaction term, with dimensions of energy per unit volume and

arises from the chemical nature of the components.
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Since Equation (A.11) is also applicable to the mixture, it follows that

the second parameter T* is obtained.

P*v* = ckT* A.41
and T* = P*¥/(¢P1*T1* 1 + ¢oPo*To* 1) A.42
Equations (A.39) and (A.42) show that the reduced parameters, P and T, for
the mixture are composition dependent. Knowing T for the mixture, Equation
(A.18) provides \.f, which is essential in order to specify the binary mixture
quantitatively.

The enthalpy change on mixing

The enthalpy change on mixing is equal to the energy change on mixing

at low pressure
AHp = Eot,2 — (Eor + Ego) A.43
where (1,2) refers to cross terms; (0y) and (02) refer to pure components.
Equation (A.43) could be expressed in terms of a subscripted version of

Equation (A.33), thus:

AHp = INVF{$iP(*/vy + 6oPy*/vs — P¥/v} Add
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Introducing p* from Equation A.38 gives
AHm = fNV*{d)lpl*(;l'l — \;'1) -+ d)ng*({’g’l — \;'1) + ¢102X12/;}
A.45

Since ¢irN = r;N; and riNj and rjv* = Vi*, Equation (A.44) can be written:
AHp = N{P*Vi*(vi — vi1) + NoPo*Vo*(vol — v-1) + Ny Vi*0hXp0/v}
(A.46)

The last term in Equations (A.45) and (A.46) represent the contributions from
contact interactions attributable to a difference between 1,2 pairs and the mean
of 1,1 and 2,2 contact pairs. The terms preceding it are the equation—of—state
terms. Their contribution to the enthalpy change on mixing depends on the
reduced volume of the mixture. The conventional expression for the heat of

mixing,
AHp = BN A.4T
where B is assumed to be constant and independent of concentration.
B is determined from the measured heat of mixing of one polymer with a

large excess of the other. The parameter B can be obtained in the limit of

infinite dilution by a series of expansions of Equation (A.44) in powers of ¢,
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B =1lim (AHp/Ni¢s) = lim (AI‘Im/Ng)(V1*/V2*)
¢2-0 N9=0

= (Vl*/\;l){Pg*[\;l/;g —-1- alT(l - 'ig/ri‘l)]
+ (1 + CYlT)(SQ/S1)X12} A 48

If ’1‘1 > ’].:‘2 the equation—of—state contribution within the square bracket is
negative, and enthalpy change on mixing, for a large excess of solvent will be
negative unless Xjs is large enough to dominate the terms in the brackets. The
negative change on mixing will ensure a negative excess volume change on

mixing defined by:

VB =v—=v0 v0= v+ davo A.49

;’E/VO = ;’/(¢1\~71 + ¢2\~’2) -1 A.50

Equation (A.50) is related to the composition through T or T*.
Measurement of the volume change on mixing, AV, and the unmixed VO
directly gives

VB0 = AV,/VO
Differentiating the enthalpy Equation (A.45) with respect to N; gives the

partial molar heat of mixing of component i, which in turn is related to the

enthalpy interaction parameter, XH:
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ATl = Ty = H,0 = (JAH,/ON))

T,P,Ng
((’Hm/aNl)Ng,i“,Q + (0AH,/ W)Ng,i*,Nl
(8V/8N1)N2’T,\/’

The final result is

AT = PyVeH{(vit = v1) + (aT/v)(Ty = T)/T}

+ (Vi*Xpa/V)(L + aT)f? = RTX, 62

1

. .. . . e =R .
Applying a similar procedure, the entropy equation gives TS, , which is

sirnilarly related to the entropy interaction parameter, Xg:
— , T 1. 1 ,
TS, = — PV (3T In(v, /3 — 1)/(+'/3 — 1;
—A{aT/v){T, = T/T)} + {ViZh2/v){aTXp + TvQ

= —RT X012

where Qa2 is the entropy correction parameter. The partial molar residual

chernical potential of component 1 is therefore:



it = PoVEBTY In(v, 13— 1)/ (v 3 - 1)
(vt = v} + (Vi 02/9)(Xez ~ TvQuz)
= RTX #s2 A35
where X is the total interaction parameter,
lLe. Xy = XH + X5 A.56

The equations (A.33 — A.55) serve as definitions of X Xs and Xy
respectively.  The values of Xj2 and Qj2 are supposed to be composition

independent, whereas the composition dependence of X}{’ Xs and X are given

by:

o

Xe = Xep + Xipooo + Xiy3¢02 + ... A 57
X =X 44X aoe X g2 153
X, =X 0+ X 000+ X 30 58
Xs=Xs o+ X5 20 + Xg ,309% + ... A5G

The chemical potential of component 1 in the mixture is composed of a
combinatorial and residual part. The combinatorial part is given by the

Flory—Huggins theory. Therefore:



(1= %) = (0 = 1) comb + (ju — u®)" A.60
(u “ﬂlo)comb = RT{IIlél + (1 — 1‘1/1'2)(f)2} A6l

On this basis, the chemical potential of component 1 in the mixture may be

written:
(1t — 1%)/RT = In(1 — ) + (1 —11/r2) $2
+{(1~ 1) /RT 62} 62 AL62

By equating the chemical potential from the two theories a relation between Xy

and yi» {the Ilorv—Huggins) interaction parameter may be obtained:

, . , - Ry "1/
V12 = privi/RTé2(3Tyln(v; 13 = 1)/(v /3 = 1)

+ vyl — \71'1) -+ X1~3092/P1*v} AL

N

ol

The free energy change on mixing

The free energy of mixing is obtained from the partition function.
Squation {A.14), with the appropriate renotation for the pure componen:s and
the solution.

T 1/,

- N .:),!... co Npege: /v
27 = c () irjei(vy 12— 1PN NG /Y T

A.64



where j = {1,2,(1.2)}

Thus
AGp = kTIn(Z (12 [ 2172) A.65

The actual mathematical manipulation is not difficult but the subsequent

substitutions are complicated, therefore the result only is given here, thus:
AGp =kT(nilng; + nalng,) + 3rNv™

L - " 1 - T/ , 1 .
(6P Tuln(v /3 = 1)/(+'/3 = 1) + ¢aPo Taln(vs /3 — 1)/(+*/3 — 1)}
. - -. 0 - /'\ - Y N ‘.'\
+ TNvH{(&P1*(1/vy — 1/v) + @ng*(l/vll' =1/} 4 (010:X 0/ V)
.66

Eichinger and Flory (1968), derived the above equation for the {ree energy of
o v \ ? l o

mixing. The first term is the combinatorial eatropy term. The second term
reflects the cquation—of—state contributions and the third represents the

enthalpy which contains interaction contributions (Xi;). The reduced volume.
;r, of the mixture contains both the cquation—of—state and interaction
contributions. Varying the value of v can cause AGy to change from negative
to positive and hence influence the state of miscibility under conditions when
the interaction term is small. The equation—of—state theory successfully
predicts lower and upper critical solution phase boundaries for polymer
mixtures. It can also predict negative heats of mixing, interaction parameters

and excess volumes of mixing.
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APPENDIX B
Derivation of partition function, {2

In order to obtain €, a one—dimensional system of N inpenetrable
non—interacting particles on a line of length L is considered. If 1* is the
hard—core length of a particle, and | = L/N then 1 — I* is the free length

available to each particle
%y (N
Q= {(1-1%s) B.1

The above equation has its origin in the modeling of a liquid in a disordered cell
of free volume V. " is an entropy function of melting and the partition

function is defined by

AIN/?2 O.N ..
Qiquid = (ankT/h?)'J‘\/ﬂv*\/i@‘

For an ordered solid, this partition function becomes

23N2 N N B.3

7

chystal = (27.'1111\"1“/}’1

N! appears in [Equation (B.2) because the molecules in a liquid are

indistinguishable. The entropy change from crystalline to liquid state is:

N
. . \‘
Ase =k In %(':T;ﬁl = kInky B4
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Applying Stirling's theorem
In! = N In N — N, to equation (B.4) gives
Asc1=kN =k In N
or Miquid = Derystal X el
Equation (B.1) follows from the realisation that
Qerpstar = (1= 19)"

and

N 1 1 1 N
Niquid = {1 =17} = {= /3(V [3_ /B)e}\

205

B.4

B.6



APPENDIX C
Thermal expansion coelficient

o= 5] [7t],

Substituting v = v/v* and T = T/T* gives

Loty

but I \"1/3 - 1

v/ gr
. o [ [ )
Now - = —
dv RE




%{,‘/3 L s

- 57,
Vo I3

251/3- 1 Ik

Therefore oT ] _ _
v(/3 %Vl/:s_ /3

sl
RN

Y
R =77,
i\' /3 — Vv /3

Dividing numerator and denominator by v /3

T1

\]’ /3 ___1
al = -

4 1

=~ v 3

3

SV -4
%af —vi3T =v /s _ 1

4 Y
L ET = (1 + aT)e /3

1+
T3

3+ 40T =3(1 + afT);,l/S

3+ 30T + aT=3(1 + a,T);.I/s
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APPENDIX D

Thermal pressure coefficient

|- (2 -2 (2,

\'

Thermal pressure coefficient, 7 = [%%

JT*T T* L9T7v

This is applied to

Therefore

but = -

]
jan]
o



Therefore b
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APPENDIX I5
Partial molar heat of mixing for binary mixtures

To obtain the partial molar heat of mixing, AH;, Equation (2.43) is

differentiated with respect to Ni:

s xs - £V 5Ny v

p2*Vo™No dv . V¥ Xy
- (?N1 : .

v?

L ViTNgXyp 98y VNG Xy dv

v ()\1 v ()i\'l

Terms must now be collected and the value of the differential coefficients

considered.

Since Sgl‘l.\-z(b = F»I’w.\‘;g/)l

002 _ __S'_)FQN!_; 01 1

(/l\'] - S]I’];\Tl T\T;
=01 Qs
- Ny
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. Jv . .
l'o evaluate %)NT’ three relationships are needed:

G-t

1. Evaluation of g{w

TE_ s
T s
Therefore
N (41 . _2
T arx (\ 1/3 I /3J v “/3 ["'V /3]
T "1
i()\ {v /3__1)2
_ A\*l/?’ _4;1!/3 ..;2/3
3y /2 1)
_ \- /31 3;'1/3 - 4)
- 3v~“/3_ 1)2
On substituting, :;‘vl"/3 —-ip= TL)* o
OOy - I')' ~l/3x
Therefore Tore_ v /704 - 3v /AT
T o 3T2v/ 3
g _ 17 (4 - 33
Jv R
. - /3
Therefore %T? __ T _3v
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). Bvaluation of J
2. Svaluation o _(77}5—
5

= (dip1™ + 2™ — $10:X12)/ [95—11)‘— + M——]

2
P

where the numerator of this expression is p* and ¢» = 1 — ¢r.

212

! (l _¢2 )l* Or’v)?x} _ % X L R¥ '3* _P_l_:-l
Jr* ! —Tl—x—)-l-— + —sz‘x 1[ P1 + P2 A p %? Tf“l
902 (1= oalpi™ . 22p27]"
I Ty ™
Since b1l _‘l‘?z)pli B Oigé
Therefore
D21 - 1 BZ] p2* . pi]
aT* I’ITHPJ - Di '_'/\! - l’l | T__‘z-; - T?{!
N
= f ,'v‘;:*!" *, i 5 T
= S {py = b = A = o — b
—_ 1>’ = { i ] _ F'3 __,j[‘>k [ /\
‘TX["“ Lo [1 T—H D
=A== 01QaX1y
dA d0s
-5~ Xnjorgg: + 0agit)
Therefore
(')"x _ rlﬁ* ) r-l—,,_ ,11* 02
dos p_*[l)‘g* —[l _T’z_i] -p” {l - TI—‘] (1 — h) X, a;]



3. To evaluate UNT

l— ¢ = I‘lNl/I'lN = I’1N1/(I'1N1 + I'QNQ)

Ao _ (rxNy +1aNo)ry - rNyry . 1rraNa
" ON; T (tiN{ + 1No)? " (riNg + 12Ny)
_ __ 1iNyroNo _ 010
- N (I‘1N1 + l’ol\o) Ny

Using the results of section 1, 2 and 3

ov _ | T _3'/3 Tx[p»*—l(l-lx [ [1—p—-
Ny T (4 _3\,1;3) pr(™ T T M
_ _ - 02 ,’ 0107‘
(&1 — a)X 12 —2} X T
o o rNp*v* Jv
We now require TN
vz U
-7 1 ,
rNp T 010 ‘ v /3 !)7*_,(1_ N R P J
T2 p 1\1 5(1 _3\:1/3) LIH L "3'-‘1.I D1 [+ ‘li4
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R~
Thus only l—l—V——I‘-qﬁg is left. This can be written
v2

. - oo 1
Vi g = V5 T )

- 03
v2 v2 V4/3

On combination with the terms in square brackets involving v,

A CRAES ) D UL B AL R

Iy, 92 = D2 175
v2 e (4 - 3\71/3) v2 43y /3

Since Oy =

Therelore

But s;11Njlh = saraN» 0

s

“|

I
Sis
s
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The final expression follows from Appendix C

=Y aT ¢y [Pz"‘ {1 —-}1\?] — Dl*[l —%—?} — (@1 — 62)Xy2 %]
3\’ 2 1 2

— \/’lx aT [1)2x¢? Iﬁ%j_rr_x -y [l Ol}

Since the second term in the brace is p*, the definition of T can be used to

obtain

x 1T { s 0
\ 1 ‘”Ll E"‘p]- ;l _?ir-{ >:} ':— \l_!(/l'}§
3v L . S :

[t is now necessary to assemble terms to obtain the final equation for the

enthalpy of mixing:
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- - ok . *
= pl*VI* (V1-1 - V-I) -+ \/1*X120'22 + A !' OT[— pi* [1 o %F] + X1‘30_2]
v B

TT;xTIH + vl*}::m (1 + O‘T/3)022
2 v

=pFV ¥ [({,1-1 — \.;-1) — ﬂ[
Jv

This is the Eichinger and Flory Equation.
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APPENDIX IF
I'ree cnergy change on mixing
— Eon/kT in Equation (A.30) will be substituted by:
— Egu¢/P*v*T = rNC/vT F.1
The Helmoltz {ree energy of a mixture is given by:
F . =—-kTInZ .2
or AF, =F, - (Fy + Fa) F3

where Iy and Foq are the free energies of the pure components. Thus Equation

(A.30} for condition .3 gives

AF = T Iy . Zcomb ,W*)I‘NC —1iN¢; — 1aNaty

M

e r
R Jcomb:lZcomb:Q s

1 31‘3N2C’2

/- 1 o N !
+ kT In 24 /s _ 1)311 1 (v /3 _ )
(V5 p)3TNe
+ KT(0N e /vi Ty — KT(raNaca/vaTs KT(rN¢/vT) P

By using T = T{Ti* Pi*vi* = ¢;kTi* and rN¢; = r;N;, the third term of

Equation (F.4) can easily be converted to:



FNV*{QI)J)(*/\H + q’)gp‘gx/\’g - P*/V} = AHm ALdd
while using tN¢ = r;Nj¢; + raNaca in the second term yields:

SKTrNyorln(v /3 — 1)/ (v /3 = 1) +

- T 1
3KTraNacoln(v, 13 = 1)/(vi 13 = 1) F5
or
31)1*\"’1*1\71&‘1111(;’11/3 - 1)/(\:11/3 - 1)
. , RS N -
-+ 3Pf_>x'\v"'g)‘(lT‘_)Tgln(\fll" % — l)/(V11/3 — 1) F.6
or

~ -~ llq ~ 1/
3rNv¥{P* ¢ Tyln(vy /3 1)/(vy /31

Equations (F.6) or (F.7) and (A.44) are equal to QR given by Equation (A, ).

=

The first term of Equation {(F.4) represents the combinarorial part, (=1 ANSconi:

and will be replaced from the lattice theory. Hence:
AFM = INKT{(@y/r1jlnoy + (da/r2)In 02}
= L R “1/.
+ 3NV PP TyInGy 3~ 1) /(6 - )

© Py Taln(vi 13 = 1) /(v % — 1) 4 gaPo™fva — PP/



The chemical potential of component one in the mixture relative to the pure

component is defined by:

= 0 = —RT{On(Z/Z1) [Ny} .

= (OAF/ON1)y. y , + (9BF,/ 0)x gy (0DTy/ AN
F.9
= RT{lng, + (1 - 1‘1/1‘2)9”1 + (Vi*X2/v) 022
+ P1*\’1*{3i11ﬂ(\-f11/3 - 1)/(‘_’1/3 - 1)
+ (vt = v+ Py(v = ) .10

where Pyv is the contribution of the second term in Equation {F.9}. to the
chemical potential. (dv/dN Dy ‘o

= VEIVN) 1/ 6N, = — (6yv/Ny)

Since this contribution is very small at ordinary pressures. it may be neglected

but it should be included at higher pressures.
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APPENDIX G
Partial molar residual entropy of mixing for binary mixtures

Differentiating Equation (A. ) at constant Ny gives:

T(65/6N,) _ PV {eTyn(v 3 = 1) /(v /3~ 1)

T,P,Ny

T {(POVANT, + Py VorNaTo/ (v 313 — 1)} (60 /63y

= T(S - 59) G.

—

where

Pl*\'rl*NlTi -+ PQ*\"Q*NQTQ = rNicik + 1aNscok
= iNck = INP*V*T G.2

v/ 6Ny is given by Equation (E.11). Application of Equation {F.13) procedure

will give the relation (A. jfor TS,
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PROGRAM 'SPIN' FOR CALCULATING THE SPINODALS

PROGRAM SPIN
COMMON /A/VRS(2),LPROB,PHS(2),ALPHA(2),GAMMA(2),TRS(2), THS(2)
COMMON /B/X12,Q12,F1,F2,P,TH,PH,TR,PR,THETA1, THETA2,LASTEP
COMMON /C/V1R,V2R,T1H,T2H,P1H,P2H,T1R,T2R,RV,SF12,521,V13,R12
COMMON /D/ FIN,TIN,VM,ISTEP,T,S,B5
COMMON/E/D1,D2,D3,D4,D5,D,S1,52,53,54,55,56, DPDF2,DTDF2
DIMENSION PSF(20),PST(20),PSP(20),PVM(20),PS(20)

C PROGRAM TO CACULATE SPINODAL CURVE AT ATMOSPHERIC PRESSURE
WRITE(x,445)
445 FORMAT(2X,//;/PRESSURE IS AT ATMOSPHERIC sskknxsx’)

[TEST=1
WRITE(%,555)ITEST
555 FORMAT(/,ITEST ="13,/)

C:::::::::: === S S I T T T T T T L I L L L L . L L L o o I oI T T
C=======THIS CONDITION SOLVES ONLY FOR THE STATE PARAMETERS AT THE

C TEMPERATUE AT WHICH DELTA H WAS DETERMINED
C:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

C A VALUE OF ZERO MEANS X12 HAS ALREADY BEEN DETERMINED

IVOL=0

C LIMITS OF ITERATION IN CASES WERE CONVERGENCE PROBLEMS OCCUR
C DUE TO THE FACT THE ONE IS MOVING IN THE WRONG DIRECTION FOR APPROACH
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C TO ZERO S
LASTEP=10000
LPROB=LASTEP-5

C s sksteskook o s sk sk SYSTEM PARAMETERS skt ko sorkotokok sk stk kosok dopokskokokofx

P=0.10126
ALPHA(1)=6.911E-4
ALPHA(2)=5.740E-4
GAMMA(1)=1.12
GAMMA(2)=1.212
V1H=80041.5

C  VIH=1350.
R=8.314
RV=R/V1H
S21=1.0
R12=1.6
TS=323.

C EVALUATING COMPONENT PARAMETERS

DO 100 L=1.2
VRS(L)=1.+(ALPHA(L)*TS/(3.+3.«ALPHA(L)=TS))
PHS(L)=GAMMA(L)¥TS*VRS(L)#6
TRS(L)=(VRS(L)-1.)/VRS(L)##4

100 THS(L)=TS/TRS(L)

TIH=THS(1)
T2H=THS(2)
P1H=PHS(1)
P2=PHS(2)
VIR=VRS(1)++3
VIR=VRS(2)++3
TIR=TRS(1)
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T2R=TRS(2)
WRITE(6.182)

182 FORMAT(/,10X,'T1S T2S  PIS P3S  TIR
1T2R VIR V2R |
WRITE(6.192) T1H,T2H,P1H,P2H,TIR,T2R,VIR.V2R

192 FORMAT(2X,4F12.2,2X,4F7.4)

C THIS IS T4 ALLOW FOR VARIATION OF PRESSURE
DO 7000 JJ=1,2

C  X12=53.20.5+FLOAT(JI-1)
IF(J1.EQ.1)X12=-8.74
IF(JJ.EQ.2)X12=-3.12
DO 4000 IP=1,1
P=0.10i25
IF(IP.EQ.2)}P=200.5P
1IF(IP.EQ.3)P=400.+P
IF(IP.EQ.4)P=500.5P
IF(IP.EQ.5)P=800.xP
IF(IP.EQ.6)P=1000.xP
[F(IP.EQ.T}P=1200.+P

C TEMP AT WHICH STATE PARAMETERS ARE ZETERMINED OR CLOUD PT TEMP

TIN=353.
IF(IVOL.NE.0) TIN=TS
T=TIN

C START OF ITERATION IN TERMS OF VOL FRACTION RANGE TO BE COVERED

ISTEP=0
IFIN=0.3
F2=FIN

105 CONTINUE
Fi=1.-F2

223



THETA2=F2+$21/(F1+F24+S21)
THETA1=1-THETA?2
SF12=THETA1/F2

C Q12 IS EVALUATED ONLY ONCE

IF(ISTEP.NE.0) GO TO 200
IF(IP.NE.1) GO TO 200
CALL MIX
WRITE(6.120)
[F(IVOL.NE.0) GO TO 660
CALL INTPAR
C  Q12=12.00626
WRITE(6.115)F2.T.TH, TR,P,PH,PR,VM, THETA2,X 12,012
115 FORMAT{/,2X,i3F10.4)
IF(ISTEP.EQ.0) GO TO 203
120 FORMAT(/.7X.F2 T TH TR P
1 PH PR VR THETA2 X12  Ql129)
200 CONTINUE
IF(F2.GE.0.25)CALL TEMP1

GO TO 500
203 WRITE(6,205)
205 FORMA'L{/.TNXUDPDF DTDF Dl D2 D3
1 D3 D S1 S2 S3 S4 S5
2 S6 SY
[F(ISTEP.EQ.0) GO TO 600
C [FUIVOL.EQ.0) GO TO 600
C EVALUATION OF X12 FROM HEAT OF MIXING DATA
660 CONTINUE
DO 677 JK=1.10
DHM=-3.44 +5.«FLOAT(JK-1)
RN=1.0
VS5=0.8132
A=1./VIR
B=1./V2R
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C=1./VM
Cl=F1«P1Hx(A-C)
C2=F2xP2H*(B-C)
C3=DHM/RN=VS
C4=F1+THETA2
Cs5= C1+C2
X12=(C3-C5)*VM/C4
677 WRITE(6,670)DHM,X12,VM
670 FORMAT(/,5X,’DHM =’,F10.4,3X,’X12 =" F10.4,’VM =’F10.6)
IF(IVOL.NE.0)GO TO 5000
600 WRITE(6,300) DPDF2,DTDF2,D1,D2,D3,D4,D5,D,51,52,53,54,55,56,5
300 FORMAT(/,7X.15F8.3)

ISTEP=ISTEP+1

PSF(ISTEP)=F2

PST(ISTEP)=T

PSP(ISTEP)=P

PVM(ISTEP)=VM

PS(ISTEP)=S
C DECISION NOT TO SOLVE FOR / OR SOLVE FOR PART OR WHOLE OF SPINODAL
C CURVE

IFIITEST.EQ.0) GO TO 1000

¢ TO CONTROL NO OF POINTS TC BE SOLVED FOR IN SPINODAL CURVE

C IF(ISTEP.GT.4 GO TO 1000

700 [F2=F2+0.05
IF(F2.EQ.FIN) GO TO 1000
H(F2.GT.0.96) GO TO 800
GO TO 105

800  F2=0.05
GO TO 105

1000 CONTINUE
WRITE(6,2000)
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2000 FORMAT(/,9X,” FRAC ~ TEMP PRESS VOL  XI2
1 Q12 ERROR ) '
IF(IVOL.EQ.0) GO TO 5500
5000 GO TO 7000
5500 CONTINUE
DO 6000 IS=1,ISTEP
6000 WRITE(G,6500)PSF(IS),PST(IS),PSP(IS),PVM(IS),X12,Q12,PS(IS)
6500 FORMAT(5X,7F10.5)
4000 CONTINUE
ISTEP=0
7000 CONTINUE
STOP
END

SUBROUTINE SPIN1
COMMON /A/VRS(2).LPROB,PHS(2),ALPHA(2),GAMMA(2),TRS(2).THS{2;
COMMON /B/X12.Q12.Fi1.F2,P,TH.PH.TR,PR.,THETA1, THETA2, LASTEP
COMMON /C/VIR,V2R, T1H,T2H,P1H.P2H.TIR. T2R. RV.SF12,321.V13.Ri?
COMMON /D/ FIN,TIN,VM,ISTEP,T,S.B5
COMMON/E/D1,D2,D3.D4.D5,D.51,52.53.54,55.56. DPDF2,DTDF2

C PRELIMINARIES CALCULATION OF THE QUANTITY D

C NOTE THAT VOLUMES CALCULATED ARE RAISED TO THE POWER 13 Vid

DPDF2=P4(PIH-P2H-X12xTHETA2+(1.-SF12)}/PH~=2
DTDF2=(DPDF2+TR/PR)+(P2H+T2R-P1H~TiR)/PH
DI=(PR/TR)+(1./TR+V13x6)

D2=2./V13#x9

D3=3.%«V13-2.

D4=38.%V13##5+(V13-1.)%x2

D5=D3/D4

D=(DPDF2-DTDF2+D1)/(D2-D3+TRj

¢ SPINODAL EQUATION

IN THIS EQUATION THE QUANTITY § IS THE LHS OF EQN EXPECTED ZERO
SI1=(-1./F14+(1.-R12))+RV

S2=(-DaPTH/TIH)#(V13+x3-V134%2)

O
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S3=((P1H/V13%6)+P)«D/T
S4=2.xX12*THETA2s+2+ THETAL/(T*V13++3xF 1xF2)
S5=-X12+D«THETA2x+2/(T*V 13+x6)
S6=(-2.#Q12+THETA2++2+THETA1)/(F1+F2)
S=S51+52+S53+54+S5+S6

C WRITE(6,155) DPDF2,DTDF2,D,S2,53,55,56,5.X12,Q12,PR, TH,TR
C155 FORMAT(2X,13F10.4) '
RETURN
END

SUBROUTINE MIX
COMMON /A/VRS(2).LPROB,PHS(2),ALPHA(2),GAMMA(2),TRS(2), THS(2)
COMMON /B/X12,Q12.,F1,F2,P, TH,PH,TR,PR.THETA !, THETA2,LASTEP
COMMON /C/VIR.V2R,T1H,T2H,P1H,P2H, TiR. T2R.RV.SF12.521.V13,R12
COMMON /D/ FIN.TIN.VM,ISTEP,T,S,B5

C THIS ROUTINE EVALUATES THE NEW REDUCED TEMPERATURE AND VOLUME

al
“

C

FOR THE MIXTURE EACH TIME THERE IS A CHANGE OF OPERATING TEMP

PH=P1H+F1+P2H+F2-F1+THETA2+X12
B1=Fi«P1H/T1H

B2=F2:+P2H/T2H

TH=PH/{B1+B2)

PR=P/PlI

TR=T/TH

ADD=0.001

CP=1./3.

VM=1.0
[F(F2.GT.0.6)VM=1.4

1C=0

150 Ba4=VM

VM=B4 +ADD
IF(IP.NE.1) GO TO 151
A=(L/(L-TRxVM) )3
GO TO 154

151 AP=VM«TR/(PR+VMsx2+1.)
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A=(1./(1.-AP))*x3
154 B5=ABS(A-VM)
C IF(IC.LT.5) GO TO 155
C IF(IC.GT.LPROB) GO TO 155
C GO TO 156
C 155 WRITE(6,190) B5,T,VM
156 IC=IC+1
IF(IC.EQ.LASTEP) GO TO 157
GO TO 159
157 WRITE(6,158)IC
158 FORMAT(20X,"LASTEP NOT ENOUGGH FOR V-CAL SEE OUTPUT’,I6)
GO TO 180
159 [F(B3.LT.0.0005)GO TO 180
GO TO 150
C 170 WRITE(6.190) B5,T.VM
180 Vi3=VM=xCP
[F{ISTEP.NE.80)GO TO i85
WRITE(6,190) B5. T,V
185 CONTINUE
190 FORMATY(//,2XDIFF = " F9.4° TEMP = " F9.4" REDUCED VOLUME OF
I MIXTURE =" F9.4./)
RETURN
END

SUBROUTINE INTPAR
COMMON /A/VRS(2),LPROB,PHS(2}, ALPIA{2;.GAMMA(2). TRS(2), THS{2)
COMMON /B/X12,Q12,F1,F2,P, TI,PH.TR,PR, THETA1, THETA2,LASTEP
COMMON /C/VIR,V2R,T1H,T2H,P1H.P2H, TIR. T2R,RV,SF12,521,V13,R12
COMMON /D/ FIN,TIN,VM,ISTEP,T.S,B5
C THIS ROUTINE 1S TO EVALUATE THE INTERACTION PARAMETER Q12 AT START
C OF THE CALCULATIONS: IT IS CALCULATED ONLY ONCE AT EACH PRESSURL

ADD=0.005
ADD1=0.0025
Q12=-0.05
1C=0
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CALL SPIN1

IF(S.EQ.0.) GO TO 400

250 IF(S.GT.0.) GO TO 330

280 Q12=Q12-ADD
LOOP=1
CALL SPINI
Q121=Q12-ADDI
IC=IC+1
IF(IC.EQ.LASTEP)GO TO 450
IF(S.GT.0.) GO TO 390
IF(S.EQ.0.) GO TO 400
IF(IC.GT.LPROB) GO TO 231
GO TO 291

281 WRITE(6,600) IC.F2,Q121,S

291 CONTINUE
GO TO 280

330 Z=0Q12

340 Q12=Q12+ADD
LOOP=2
CALL SPINI
Z1=Q12+ADDi
[C=IC~+1
[F(IC.EQ.LASTEP) GO TO 450
IFUC.GT.LPROB)GO TO 370
GO TO 371

370 WRITE(6,600) IC.F2,21.8

371 CONTINUE
[F(S.GT.0.) GO TO 340
IF(S.£Q.0.) GO TO 400
WRITE(6,500) LOOP.F2.Z1
GO TO 400

¢ WRITE(6,500) LOOP,F2.Q121

390 Q12=Q121
GO TO 400

450 WRITE(6,460)

160 FORMAT(/,20X, LASTEP NOT ENOUGH FOR Q12 CALCULATIONS')

229



400 CONTINUE
C 400 WRITE(6,500) LOOP,F2,Q12 |
500 FORMAT(/,’LOOP=",13,2X,’AT FRACTION F2="F5.2, FINAL Q12=",F9.6)
600 FORMAT(/,I3,10X,3F12.6)

RETURN

END

SUBROUTINE TEMP1
COMMON /A/VRS(2),LPROB,PHS(2),ALPHA(2).GAMMA(2), TRS(2), THS(2)
COMMON /B/X12,Q12,F1,F2,P,TH,PH, TR, PR THETA1 THETA2,LASTEP
COMMON /C/VIR,V2R,T1H,T2H,P1H,P2H, TIR. T2R. RV .SF12,521,V13.R12
COMMON /D/ FIN,TIN,VM,ISTEP,T,S,B5
C THIS ROUTINE SEARCHES FOR THE TEMPERATURE AT A GIVEN MIXTURE FRACTION
Cttt+++++++ACTIVATE C1-CO WHEN NOT SURE ABOUT T AS FUNCTION OF S

IN=0
PP=0
100 T=TIN
C ADD=0.
TMIN=290.
TMAX=1000.
C DO 210 1K=1,25
C T=T+ADD
CALL MIX
CALL SPIN1
C IF(S.LT.0.)ADD=-1.
C IT(S.GT.0.)ADD=1.
C WRITE(6,205)T,S
C 205 FORMAT(/,10X,2F10.5)
C 210 CONTINUE
C GO TO 1000
I1(S.EQ.0.)GO TO 400
C 4+++++++++++++=====CHECK SIGN EITHER LT/GT AND CONS. WITH OTHERS
250 IF(S.LT.0.)GO TO 330
280 T=T+2.
IF(T.GT. TMAX.OR.T.L'T.'TMIN ) GO 'TO 400



CALL MIX
CALL SPINI
Ti11=T-1.
CH++++++++++++++++=====CHECK THIS SIGN ==SAME AS l=========
[F(S.LT.0.) GO TO 390
IF(S.EQ.0.) GO TO 400
IN=IN+1
LOPP=1
C IF(IN.LT.10.AND.F2.LT.FIN)WRITE(6,500)LOPP,IN,T,S
IF(IN.GT.LASTEP) WRITE(6,500)LOPP,IN,T,S
IF(IN.GT.LASTEP) GO TO 400
GO TO 280
330 z=T
340 T=T-2.
IF(T.GT.TMAX.OR. T.LTIMIN ) GO TO 400
CALL MIX
CALL SPIN1
7Z1=T-1.
[PP=IPP+1
LOPP=2
C [F(IPP.LT.10.AND. F2.LT.FIN) WRITE(6,500)LOOP,IPP.T.S
IF(IPP.GT.LASTEPYWRITE(6.560) LOPPIPP.T.S
IFIPP.GT.LASTEP) GO TO 100
O+ttt s+ttt Lt +5++4++CHECK THIS SIGN SAME 1 AND 2==============
IF(S.L'T.0.) GO TO 340
[F(S.£Q.0.) GO TO 400
T=71
GO TO 400
390 T=Tl1
400 CONTINUL
300 FORMAT(2X,"L.OOP="13.5X,13.2X.2F 12.6)
C1000 CONTINUE
RETURN
IXND



SUBROUTINE TEMP?2

COMMON /A/VRS(2),LPROB,PHS(2), ALPHA(2),GAMMA(2), TRS(2), THS(2)

COMMON /B/X12,Q12,F1,F2,P,TH,PH,TR,PR.THETA1,THETA2,LASTEP

COMMON /C/VIR,V2R,T1H,T2H,P1H,P2H,T1R, T2R.RV,SF12,521,V13,R12

COMMON /D/ FIN,TIN,VM,ISTEP,T,S,B5
C THIS ROUTINE SEARCHES FOR THE TEMPERATURE AT A GIVEN MIXTURE FRACTION
C++++++++++ACTIVATE C1-C9 WHEN NOT SURE ABOUT T AS FUNCTION OF S

IN=0
IPP=0
100 T=TIN
C ADD=0.
TMIN=290.
TMAX=1000.

C DO 210 IK=1.25
G T=T+ADD
CALL MIX
CALL SPIN}
C IF(S.LT.0.)ADD=-1.

C  IF(S.GT.0.)ADD=1.
C WRITE(6.205)T.S
C 205 FORMAT(/.10X.2F10.5)
C 210 CONTINUE
¢ GO TO 1000
IF(S.EQ.0.)GO TO 400
C 4+ttt d+ts+++++=====CHECK SIGN EITHER LT/GT AND CONS. WITH OTHERS
250 IF(S.G'1.0.)GO TO 330
280 T=T+1.
IF(T.GT.TMAN.OR.T.LT.TMIN ) GO TO 400
CALL MIX
CALL SPIN]
TI=T-0.5
Ctddttt++++++++++=====CHECK THIS SIGN ==SAME AS l=========
IF(S.GT.0.) GO TO 390
IF(S.EQ.0.) GO 'TO 400
IN=IN4-1



LOPP=1
IF(IN.LT.10.AND.F2.LT.FIN)WRITE(6,500)LOPP,IN, TS
IF(IN.GT.LASTEP) WRITE(6,500)LOPP,IN,T,S
IF(IN.GT.LASTEP) GO TO 400
GO TO 280
330 z=T
340 T=T-1.
IF(T.GT.TMAX.OR.T.LT.TMIN ) GO TO 400
CALL MIX
CALL SPIN1
71=T-0.5
IPP=IPP+1
LOPP=2
IF(IPP.LT.10.AND.F2.LT.FIN) WRITE(6,500)LOOP,IPP,T,S
IF(IPP.GT.LASTEP}WRITE(6,500) LOPP,IPP,T,S
IF(IPP.GT.LASTEP} GO TO 400

{F(S.GT.0.) GC TO 340
IF{S.EQ.0.) GO TO 400
T=271
GO TO 00

390 T=T11

400 CONTINUE

500 FORMATENLOOP="13.5X 132X .21712.6)
C1000 CONTINUE
RETURN
END
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LT,
18

MODE 6

PROGRAM 'PIDCON' FOR RUNNING THIL

PRESSURE

RIG

20 VDU 24,8;240;1279; 1023
36 VDU 28,8,31,79,26

48 UDU 2?,08;245; '

S6DIM APA S60

40
708
36
fa
leg

FOR Z

=6 TO 3 STEP 3

P/=RPx

£
OPTZ

.start

116LDALDG
128TAX

136 LDARFCCa
149 NOP
1SG.busy
160LDAFCCL
178 AND£:40
139BEQ busy
{¥@.hald
2e0LDALFCC2
210AMDEKEF
Z2Z283TAAFCC2
2306 .strobe
248L0AMFCC
Z258BMI read
288JIMP <traobe
278 .rea

280 LDAL FCCD
ZYBANDEL

309 QTQ&DD,A
21 TNX

328 TXA

=230 EOR£LT
DJUBHE =rr ub»—‘
258 LDALL

53 URH%FLC:
STAXFCCZ2
PT“

31

s

'

l 1

03
[

[o I wx

MEXT ¢

CLS
PROCinitializse
PRINT"

@ @

DOURE % ISR B i BN | 0
Vo

R S O OB T IV I SR S) ]

£
B
(Ao

INPUT "PROPORTIOMNAL FACTOR?" K

456 INPUT "INTEGRAL TIME?" TINT

450 INPUT “DIFFERENTIAL TIME?"
476 INPUT c7"DATE "D%
486 IMPUT “SYSTEM "P%
426 INPUT "SAMPLE COMPQOSITION
8@ INPUT “"FILE NAME "R%

TOIF

“ "S%
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S86 INPUT "FILE NaME "RE
518 INPUT "SAMPLE TIME?" DT
529 INMPUT"TEMPERATURE GRADIENT? DEGREES C/MINUTE" TEMPGRAD
530 INPUT"FINAL TEMPERATURE? DEGREES C" FTEMP
549 IF FTEMP>288 GOTO S38
5560 SUM=0::LERR=8:PINT=0:R=0:4=8 ;DRTEMPF=0:DRSETFP=0 :ALFA=0:BETA=G
56 TIME=8 o ' ‘
S70 tI=TIME
588 STEMP=FNread(®) :53TEMP=FNr=ad(@) : STEMP=STEMF DIV (@
570 SETP=STEMP+TIMEXTEMPGRAD /4014
488 IF SETP(FTEMP GOTO 43208
$8S datfile=0PENOUT “DATFILE"
&18 PROC+iniceh
428 ERD
433 FPROCpid
&48 PROCtiming
456 GOTO 98
END
' CLOSEMdattile
&78DEF PRQCinitialise
S8BDRA=4FCCH ‘
S7B8CRA=&FCC I
786DRB=4LFCCZ
7 18CRB=&FCC3
720?CRA=0
7387DRA=8
748 7CRa=4
739?CRB=6
7868 ?DRB=&FF
778?CRB=44-
788 CLG:GCOL 9,3
798 MOVE 8,0:DRAW B8,1824:MOVE 8,8:DRAN 1277,06
SBOENDPROC
318DEF FNread(channel)
228  ?DRB=?DRB AND &%F
338 ?DRB=7DRB OR &1@
848dummy=channel ¥%&28
3587DRB=7DRB 0OR dummy
8488 CAlLLstart
870data=0
S86FOR digit=6 TO 24
398 data=data+?(&34-digity¥1a~digit
PABNEXT digit
?1ld=data
2?28 DEF PROCpid
230 TEMP=FNread(8>
48 TEMP=FNread(g)
Y580 TEMP=TEMP/ 10
7?68 PERR=SETP-TEMP
79 SUM=R+(PERR¥KX%DT)

o<



279

348

?%0
1600
1010
1320
19386
1948
1859
1058
1076
16306
18785
1166
1t11o
1126
1138
1146
1158
11&44@
1178
11306
1178
{Zaa
12180
1226
12348
12448
1250
1235
1250
1265
1270
123
1274
1300
13106
1328
1330
1249
135
1340
1374

n

+ »
o

17

td
g

SUM=R+ (PERRXKXDT>
Q=C(SUM) DIV(TINT)
R=(SUM)MOD(TINT)>
PINT=PINT+Q
PROP=KXPERR
DERR=PERR-LERR
LERR=PERR
DIF=(KXTDIFXDERR) DIULDT)
CONV=PROP+PINT+DIF
CONU=INT CONV

IF CONUC=8 CONVU=8
IF CONU>=15 COMV=1G
DUM="7DRB

DUM=DUM AND Fa
DUM=DUM+ CONY
?DRB=DUM
ALFA=ALFAT L

BETA=ALFA MOD (13

IF BETA <> & GOTO 1278
DRTEMP=TEMP¥S:DRSETF=SETF%S
MOWVE X ,DRTEMPP: DR&W ¥, DRTEHR

DRTEMPP=DRTEMP

MOVE X,DRSETFP:DRaAak X,0RSETP
DRSETPP DREETF

K=X+1
LIGHT=FNread
PRESS=FNread(
CLS
Er=2810%
ubu2
PRINT"TIME"TIMEZ 10G6G,
UDu3

ENDPRUOC

DEF PROCtiming
t2=TIME ~

t3=t2-t!

IF t34DT%188 GOTO 12%%
t1=t2 '

ENDPROC

DEF PROC+inich

7DRB=7DRB AND &F©8

PRINT" HEATER TURNED OFF"
ENDPROC

/'\/'\
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“1 K".:' LU RO N T PN S B T DU ENT O B PO

PROGRAM '"TURB' FOR RUNNING THE

TURBIDIME'

I'ER

i¢ HMODE® :¥DRIVE S
28 index=0
38 channel=06

digit=6
INPUT” * 7 “DATE
INPUT"SYSTEM"P3

L=
E-

T R

4
3

A6 INPUT"SAMPLE COMPOSITION"SS

78 OINPUTYHEATING/COQLING RATE"RS
SHINPUT"WHAT IS THE SAMPLING PERICD IM

3 samnum=0

SEINPUTZ 2 "HOW MANY READINGT WOULD YyoU LIKE
TAPRINT 777 YDATE D3 (PRINT'"SYSTEM Ps

s PRI THESTING/COOLING RATE, RS
P FRINTYSAMPLING EERIOD In SECOMDS"cecand
RESDINGS camnuT, 777
EE UDUS3
SAPRINT “WOULD YOU LIKE TO START 2 Y ki
25 INPUT ress
CTHIE pessdO"YY GOTOIZY
CLOSEZR
Sattiie= GRPENCUT (FDATFILZDTS

W DELAY=S

78 MEMO=%49049

23 DDR&=4FCCH

{ICRA=&FCC!

2A0DRB=&FCC2

ZHCRE=4%FCC3

48 7CRA=0

g 7DDRA=G

48 7CRA=A4G

7E7CRE=9

23 770DRE=LFF

FIPCRB=24

R

“DDRB=7DDREB

N
s

SECONDS

E“’Eamnum
é{ E r-\ob
INT “MUHME



LRt
216

)

(€}

?DDRB=7DDRB AND ALEF
del ay=DELAY* 160

328TIME=8

330
3449
356
368
379
338
278
409
416

(

[ o I e I ax )

l,_.; c_n Gy o

]

l»*G WIU\“JLﬂ$amrﬁ

A T O T S S S o SO CO Y

time=TIME
IF timeddelay GOTO 339

FOR channel=&8 TO &7 STEP |
?DDRB=(?DDRB AND &F8)0R(chann=l
TIME=8

t=TIME

IF t<28 GOTO 33t

?0DRB=?DDRB QOR &3

TIME=@

t=TIME

IF t{(26 GOTO 424

?0DRB=7DDRB ARD %F7
ready=7DDRA

31F (ready AND 388)=%&88 GOTO 43508
JFOR digit=&3 TO 6 STEP -
d?DDRB=7?DDRB aND & 1F
A?DDRB=7?DDRB OR (digi t¥&Zza6)>
PMEMO=?DDRA A~AND &8F

GMEMO=MEMOQO+ 1
SEAMNEXT digit

SEONEXT channel

544

uren o

D @&

G i

Oy G O O O

3‘003M'?LHLJDPJ»~®\00u
G:\

7]
5}

(oA wr]

SN N NS N NS e O G O O

e SR N NI
O B~ B i o)

?0DRB=7?DDRB 0OR & 1@
index=index+1

FOR count=(MEMO-28) TO (MEMO-%4> STerP 4

L=L+1

Kl=7?Ccount) X 18868+7?{count+ ) X¥136+2(caunt+2)

IF L>=5 THEWN LOT=LOT+KL
IF LS PRINTKL;

IF LS PRINTAdatfile,KL
NEXT count

ANDB 75

PRINT£datfile,LOT/4 :PRINTLOT/4

scamper=ceconds
TIME=9
t=TIME
IFt{camper GOTO &49
camnum=camnum-—1{
L=6 : LOT=8
IF camnum>@ GOTO 366
CLOSE£datfile

. PRINT 0 ®

PRINT "SAMPLING FINISHED"
*¥DRIVES
VvDU3

s

-~

1g+?{count+3)
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