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ABSTRACT

Blends of well characterized polystyrene-polybutadiene
SB diblock and polybutadiene continuous SBS triblock copolymers
provide rubbery network systems with controlled amounts of terminal
chains of known molecular weight. Such systems also provide
quantitative information on the concentrations of trapped and
untrapped chain entanglements which is not available in conventional
elastomers. Three different SB diblocks were synthesized using
homogeneous anionic polymerization techniques. These diblocks were
blended. in various amounts with a single research grade SBS triblock
to form three series of samﬁles for mechanical testing.

The mechanical properties of these materials were studied
(1) in free oscillation at about 0.2 Hz over a temperature range
from -150°C to 100°C, and (2) in dynamic uniaxial compression from
0.1 to 1000 Hz at various temperatures between -87 and 85°C.

The_effect of terminal chains on the mechanical properties
depends ﬁpon their length and concentration in the network. The
terminal chains act as a diluent, lowering the storage modulus in the
rubbery region. Above a critical molecular weight, the untrapped
entanglements provided by the terminal chains can be coupled into a
temporary stress-bearing portion of the network; the amount of
entanglement coupling is dependent upon temperature. Several low
frequency viscoelastic mechanisms appeared as a result of entanglement

slippage, and their effect was enhanced as terminal chain content



increased. At very high frequencies in the glassy and transition
regio;s the.presence of terminal chains had no effect on the
mechanical behavior.

The various mechanisms associated with the terminal chains
“have been incorporated into a mathematical model whose parameters
are given in terms of the structural and compositional features of an
entanglement network. The model successfully predicts the level and

the location of the low frequency mechanical response for the various

materials studied here.
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CHAPTER 1
. INTRODUCTION

The major thrust of thls research was aimed at gaining an
understanding of the effect of terminal chalns on the mechanical
behavior of elastomeric networks. Particular emphasis was placed om
the role of various types of chain entanglements in these networks.
In conventional elastomers quantitative information on the effects of
terminal chains and chain entanglements is difficult to obtain due to
uncertainties in and lack of systematic control over the network
structures. This problem was overcome here by using blends of block
copolymers to form well-characterized model entanglement networks in
which the terminal chain content, their length, and length distribu-
tion can all be controlled in a systematic way.

This introductory chapter provides some background informa-
tion which should help the reader to gain a more complete appreciation
of the goals of this research and of the particular approach taken
here to attain these goals. The first section briefly discusses the
model material approach in the study of polymers. Following this,
there are two sections which provide explanations of the occurrence
of terminal chains and chain entanglements in conventional elastomers.
The final section of this chapter describes the unique features of
block copolymer blends which made them particularly useful model

materials for this investigationm.



1.1 Model Materials

A model polymeric material is one in which important
structural features can be varied in a controlled way. The use of
such systems has not received widespread attention in the study of
the mechanical behavior of polymers. The tendency has been instead
to study individually each new polymeric material as it comes along,
cataloging the mechanical properties and using these data to estimate
the material's structure.

Model materials offer an alternative approach. Because
the structure of the model system is well-characterized and can be
varied in a known manner, it is possible to identify the effect of
each structural feature on the overall mechanical properties., Thus,
through the use of model systems, one can study in a systematic way
some of the basic molecular mechanisms which contribute to the
mechanical behavior of a wide wvariety of polymers.

Perhaps the absence of an obvious and well-defined model
material has prevented this approach from gaining popularity. There
is room for much creativity in conceiving model systems for the
study of particular molecular mechanisms. Hopefully, the relative
degree of success obtained in this investigation will encourage
future investigators to use improved model systems in their studies.
1f a selected model should fail to reveal the desired informationm,
the investigator will have done no worse than to establish the

properties of an interesting polymeric system. If the model is a



good one, however, there is the added advantage that the data
obtained should contridbute measurably to the general understanding
of the mechanical behavior bf polymers.

In this study, blends of well-characterized block copolymers
were used as model materials to study the effect of terminal chains
and various types of chain entanglements on the dynamic mechanical
properties of elastomers. The major emphasis was directed toward
understanding the behavior of the unique rubbery networks formed by
the continuous phase of the block copolymer blends and not toward
the much studied two-phase nature of these materials. As mentioned
above, the important contribution of this work lies in the fact that
the model rubbery networks available here contained terminal chains
and various types of chain entanglements in reasonably well known
amounts, a situation which does not exist in conventionally crosslinked
rubbers. Since the two-phase copolymer systems used here offered a
convenient method for comstructing these well-characterized networks,
they became a useful model for studying the behavior of rubber

materials in general.

1.2 Terminal Chains in Elastomeric Materials

It has been known for many years that elastomeric networks
can be formed by wvulcanization of long rubber molecules. The

vulcanization process introduces covalent chemical cross-links which



connect the prima.ry1 mélecules at various positions along their
lengths, In this way a continuous network of interconnected chainsl
is formed. It is also well known that the finite molecular weight
of the primary molecules requires that a certain proportion of the
chains will extend from a cross-link point to the end of a primary
molecule, A schematic representation of this situation is shown in
Fig. 1. Chains of the type BC are known as terminal of dangling
chains_and they are flaws in the continuous network structure. The
terminal chains will not be permanently deformed upon stretching
and cannot bear stress at equilibrium. Thus, the terminal chains
constitute an elastically ineffective or diluent portion of the

network.

Figure 1. Schematic representation
of a network. AB repre-
sents a network chain;

BC represents a terminal

chain; dotted lines imply
continuation of network.

After Flory (2).

Very early treatments (3-5) of network structure were

based on the assumptlion that the networks were formed from primary

The terminology is that of Flory (1,2). A "primary molecule"
refers to the rubber molecules present before cross-linking. A
“chain"” is the portion of the network extending between cross-links.



molecules of infinite molecular weight. Flory (1) was the first to
discuss the effects of finite molecular weight of the primary
molecules on the mechanical properties of the vulcanized rubber.
Flory reasoned that there should be two terminal chains per primary
molecule and that they should have the same length distribution as the
network chains. In this way he was able to establish the diluent
effect of terminal chains on the equilibrium modulus or compliance of
rubbers (2).

For example, the equilibrium shear modulus, Ge’ can be

written as
Ge = Go (1 - ZMc/M) (1.1)

where Go represents the modulus expected for a network with no
terminal chains, Mc is the number average molecular weight between:
cross-links, and M is the molecular weight of the primary molecules
present before cross-linking. Equation 1.1 explains the observed
dependence of the equilibrium mechanical properties on the molecular
weight of the primary molecules (2).

More interesting are the possible effects of terminal
chains on the viscoelastic mechanical properties. Numerous investi-
gations of the frequency dependent mechanical properties of
conventionélly cross-linked rubbers have pointed to the importance
of terminal chains (6 - 1l4); however, in every case a clear identi-

fication of their role was not possible due to the lack of countrol



over the network strucfnre formed by conventional cross-linking
reactions. In particular the amount of terminal chains, their

length, and length distribution could not be controlled in a flexible
way, and therefore a clear defipition of their contribution to the
dynamic properties did not emerge. The results of these studies did
indicate, however, that the terminal chains probably contribute

most strongly to the dyhamic mechanical properties at low frequencies,
and that their effect 1s particularly noticeable in the material’s
loss properties. Another study has shown that terminal chains can
measurably effect the stress relaxation at long times (15).

The contribution of terminal chains, in general, must be
viewed in terms of their abllity to disengage themselves, through
motions of their free ends, from the continuous network. Thus the
terminal chaihs can contribute to a temporary portion of the network
structure through engagements known as untrapped entanglements.

This temporary structure must have a changing effect on the
mechanical properties as time or frequency varies since its effect
must disappear at very long times. At equilibrium only the permanent
network structure, comprised of trapped entanglements and chemical
cross-links, can contribute to the material behavior. In the next
section the concept of permanent and temporary network structure will
be described including an explanation of the presence of entangle-

ments, both'trapped and untrapped, in elastomeric materials.



1.3 Chain Entanglements

In the early 1940's (16) it was recognized that a system
of completely uncross—linked ﬁolymer molecules could exhibit
temporary network structures. The temporary junctions were assumed
to be a manifestation of rather strong and widely separated pbints
of coupling among the long-chain molecules. Rearrangements
involving molecular segments longer than the characteristic distance
between these entanglement points appeared to be greatly restricted,
but not permanently excluded as in the case of molecules joined by
chemical cross-links. In spite of the large amount of work (See
Ref. 17 for a review of these studies) which followed these
observations, a rigorous definition of the term 'entanglement" as it
applies to polymers can not yet be given. It carn only be said that
an entanglement refers to the temporary constraints on long-range
molecular motions mentioned above. The term is not used to describe
the short-range intertwining which must occur all along the molecules
of any polymeric system.

When a system of entangled primary molecules is vulcanized,
the resulting elastomer will have many stress-bearing sites due to
permanently trapped entanglement points in addition to the sites
provided by the covalent cross-links. This situation, as pictured
by Flory (1), is shown in Fig. 2. These entanglement points cannot
be disengaged without disrupting the networks, but they are capable
of slipping along the chains to accommodate imposed deformatioms.

The slippége motion of the entanglements introduces additional time



dependent mechanisms into the mechanical behavior of cross-linked
rubbers. While these mechanisms often have been observed (Ref. 17,
Ch. 14), a clear identification of their effect on the mechanical
behavior has not been possible because the network structures of the
materials studies were not well-characterized. In particular, the
number of trapped enténglements could not be determined, only the
total number of trapped entanglements and chemical cross-links. The
role of these permanent entanglements must be considered to be quite
important, however, since in many elastomers they account for a much
higher proportion of the stress-bearing sites than do the covalent

cross-links.

' Figure 2. Trapped network
( G/ entanglement.
L After Flory (1).

The situation is complicated further by the presence of
terminal chains. Clearly, if chain CD had been a terminal chain, the
entanglement pictured in Fig. 2 could no longer be permanently
trapped. The resulting untrapped entanglement can, becauée of its
free end, become completely disentangled given a sufficiently long

time. Its stress-bearing capability will be much less than that of



either a trapped entanglement or a covalent cross-link, and at very
long times (equilibrium} 1t will not support stress at all. Several
criteria for distinguishing_bétween trapped and untrapped entangle-
ments have been proposed (10, 17, 18) resulting in slightly different
predictions for the equilibrium mechanical properties of cross-
linked elastomers. Siow relaxation processes which have been
observed at rather long times in cross-linked rubbers are usually
attributed to slippage of untrapped entanglements (10, 11, 13, 14).
As mentioned above, the particular viscoelastic mechanisms assoclated
with untrapped entanglements have not been clearly identified

because of the lack of precise knowledge about the structure of the

networks studied.

1.4 Block Copolymer Blends as Model Materials for Conventional

Elastomers

This section describes the manner in which blends of
diblock and triblock copolymers can be used to provide rubbery
networks with controlled amounts of terminal chains and known
quantities of trapped and untrapped entanglements. The limitations
on using these blends as model materials for studying the behavior
of conventional elastomers are also discussed here. In Chapter 6
some suggestions will be given for improving the system and for
extending the model to include other structural features in addition

to entanglements and terminal chains.
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A block copolymer is composed of different homopolymer
segments linked sequentially into a single straight-chain molecule.
The phase separation of the dissimilar segments of block copolymers
has been well established by electron microscopy. It is also well
known that a triblock éopolymer with relatively short glassy end-
blocks and a long rubbery center segment possesses elastomeric
properties at temperatures below the glass transition temperature
(Tg) of the endblocks. This results.because the glassy regiomns or
domains act as multifunctional cross-links for the long rubbery
chains which comprise the continuous phase. Above Tg of the haxd
segments the material will flow, and thus the name thermoplastic
elastomer (20) has been proposed for block copolymers with such
properties. Another useful feature of block copolymers arising
from the particular methods used in their synthesis is that a very
narrow (nearly monodisperse) molecular weight distribution can be
obtained for each of the segments.

A schematic representation of a thermoplastic elastomer
is shown at the upper left in Fig. 3. It is immediately apparent
that each of the rubbery center segments must have both of its ends
pinned in a glassy domain. Thus, at least to the extent that a pure
triblock can be made and that phase separation is complete, such
materials will contain no terminal chains. The continuous rubbery
phase is not cross-linked, but it will bear stress at each of several
entanglément points in addition to the glassy cross-links. All of

the entanglements are permanent since both ends of each rubBery
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segment are pinned; however, as discussed earlier, the positions of
the entanglement points are not fixed because of the possibility of
slippage along thé rubbery chains.

The diblock copolymers, shown schematically at the upper
right in Fig. 3, will exhibit a similar two-phase morphology. In
this case, however, the rubbery segments are pirned in a glassy
domain at only one end. Such a diblock copolymer consists of
multifunctional star-branched clusters in which the branches are all
essentially terminal chains. The material will bear stress only if
a temporary entanglement network is formed. The entanglenents of
this network are not permanent, however, because the free ends allow
each rubbery segment to disentangle itself completely over a
sufficiently long period of time.

It 1s a reasonable assumption that the end blocks of
diblock and triblock copolymer chains will mix without prejudice
(21). Thus by a judicious blending of such copolymers, one can, as
shown schematically at the bottom of Fig. 3, introduce a control-
lable fraction of terminal chains into the contintious rubbery phase
of the blend. At the same time 1t is possible to vary the length
and even the length distributien of the terminal chains. Simul-
taneously there will be a controlled combination of permanent
(or trapped) and non-permanent (or untrapped) entanglements. The
former arise from the entanglements between two of the triblock
Tubbery segments, while the latter involve a rubbery segment from

at least one diblock molecule. The model system described here



offers no information én possible motlons of cross-link points in
conventional elastomers since there are no covalent cross-links
in these systems. The attachments of the rubbery segments at the
domain boundaries do not constitute a model for conventicnal
cross-links since the domains are large and essentially immobille
when compared to the chemical linkages found in a typical rubber.
A method will be discussed in Chapter 6 for introducing known
quantitles of tetra- or tri-functionmal covalent cross-links into
the rubbery phase of the block copolymer blends.

Evidently, the diblock-triblock copolymer blends cannot
be completely valid model systems for conventionally cross-linked
elastomers. Below their glass transition temperature the rigid
domains act essentially as a reinforcing fillerz. However, the
time and temperature dependence of the filler affects the mechanical
properties of the copolymer even below Tg of the end blocks (22).
Furthermore, one cannot, in general, expect a sharp boundary
between the two phases. The possibility of a mixed interfacial
region in block copolymers has already been postulated in the
literature (23, 24). Such an interlayer can seriously affect the
mechanical properties in certain regions of time and temperature

(25, 26).

2 The diameter of a domain is of the order of hundreds of angstroms

which makes them roughly the same size as carbon-black fillers.



The preceeding discussion of the‘use of diblock-triblock
blends as model materials for conventionally cross-linked elastomers
is quite general and shculd‘apply to a wide variety of block
copolymer systems. For a number of reasons, block copolymers of
polystyrene (FS) and polybutadiene (PBD) were chosen for use in
this work. Firsthand experience with these materials had already
been obtained by collaboration in (27) and observation of (25)
research projects conducted in this laboratory. Perhaps the most
important reason for the particular cholce of materials was
necessity for a high purity triblock copolymer to serve as the
base material for the model system. Any uncertainty concerning a
possible diblock portion in the base material would cast serious
doubt upon the validity of the model and consequently upon the
results of this research., As discussed in the following chapter on
materials, high purity polystyrene—polybutadiene-polystyrene
triblock copolymers were readily available, and therefore it was

decided to build the model system around these materials.
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CHAPTER 2

MATERIALS

2.1 Syntheses and Characterization of Polystyrene-Polybutadiene

Diblock Copolymers

Homogeneous anionlc polymerization techniques, developed
in the late 1950's by Szwarc et al (28), make it possible to
synthesize an unlimited variety of novel polymeric materlals. Of
particular interest are block copolymers, which contain sequential
segments of different materlals linked into a single straight
chain molecule. Triblock copolymers of the type polystyrene-
polybutadiene-polystyrene (SBS) have received special attention
due to their ability to serve as thermoplastic elastomers (20).

The Shell Chemical Company has, for several years, produced commercial
SBS materials under the trade name '"Kraton Rubber".

As discussed in the previous chapter, blends of SB
diblocks and SBS triblocks can be used as model materials in the
study of terminal chains and various types of chain entanglements
in rubbers. It is clear that a supply of several SB diblocks in
addition to at least one SBS triblock material will be necessary
for this study. Research grade SBS triblocks containing essentially
no diblock fraction were generously supplied by the Shell Chemical

Company. The characterization information supplied by Shell with
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these materiasls appears in Appendix A. SB diblocks were not
readily available and therefore it was necessary to synthesize
several samples.

The synthesized diblocks must be compatible with the
available triblocks. This means that the size of the polystyrene
segments must be neariy identical in the diblocks and triblocks.
The microstructure of the polybutadiene moiety of each diblock must
be similar to that of the triblocks to avoid a significant shift in
the glass transition temperature of the polybutadiene phase.
Furthermore, the styrene content of the diblock cannot be too
dissimilar from that of the triblock into which it is to be blended.
Matsuo (29) and Kawal (30, 31) have shown that drastically different
morphologles can result from significant variations in styrene
content.

All of the factors mentioned above place certain limita-
tions on the procedures which can be used for synthesizing suitable
diblock samples. The information reported in this section is a
summary of the resulis of the various attempts to synthesize SB
diblock copolymers and the techniques employed in their characteri-
zatlon. Seven syntheses were carried out, three of which resulted

in suitable SB diblocks.

2.11 Purification and Handling of Materials

The procedures required to synthesize diblock copolymers

using the method of homogeneous anionic polymerization have been



17

discussed extensively in the literature (32 - 34). The necessity
for extremely hilgh purity materials and an inert atmosphere cannot
be over-emphasized. Water and oxygen are especlally dangerous
impurities which will terminate the growth of one "living" (34)
polymer chain for each molecule of impurity present. It has been
estimated by Szwarc tﬁat a unimolecular layer of water absorbed on
the wall of a reactor can destroy all of the active sites in a
typical anionic polymerization (34). Trace amounts of impurities
not sufficient to terminate the entire reaction will have remarkably
strong effects (34) on the molecular weight distribution obtained.
Thus, the synthesis_of diblock copolymers with essentially mono-
disperse segments of polystyrene and polybutadiene, while simple
in principle, was quite difficult in practice.

The rigorous methods (32, 35-37) employed in the purifi-
cation and handling of the materials used in the polymerizations
are described in the following paragraphs. A high wvacuum (108 torr)
apparatus was used to eliminate atmospheric impurities. It is
shown schematically in Fig. 4. The vacuum technique was chosen in
lieu of the inert gas (nitrogen or argon) method because it allows

for thorough flaming and degassing of glassware.

2.111 Initiator
The initiator chosen for use in all reactions was sec—~
butyllithium. This compound, as do other organolithiums, initiates

by anion attack (34). Sec-butyllithium is especially useful for SB
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diblock syntheges because of its relatively high rate of initiation
with styrene and butadiene (33). The stock solution (Alpha
Inorganics, Inc.) was 2.2N in n-hexane. This solution was trans-
ferred to a nitrogen atmosphere and diluted with n-hexane to 0.72N.
The diluted initiator solution was then drawn into an evacuated
ampul. This was transferred to the vacuum apparatus, degassed,

and its contents distributed (32) into ten ampuls containing from
2.5 to 5.0 ml of the 0.72N solution. A typical polymerization
carried out in 500 ml of solvent had an initial concentration of

sec-butyllithium in the range of 3.6 x 10~3 to 7.2 x 10~3 N.

2.112 Solvents

Several different solvents -~ tetrahydrofuran, isopentane,
n-hexane, and benzene - were purified by identical methods. The
solvent was degassed and stirred under vacuum over finely ground
(-40 mesh) calcium hydride for several hours. It was then distilled
into an evacuated flask containing a liquid alloy of sodium and
potassium (32). After several days of stirring over the Na-K alloy
to destroy trace amounts of water, the solvent was distilled into a
flask which had been mirrored with a thin layer of sodium metal.
I1f no visible degradation of the mirror occurred within 24 hours, the
solvent was considered to be dry, and was distilled into a receiving

ampul or directly into the reactor.
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2.113 Monomers

Styrene cannot be distilled directly onto sodium mirrors
because it tends to polymerizé. For this reason, the purification
procedures had to be modifled for thls monomer. Stabilized styrene
(Matheson, Coleman and Bell) was degassed and stirred for several
hours over calcium hydride. The monomer was then distilled to
remove the stabilizer and passed twice through chain flasks (32) in
which only styrene vapors came into contact with the sodium mirvor.
The monomer can thus be purified without unwanted polymerizationm.
From the last chain flask the styrene was collected into a monomer
receiving ampul, frozen, thoroughly degassed, and sealed. The
ampul was then attached to the reactor. Each ampul was preweighed
so the weight of the monomer could be determined,

The gaseous monomer butadiene required special handling
and purification techniques. A continuous gas flow system was used
for initial purification steps (35). The monomer was later handled
as a liquid at reduced temperatures with the aid of dry ice-acetone
baths. Directly from the gas cylinder, 1,3-butadiene (Baker
Chemical Co., Specialty Gas Division) was dispersed by a fritted
glass sparger into a 1 M NaOH solution to remove inhibitor. It
was then passed through a 0°C chamber which trapped much of the
entrained water but did not condense the butadieme (b.p. -4.5°C).
The gas was then passed through tubes packed with CaCl;, CaH

(4~40 mesh), and Linde 4-A molecular sieves for further drying.
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it was then condensed in an evacuated flask on the vacuum line,
distilled onto several sodium mirrors, and finally collected in

preweighed monomer ampuls.

2.12 Synthesis Methods

The reactor used for the polymerization is shown
schematically in Fig. 5. Stopcock grease can be a damaging impurity
in prolonged exposure and therefore all ampuls were glass welded
onto the reactor's maniford rather than connected with greased
fittings. After the solvent was distilled into the flamed and
evacuated reactor, the entire reactor-ampul system was sealed off
and removed from the vacuum line., The initiator ampul was then
cracked open and the walls of the reactor were thoroughly rinsed
with the solution to remove any remaining impurities.

Up to this point, all reactions were carried out in the.
same marner. However, three different approaches were taken for
completion of the diblock synthesis. In the first method, the
butadiene was polymerized in a hydrocarbon solvent. After several
days a small émount (25 - 35 ml) of THF was added to change the
polarity of the solvent, and then the styrene ampul was quickly
cracked open. This approach wés devised in an effort to obtain a
polymer with a diene molety of nearly all 1,4-additiomn and a
monodisperse polystyrene segment. Two major factors are involved
(33). Butadiene will polymerize with low amounts of the unwanted

1,2-addition in hydrocarbon solvents. However trace amounts of
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ethers or other polar sclvents will greatly increase the aﬁount of
the 1,2-adduct. On the other hand, the initiation rate of styrene
i1g slow compared to the propagation rate in non-polar hydrocarbon
solvents. Trace amounts of polar compounds such as THF have been
sound to speed up the initiation and thus help to maintain a narrow
molecular weight distribution in the polystyrene moiety of the
product.

The first method has several shortcomings. I1If the THF
is added before all of the butadiene has been depleted, unwanted
1,2-polybutadiene may be obtained near the polystyrene segment.
Furthermore, because of the slow diene polymerization, the styrene
ampul must be cooled continuously for several days to prevent
thermal polymerization of the unstabilized monomer in the ampul.
Finally, the active end of the polybutadiene chain can attack and
react with THF molecules unless quite low temperatures (<-35°C)
are maintained (37). However, the molecular weight of the poly-
butadiene chains already formed may be high enough to precipitate at
these temperatures and thus destroy the homogeneity of the system.

With these factors in mind a second method was devised
in which the styrene segment was polymerized in a hydrocarbon
solvent without addition of a polar solvent by employing a seeding
technique (37). This method requires very small amounts of styrene
to be added until all of the initiator molecules have been converted
into short polystyryl anions. This can be verified visually due to

the bright orange color of the styryl anion. When a small addition
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of monomer no longer causes a déepening of the orange color, the
naximum number of active polystyryl anions has been formed. At

this point the reﬁainimg monomer is added dropwise with vigorous
stirring. This results in nearly monodisperse polystyrene chains.
The butadiene is added after several hours and the diene polymeri-
zation is allowed to continue for several days. No THF is required
for this method. The disadvantage of the seeding technique for our
purposes 1s that the low molecular weight polystyrene segments

being sought are near the lower limit of molecular weights for which
the technique is successful in producing monodisperse polymers,

A third method was employed in an effort to take advantage
of the different reactivity of the two monomers in non-polar hydro-
carbon solvents. It has been shown (38, 39) that butadiene will
polymerize preferentially to styrene when butyllithium initiator
is used in a hydrocarbon solvent. Almost no styrene will react
until all of the butadiene has been consumed.  The resulting
"tapered" block (34) copolymer will have a nearly pure polybutadiene
moiety linked to a pure polystyrene moiety by a mixed region of
butadiene and styrene. The exact length and nature of the mixed
middle segment is difficult to determine. It is interesting to
note, however, that mixed segments of this sort would be extremely
useful in an investigation of the effects of interlayer regions on

the mechanical properties of block copolymers.
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When a polymerization was completed, the reaction was
trerminated by cracking open the neck of the reactor and pouring
the viscous solution into a.lérge excess of methanol. A small
amount of N-phenyl 2-naphthylamine was added to the methanol as
an antioxidant. The collected polymers were stored in the dark
at -15°C. A total of seven polymerizations were completed using
all three of the synthetic methods described above. The results
of these polymerizations will be presented after a discussion of

the techniques employed in the characterization of the SB diblocks.

2.13 Characterization Methods

The quantities of interest are the diblock number average
molecular weight (ﬁg), the styrene welght percentage (¢}, the diene
microstructure, and the glass transition temperature of each
segment. ﬁg was determined in toluene solution in a Melabs
Membrane Osmometer. Glass transition temperatures of the poly-
butadiene segments were measured on a DuPont Model 800 Thermal
Analyzer. As in previous studies of similar systems (27), the
glass transition temperature of the polystyrene segments could not
be measured reliably. Percentage compositions were determined in
two ways. The first was a quantitative chemical degradation (40)
in which the polybutadiene portion of the diblock was cleaved off
by oxidation with osmium tetroxide. The oxidation products were
exhaustively extracted with ethanol and the remaining insoluble

polystyrene was recovered and weighed. Because the low molecular
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welght polystyrene segments were difficult to handle quantitatively,
a second method based on NMR analysls was used. The NMR technique
developed by Senn (41) for analysis of random copolymers of
butadiene and styrene was used successfully to determine the
compositions of the block copolymers obtained here.

Detalled determinations of polybutadiene mlcrostructure
have been accomplished by NMR (42) and IR (43) techniques. ¥For the
purposes of this study, it is sufficient to know only the amounts of
1,2- and l,4-addition in the diene moiety. These quantities can be
deternined along with the styrene content by the NMR amalysis
method of Senn (41) in which the amounts of styrene, 1,2-butadiene
and l,4-butadiene in the copolymer are cobtained by solving a system
of three simultaneous equations. NMR spectra were obtained
routinely on an A-60A Varian Spectrometer. Five to ten percent
solutions of the polymer in carbon tetrachloride were used for the:
analysis. The method did not allow for determination of the cis-
trans ratio in the 1,4-polybutadiene. The NMR method was tested
by determining the compositions of the well-characterized triblock
materials supplied by Shell. As indicated in Table 1, the NMR

results compare favorably with Shell's characterizatioms.
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Table 1

NMR CHARACTERIZATION OF TRIBLOCKS COMPARED

TO SHELL CHEMICAL CO. DATA

A = Shell B = This Investigation
Percent Percent Weight Percent
Material 1l,4-addition 1,2-addition Styrene
A 3 A B & ] A 3
TR-41-1647 - 90 92 10 8 48.2 51.2
TR-41-1648 (SBS-8) 90 92 10 8 29.3 28.4
TR-41-1649 - - 94 - 1) 26.8 27.6

2.14 Results and Discussion

Seven polymerizations were completed yielding six
copolymers of butadiene and styrene, and one polybutadiene sample.
Table 2 summarizes the experimental conditions and the product
characterization for each polymerization. To be suitable for blending
into the available triblocks, the SB polymers must have a diene
microgstructure with less than 10% 1,2~addition, contain less than
40% styrene, and have a polystyrene block ﬁ# less than 20,000.
From Table 2 it is apparent that only reactions 5, 6, and 7 yielded
syitable 8B diblocks. Reactions 1 to 4 did, however, provide

useful information and wvaluable experience for future work.
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The first two polymerizations were carried out in
igopentane by the method in which the butadiene is polymerized
first. In both cases the diene polymerization was carried out at
0°C for 3 days before the Tﬂf and styrene were added. The addition
of styrene produced a bright yellow-orange color somewhat different
from the characteristic deep orange color shown by reactive styrene
polymers in n-hexane. The color was first attributed to the use of
a different solvent, isopentane, Iinstead of n-hexane. Further
consideration of the experimental procedures and NMR analysis
(which showed a high 1,2-diene content for both polymers), led to
the conclusion that the styrene and THF were added before the buta-
diene was exhausted. This is likely in view of the low temperature
(0°C) of the initial polymerization. At this temperature the
reaction rate is substantially reduced from that at room temperature.
Therefore it is probable that the products of the first two
polymerizations wers diblocks of largely 1,4-polybutadiene/1,2-
butadiene~co-styrene.

The third reaction was carried out in the same manner but
with n-hexane solvent. The butadiene was reacted for 4 days at
20°C. A crack developed in the reactor during the attempt to break
open the styrene ampul and the reaction was terminated. Thus, the
resulting polymer was a pure polybutadiene, but significantly it
had a very low percentage of 1,2-adduct as desired.

Reaction number four was an attempt at making a tapered

diblock by employing the method of feeding both monomers simultaneously
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to the reactor. The reaction medium began as a colorless solution
and became increasingly yellow-orange as time proceeded. The

yellow color peréisted after.7 days indicating that pure poly-
styrene segments still did not form. At this point the reaction
medium was too thick to stir, and the reaction was terminated.

The large quantities.of monomer and relatively little initiator
used in this particular reaction apparently led to a product with

a relatively high molecular weight. The product of this reaction
probably contains largely 1,4-polybutadiene/l,4-butadiene-co-styrene
materials. |

The fifth and sixth reactions were carried out according
to the seeding procedure. A larger quantity of styrene was
employed in the sixth reaction, and the polystyrene chains tended
to phase out of solution as they reached their maximum molecular
weight. In both caseg, however, the deep orange color persisted:
until the but#diene Wa§.added, at which time the solution became
colorless and the growiqg polymers again became soluble. The SB
diblocks resulting fr;m'these two reactions met the desired
molecular specifications, and therefore this polymerization method
was also used in the next syn;hesis.

The seventh reaction was carried out in a manner similar
to the previous two, except 'that benzene was employed as the
solvent, .There was no tendency for the growing polystyrene chains
to phase out of solution in ihis reaction. Upon addition of the

butadiene the orange color again disappeared rapidly. The final
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product from this synthesis contained polybutadiene segments with
an amount of 1,2-addition similar %o ;he products synthesized in
n-hexane solvént. The fact that suitable products can be obtained,
with the added advantage of increased solubility during the styrené
polymerization, makes benzene the logical choice of solvent for

any future SB diblock syntheses using the seeding technique.

All three successful syntheses employed the seeding
technique, and so a few remarks will be made concerning the type of
product to be expected from this reaction scheme and the usefulness
of these products for blending with the available triblocks. As
mentioned earlier, the polystyrene moietigs ggd not likely to have
very narvow molecular weight distributioné. vThere are several
reasons for this., First, styrene 1s the most difficult of the
materials to purify, and impurities have a profound effect on the
molecular weight distribution. Second, initiation is not rapid in
comparison with propagation for styrene in hydrocarbon solvents,
and this condition is necessary for obtaining narrow molecular
weight distributions (33). This second prbblem can, in principle,
be overcome by seeding, but as discussed earlier, this technique
is only partially successful at the low molecular weights obtained
in these syntheses.

Considering the difficulties_in obtaining a narrow
molecular Qeight distribution in the polystyrene segments, one
must declde whether the diblocks are sfill useful for buillding

model network systems by blending them with triblocks. 1In the



interpretation of the mechanical properties of the blends, the
polystyrene ﬁhase will, in most cases, be considered to be inert
filler., Theréforé, only the volume or weight fraction of poly-
styrene in the blend will be significant, not the molecular weight
distribution of the polystyrene segments. Furthermore, any
impurities in the styrene monomer, or even those added with the
butadiene at the beginning of the polymerization of the second
segment, will produce terminated or "free' polystyrene segments of
various lengths. These short polystyrene chain; will enter the
polystyrene domains of the blends (21), and thus they offer much
less complication to the interpretation of the model network
structure than the corresponding amount of free polybutadiene.
Another advantage of the sezeding technique is the fact that the
osmotlc pressure determinatlons of overall molecular weights are
rather insensitive to the presence of very short segments. This
is due to the permeation limit of the membranes employed in the
osmometer.

Thus, the seeding technique has the iﬁherent advantage
that most of the problems in the synthesis are overcome by the
time the important part of the reaction, namely, the formation of
the polybutadiene segments, begins. To be able to assess the
structures of the networks formed by the blends, it is necessary
to have a narrow polybutadiene molecular weight distribution and

no free polybutadiene chains in the sample. The synthetic scheme



in which the polystyrene was syntheslzed first has helped to assure
that these tﬁo criteria are fulfilled in the products of reactions
5-7. |

The three useful diblocks obtained from the syntheses
are given the following designations: SB-5, 10/67/0; SB-6,
9/51/0; and SB-7, 7/22/0. The molecular weights of the individual
blocka, in thousands, are separated by ihe slashes. The third
block position has been retained for symmetry'with the triblock
designations and is indicated by a molecular weight of zero for

all the diblocks.

2.2 Sample Preparation

2.21 Preparation of Diblock-Triblock Blends

The three diblocks were blended with one of the Shell
triblocks (TR-41-1648, designated here as SBS-8, 16/78/16) to form
three series of samples. The blending was accomplished by dissolving
known wéights of diblock and triblock in benzene to form a solution
containing aroung 6 weight percent polymer. A trace amount
(ca 0.2%Z by weight) of N—phenyl 2-naphthylamine was added as anti-
oxidant. The solution was stirred vigorously for several hours.

It was then poured carefully down a glass plate onto a mercury
surface contained in a circular glass dish 10 cm in diameter.

The glass plate was submerged below the mercury surface during
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pouring; this minimized the number of air bubbles trapped at the
mercury-polymer solution interface.

The benzene was allowed to evaporate for several days,
during which time the dish was covered, mounted on a vibration
absorbing cork-rubber cushion, and stored in a dark., draft-free
room. Using this technique, uniform films around 2 mm thick were
obtained. The films were, for the most part, free of visible

surface flaws or trapped air bubbles.

2.22 Experimental Specimens

Two types of experimental specimens were made from the
thin films. Rectangular strips, typically 6.00 cm by 1.00 cm,
were cut from the films in a milling machine using a disk-shaped
cutter specially modified from a slitting saw. Soapy water was
used as a lubricant. These specimens were used Iln the torsion
pendulum apparatus. |

Very small (ca 0.20 cm? cross section) specimens with
irregular hexagonal shapes were required for the dynamic uniaxial
compression experiments. The thickness of a typical film was not
sufficient for direct use in the dynamic tester (25), and there-
fore laminated specimens were made. Two or three laminations were
necessary, depending upon the thickness of the original film., The
particular method of preparing laminated specimens with good
adhesion between the layers has been discussed in detail elsewhere

(25). Mechanical properties data (25) taken parallel and
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perpendicular to the laminations of one triblock specimen were
essentially identical and thus the necessity for using multi-
layer speéimens here is not considered to be a problem. In all of
the dynamic compression tests conducted in this investigation, the

uniaxial compression was imposed perpendicular to the laminatiomns.

2.23 Annealing of Specimens

During the casting process, some of the soft polymeric
material deposits on the sides of the glass container. Because
of this adhesion to the walls, each of the circular films had an
upward curvature near its outer edge. This portion was always
discarded before cutting any test specimens. However, a more
serious effect of this adhesion was observed. Figure 6 shows the
normalized change in specimen thickness as a function of time at
various fixed temperatures. The specimens were cut from the central
portion.of one of the SBS-8 films. The increase in thickness (the
length and width decreased commensurately) indicates that there is
significant orientation in the films in the radial direction as a
result of the adhesion of the film to the side walls of the container
in which 1t was cast.

Electron photomicrographs of $3S-8 (44) indicate discrete,
almost spherical polystyrene domains for annealed specimens;
unannealed specimens show slightly elongated domains which appear
to touch in some places. These observations are consistent with

the annealing data shown in Flg. 6. Especially important is the
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fact that at 50°C only minimal dimensional changes can be seen

even after very long times. Thus it appears that the radial
orientation induced in the specimen during casting can only be
removed by annealing at temperatures high enough to allow the
polystyrene domains to soften. All of the specimens used in this
work were annealed in vacuum at 100°C. The strip specimens for

the torsion pendulum were anmealed for 24 hours., The small specimens
used for the dynamic compression tests were annealed for only 6
hours, but were subjected to additional heat treating (discussed in
the next chapter) within the apparatus before any experiments were

performed,
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CHAPTER 3

EXPERIMENTAL DETAILS

3.1 Overall Experimental Program

. The overall program of experiments was designed to yield
information on the effects of terminal chains and chain entangle-
ments through comparisons of the mechanical response curves.

Figure 7 gives a schematic representation of this approach. Compar-
ing resulte obtained within each of the three series of blends yields
information on the effect of changing network composition at constant
terminal chain length. The effect of changing terminal chain length
is studied through comparisons of the data from all three series.
The compositions of the various blends in the three series are given
in Table 3.

The dynamic mechanical properties of these blends were
studied in two ways: (1) in free oscillation at about 0.2 Hz over
a temperature range from -150°C to 100°C, and (2) in dynamic uniaxial
compression from 0.1 to 1000 Hz at various temperatures between -87°C
and 85°C. The study of dynamic (rather than transient) properties
was egpecially useful in this work since the energy dissipation or
loss properties of the blends turned out to be particularly sensitive
to the secondary viscoelastic mechanisms of interest here. The free
oscillation experiments were simple but reliable, and they offered a

means of obtaining qualitative information on the kinds of changes
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Table 3
COMPOSITIONS OF THE DIBLOCX-TRIBLOCK BLENMDS

: Welght Weight
Sample Code Percent Styreme Fraction Terminal Chains™

Series 1 Terminal Chain M = 51,000

SBS-8 29 0
BL-1.1 26 0.231
BL-1.2 23 0.444
BL-1.3 22 0.577
SB-6 15 1

Series 2 Terminal Chain ﬁgﬂ 22,000

SBS-8 29 0
BL-2.1 28 0.159
BL-2.2 28 0.315
BL-2.3 27 0.416
SB-7 24 1

Series 3 Terminal Chain ﬁ; = 67,000

SBS-8 29 0
BL-3.1 24 0.334
BL-3.2 22 0.490
SB-5 13 ' ' 1

*Polystyrene-free basis
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to be expected In the various regions of material response as
network structure was varied systematically. The reglons of
greatest interest were then studied in more detail in the forced
oscillation experiments. This second experimental method was
much more difficult and tedious, but fortunately these data were
more adaptable to quantitative interpretation and were, therefore,

considerably more valuable than the results of the first method.

3.2 Apparatus and Procedures

3.21 Torsion Pendulum

The mechanical properties of the block copolymer blemnds
were measured as a functlion of temperature at nearly constant
frequency (about 0.2 Hz) on a freely oscillating torsion pendulum.
The period and logarithmic decrement (natural logarithm of the
ratio between successive displacements) were measured over a
temperature range from -150°C to 100°C. The storage and loss
modulli were calculated In the usual way (17) using tabulated
corrections for a rectangular strip specimen (45).

The torsion pendulum was built essentially along the lines
of the apparatus described by Lawson (46). This apparatus is
similar to other freely oscillating torsion pendulums except for
the displacement sensing device. The oscillating shaft has two
magnets mounted on it in a sector-shaped configuration. Centered

between the two magnets 1s a Hall effect device which, under the
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influence of a constant current, will convert changes in magnetic
field strength to a changing voltage signal. This signal is then
displayed without‘amplificatiﬁn on a strip chart recorder as a
damped sinusoidal trace. The Hall device displacement sensor is
simpler to balance and align than reflected light beam sensors.
Because of its great sensitivity to very small changes in the
magnetic field strength}rather small angular displacements (+ 1-2
degrees) can be employéd. At these small angular displacements
the relation between the digplacement and the Hall device output
may be regarded as linear with sufficiently good approximation (46).
Below room temperature the specimen was encased in a
Dewar flask containing a coil of stainless steel tubing. By
passing cold nitrogen gas through the coil, temperatures as low
as -160°C can be reached. The natural temperature rise is slow
enough (around 10°C/hr.) that no further control is necessary. A -
neasurement 1s taken In less than one minute, and the effect of
tenperature change over this time interval is insignificant. At
very low temperatures, especilally near the glass transition
temperature of the rubbery phase, the thermal gradient along the
specimen caused a serious problem in obtaining reproducible
neagurements in early runs. This problem was solved by surrounding
the specimen with a close-fitting (but not touching) brass cylinder
to conduct heat evenly along the length of the specimen. Two
thermocouples were placed through small holes in the brass cylinder,

one near the top and one near the bottom of the specimen. Even at
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the lowest temperatures, the difference between the two thermo-
couples was less than 1°C.

Above room temperature the specimen, still surrounded
by the brass cylinder, was placed in a glass container wrapped
with electrical heating tapes. Again the temperature rise was
negligible during a measurement, and the thermal gradient along
the specimen was under 1°C. At the highest temperatures, around
90 to 100°C, the specimen began to soften and narrow somewhat
near the top clamp. The changing shape factor removes any hope
of making precise measurements in this region.

A typical set of data obtained from the torsion
pendulum experiments is shown in Figure 8. Here, the logarithms
of the storage modulus, G”, and the loss modulus, G°°, are plotted
againat temperature for SBS-8. The units of the moduli are bars.
(1 bar = 105 dynes/cm? or 14.5 psi.) Each datum point represents
an average value taken over at least eight cycles, except in the
region of very high damping between -100°C and -90°C. Here the
number of cycles which could be obtained varied between eight and
two, Figure 8 demonstrates the rather good reproducibility which
can be obtained in the intertransition plateau between several
repeat runs on the same specimen. The réproducibility was much
poorer for unannealed specimens.

Free oscilllation data must be interpreted with cautiom.
The complex modulus, G*{w,a), as calculated from such measurements,

is a function of both the radian frequency, w, and the damping, a.
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It becomes comparable to the modulus obtained in forced oscillatiom,
G*(w), only if the damping is negligible. The ensuing difference
in notation and terminology has been suppressed here for simplicity
but must be borne in mind when comparing the data with similar ones
by other authors. A further complication arises from the fact that
the measurements are not strictly isochronal. In these measurements
the maximum range of frequencles over the temperature range tested
was half a logarithmic decade. Isochronal measurements can be
obtained by making several measurements at the same temperature

in which the moment of inmertia, the elastance of the suspension
wire, the specimen geometry, or a combination of these factors is
varied. In this way one can achieve a spread of frequency allowing
interpolation to a constant frequency at each temperature. This
method, however, is time consuming and is hardly warranted because
damping and frequency cannot be controlled in this way simulta-
neously. The measurements were made here with the same moment of
inertia, suspension elastance and specimen geometry throughout.

In thls way the data reported here are internally consistent and
qualitative comparisons can be made between the various materials

tested.

3.22 Dynamic Rheometer

An instrument which enables forced oscillation measure-
ments to be conducted over a wide and continuously variable

frequency fange as well as a large temperature range is the most
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valuable tool available to an investigator studying the visco-
elastic propetties of polymers. In this respect much of the
success obtained in this study can be attributed to severai vears
of patient and persevering labor on the part of D. G. Fesko. In
his Ph.D. thesis (25), Fesko described in great detail the manner
in which he rebuilt a commercial apparatus which orginally had been
designed (47) for use in oscillating shear experiments. The basic
operation of this instrument is illustrated in Fig. 9.

As a result of a variable frequency voltage signal
being supplied to a confined stack of Cannellite 5400 piezo-
electric disks, the driver experiences a sinusoidal displacement.
The maximum amplitude of this displacement has been estimated
(25) to be around 3000 A. The polymer specimen acts as the
connecting bridge between the driver and the monitor plate. The
deformation of the specimen results in a force being transmitted
to the monitor plate and this force is converted to an electrical
charge signal by a very small deformation of the piezoelectric
force transducer. This deformation of the force transducer is
small enough to be neglected in comparison with the driver displace-
ment (25). TFurthermore, the d;iver displacement is small enough
so that a typical specimen experiences exceedingly small compres-
sional strains (ca 0.01%). It is because of these small strains
that the compressional geometry can be used without introducing

significant error from bulging of the specimens.

* Channel Industries, Inc., Santa Barbara, California.
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Figure 9.
Diagrawm Illustrating Compressive Mode in the Modified

Melabs Apparatus. A: Driver; B: Specimen in Shear; C:.
Force Transducer; D: Force Monitor Plate; BE: Specirmen in

Uniaxial Compression.
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Figure 10 is a2 block diagram showing the instrument
in its relation to the necessary anclillary equipment. A detailed
discussion of all these peripheral devices has been presented
elsewhere (25). The input (driver) and output (force transducei)
: sigﬁals waere comparéd using the differential Lissajous method
of Tschoegl and Smith (48) which allows very small phase aﬁglés
to be determined in the subaudio frequency range. In additibn,‘
the method enables the amplitude ratio of the two signals to be
measured. These two quantities, phase angle and amplitude ratio,
along with the specimen geometry are sufficient to determine the
dynamic properties of the material. A rather extensive calibra-
tion of the instrument (25) was required to relate the observed
phase angle and amplitude ratic to the values characteristic
of the material under consideration.

‘Each material was tested over a freqﬁency range of
4 décades (0.1 to 1000 Hz) at a minimum of 17 different tempera-
tures. The teﬁperature range covered was roughly -87°C_to 85°C.
In each case the first temperature studied was 50°C, and the
apparatus with specimen in place was allowed to equilibréte at
that temperature for 24 hours. This procedure assured good
“adhesion between the specimen and the confining plates which in
turn improved the reproducibility of the data (25). The 24 hour
period also provided for some annealing of the specimens above
the 6 hour, 100°C exposure discussed earlier.> The testltempera—

ture was progressively lowered in intervals of 5 - 10°C until
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data had been obtained at the lowest temperature of interest;
then data were obtained at temperatures above 50°C. A continuously
rénewing blanket of dry nitrogen gas was maintained whenever
temperatures above -30°C were encountered by the specimen. A |
period‘of about 2 - 3 weeks was usually necessary to complete all
of the experimental runs for one specimen. All of the forced
.oscillation data were oﬁtained using these procedures. As well
‘as being internally consistent, these data can be subjected to .
comparisons with data obtained on other instruments. Fesko (25)
has already shown that data obtained on a standardized rubber
specimen (49) in compression and in shear on the instrument
described here compared favorably with the data obtaimed on the
same material in shear (50) on the apparatus of Ferry and
Fitzgerald (51).

A revised version of the dynamic testiﬁg instrument
described here has recently been constructed. As indicated in
Figure 11, the ne& apparatus has been designed specifically for
compressional experiments, although modifications fér shear,
flexure, and pumping geometries are being considered. The cali-
bration of this new apparatus is discussed in detail eléewhere'
(52). Work is also in progress (53) to improve the electronic
circuitry associated with the instrument. All of these modifi-
cations will result in a more efficient research instrument which

will be much easier to use. However, the kind of information
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which the new instrument can provide is identical to that
obtained on the original apparatus. Therefore, aside frém the

‘extra time and effort required to obtain the data on the oclder
device, little was lost in not having the improved model avail-

able for use in the experiments reported here.



CHAPTER 4
RESULTS AND DISCUSSION

. 4.; Results

The experimental program is described here as it
“developed historically -- the results of the free oscillation
.experiments are. presented first, followed by the informatioé
obtained in the forced oscillation tests. It is felt that this
method of presentation may allow the reader to feel some of the
sense of excitement and discovery felt by the author when the
interesting and often surprising results of the free oscillation
tests were later corroborated and clarified by the forced
oscillation data. In the discussion section, the combined,infofma—
~ tion from the two types of experiments is used t§ identify and
explain the effects of changing network structure on the dynamic
mechanical properﬁies of the materials. The discussion is
predoﬁinantly qualitative with the major gffects being identified
by comparative inspection of the data. Some preliminary quéntita—
tive interpretation is given to several of the observed phenomena,

but a detailed treatment 1s deferred until Chapter 5.
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4,11 Free QOscillation Data

Figure 12 shows the behavior of the storage moduli of
the materials of Series 1 in which the terminal chains have a
number average molécglar weight of 51,000. In the glassy and‘in
 the polybutadiene transition regions all materials exhibit
identical behavior. At the base of the polybutadiene transifion'
the curves diverge, with specimens containing more terminal‘chains
.having lower moduli. A quantitative representation of the terminal
chain content is giveﬁ by X, the weight fraction of the polybuta—
diene phase which is in the form of terminal chains. As X increases,
the moduli in the intertransition regions drop away with temperature
increasingly more steeply in addition to having lower values
overall. The lowest curve, representing diblock behavior, was
drawn from a minimum number of points because of experimental
difficulties due to the tendency of this materiai to flow even
ét relatively low temperatures. For all of the curves, the data
at the highest teﬁperatures are in doubt due to a changing shape
factor, as discussed in Chapter 3. There is present, however,

a clear indication of the approaching polystyrene transition.

In Figures 13 and 14 similar behavior is showﬁ for the
storage moduli of the materials in Series 2 and 3, in which the
molecular weights of the terminal chains are 22,000 and 67,000,
respectively. A suitable specimen could not be prepared from

the SB-7 diblock material, and the amount of the SB-5 diblock
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SERIES 4 BLENDS OF SBS-8 AND SB~6
STORAGE MODULUS 0.2 HZ

X=WT FRACTION $=WT % STYRENE
TERMINAL CHAINS IN BLEND
MATERIAL - IN PBD PHASE {FILLER CONTENT)
5BS-B (16/78/16) 0 - 29 )
BL-L! 0.231 . 26
8L-12 0.444 23
BL~13 0577 22
SB-6 {9/51/0) 1.000 15

BL~1.1

BL-12
1

l -
-150

. \ .
-100 ~50 0 50 100

Temperature, T—°C

Figure 12.

Storage Modulus - Series 1
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SERIES 2 BLENDS OF $85-8 AND SB-7
STORAGE MOBULUS 0.2 HZ

MATERIAL X 3
SBS-8 (16/78/16) o 29
BL-2.1 0.159 , 28
BL-2.2 0.315 28
BL-2.3 0.416 27

SB-7 {7722/C}) . 24

1 1

1 - .
=150 () -850 o] 50 100
- Temperature, T—°C

Figure 13.

Storage Modulus - Series 2
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SERIES 3 BLENDS OF SBS-8 AND $8-5
STORAGE MODULUS O.2HZ

MATERIAL X ?®
SBS-8(16/78/16) 0 29
BL-3.4 0.334 - 24
8L-3.2 0.430 22

SB8-510/67/0)

! 1

1 -
-150

. .
-100 ~50 0 50 . 100
Temperature, T—°C '

Figure 14.

Storage Modulus - Series 3
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was not sufficient for testing. Thus the curves representing
diblock behavior do not appear in Figures 13 and 14.

The level of the modulus in the intertransition region
is affected by the filler content. In general, a decrease in
‘filler content results in a decrease in modulus. In the diblock-
~ triblock blends the polystyrene domains will be considered, aﬁ
temperatures below 40°C, to be inert filler particles. Because'
the triblock and the diblocks contain different amounts of poly-
styrene, the filler content will vary slightly in a given series
of blends. For example, in Series 1 the weight percent of poly-
styrene in the materials, ¢, varies from 297 in SBS-8 to 22% in
blend BL-1.3. A correction of the data for variatioms in the
filler content is therefore indicated.

There are various correction factors which can be
‘used to normalize the data to constant filler fraétion. The
correction of the type proposed by Guth (80) has been applied
successfully to acéount for the filler effect of polystyreme
domains in triblock copolymers of styremne and isopreﬁe (74).
This correction was applied in the intertransition region to
normalize all data to a filler content of 29%Z. The short dashed
~curves in Figures 12 - 14 indicate the positions of the various
curves after this correction. A more sophisticated modulus
correction for two-phase polymer systems has been proposed by
Uemura and Takayanagi (81). The corrections obt#ined using their

methods are smaller than those shown in Figures 12 - 14. Thus,



59

only a relatively small proportion of the decrease in the storage
modulus is ascribable to decreasing filler content, and the
remainder must be attributed to the introduction of termimal chains
into the material.'

The loss moduli for the blends of Series 1 and 3 are
shown in Figures 15 and 16. Each curve has been shifted succés-
Asively’downward by 0.5 decade for display purposes. Again,‘the‘
vglassy and transition regions show no effect of the terminal
chains. At the base 6f the transition, a minimum appears ané
becomes more pronounced as X increases. From the minimum, the
loss rises to a secondary peak and then falls off again at high
temperatures. This general behavior appears for all blends of
'Series 1 and 3, that is, for terminal chains of molecular’weight
51,000 and 67,000. |
| This secondary loss mechanism is quite ébviously absent
for the blends of Series 2 where the terminal chains have a mole-
cular weight of 22,000. Figure 17 shows that even at rather high
concentrations of terminal chains, there is no hint.of a miqimum
at the base of the polybutadiene transition. There is some
tendency for the loss to fall off at temperatures above O°C but
not nearly as rapidly as observed for the materials of Series 1
and 3.

The loss tangents (tan § = G"7/G”) are notvshown but
can be calculated easily from Figures 12 - 17. fhe general

features of the loss tangent curves are expected from the results
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2r
MATERIAL VERTICAL SHIFT,A X
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“BL-32

© SERIES 3 BLENDS OF $35-8 AND SB8-5

LOSS MODULUS 0.2HZ

MATERAL, VERTICAL SH!FT, A ' X

SBS-8(16/78/16) 0.0 o]
BL -3l -0.5 0.334
BL~3.2 -1.0 0.490
SB-5{10/67/0) {not shown) 1.COC
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Figure 16.

Loss Modulus - Series 3
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SERIES 2 BLENDS OF S8S-8 AND $8-7
LOSS MODULUS 0.2HZ

MATERIAL VERTICAL SHIFT, A  X_

SBS-8(16/78/16) 0.0 0
BL-2.1 -0.5 0.159
BL-2.2 -1.0 0.315
BL-2.3 -1.5 0.416
SB-7(7/22/0) {not shown) 1,000

1 ] 1 1

! 5
-150 - -100 -50 0 3 - 100
: Temperoture, T—°C

Figure 17.

I.oss Modulus - Series 2
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already presented: (a) The behavior is essentially identical

in the glassy and transigion regions, and (b) above the transi-
ﬁion region, tan ¢ increases with increasing terminal chain
content. This gemeral behavior was observed for all three series

of blends.

4,12 TForced Oscillation Data

4,121 Temperature Reduction

Figure 18 shows the logarithm of the compressional storage
compliance3, D" (w), plotted against.the logarithm of the ci;.rcular4
frequence, w, for am annealed specimen of the SBS-8 triblock.

D (w) is giveﬁ in reciprocal bars. The results from only a few

of the 25 different temperatures employed are shown here;'nohe

of the corresponding loss compliance curves is shown. To facilitate
comparisons among the various sets of forced oscillation data, it
is necessary to remove the dependence of the compliances on the
parameter temperaéure. This temperature reduction is usually |
accomplished quite successfully by the well known time-temperature
superposition principle (Ref. 17, Ch. 11) which relates changes

in temperature to shifts in the time (or frequency) scale. For

-3

The components of the complex modulus and the complex compliance
are simply related for forced oscillation data (17). The compliances
are presented here because they fit more naturally into the quanti-
tative treatment presented in Ch. 5 and because previous works (25,
27) have indicated that observed phenomena are more directly related
to the compliances in these systems. ’

4 The circular frequency, w, (rad/sec) and the cyclic frequency v
(Hz) are related by w = 2wv.
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many materials the shifts in the time scale can be established

empirically by matching the shapes of the individual isotherms

to the segment at an arbitrarily chosen reference temperature.

Leaving the detalls ;Q the discuseion section of this chapter;

E it is ﬁerely pointed out here that this type of empirical shifting

scheme was used here in the temperature reduction of the foréed'

. oscillation data. For reasons also to be discussed later,.only

the data corresponding to temperatures below about 40°C were used.
The amounts of horizontal shift, log ans required)to

effect superposition are plotted against temperature, T, in

Figure 19 for tw05 separate specimens of SBS-8, using -78°C as

the reference temperature. The shift factors for the two speciméns

are in good agreement below 40°C. Very near 40°C and for all

higher temperatures (not shown) the data diverged with the shift

facto;s for the unannealed specimen falling off ﬁore rapidly.

Below about -60°C, the temperature dependence of the mechanical

properties of SBé—S could be described by a WLF equation (17).

At higher temperatures the shift factors followed aﬁ.Arrhenius

equation. The solid lime in Figure 19 is represented rather well

by the following composite equation:

3 SBS-8u, unannealed specimen, compliance data obtained by Fesko
(25). SBS-8uA, annealed specimen, compliance data cbtained by

this author and also discussed by Fesko (25) and by Fesko and
Tschoegl (22). All of the triblock behavior reported later in the
text has been derived from the data obtained on the annealed
specimen, even though very little difference can be seen below 40°C.
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’

-~ 7.76 (T + 78.0)/(129.1 + T) T < -60°C

log ap = : (4.1)

3600 (—

T+ 273.2 = 2% T > -60°C

where T is the temperature in °C and the various comstants are
. found By suitable curve fitting procedures (17). The implications
of this type of temperature dependence will be discussed in detail
later. |
When the shift factors shown in Figure 19 are applied
to the compliance data for the annealed SBS-8 specimen, the
’méster curves shoﬁn in Figure 20 are obtained. Here the logarithms
of the reduced6 compressional storage compliance, D‘p(waf), and
the reduced compressional loss compliance, D"p(maT), are plottéd
‘against the logarithm of the reduced frequency. Data obtained at
each temperature are represented by a different symbol as indicated
 in the figure. The superposition of the data is quite good over
the entire reduced frequency range. The superposition is generally
somewhat better for the storage compliance, reflecting the smaller

amount of uncertainty involved in the determination of that quantity.

6 The compliances have been reduced by a multiplication factor

T/T , where T is the temperature of the data and T is the reference
temperature. This slight vertical adjustment accounts for changes
in the entropy-spring elasticity(17). The small correction for
density changes has been ignored (25). Thus D”” = (T/T )D” and

D*7 = (T/T)D"". LA
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Figure 20. Storage and Loss Compliance Master Surves-SBS-8



The storage compliance rises from very low values in the glassy
region (low temperature and high frequency) through the polybutadiene
transition and continues to rise, although much more slowly, across.
the intertransition regicn. The loss compliance exhibits a peék
 at-high‘reduc@d frequencies near the polybutadieme transition and

~ a broad secondary maximum at much lower frequencies. The polﬁstytene
;ransition would appear at still lower frequencies but is not

éeen here since all data above 40°C have been excluded.

Five blends ﬁere studied in the forced oscillation
experiments -- all three blends of Series 1, and ome each from
Series 2 and 3. The shift factors for these five blends are shown
in Figure 21 with the solid line again representing Equation 4.1.
Since the triblock represents the base material for the thxeev
series, it is reasonable to use its temperatu;e dependence for
:reductionbof the data for all of the blends. In ﬁhis way -it is
certain that any differences appearing in the various master
curves must be due to changes in material behavior, and not from
differences in the method used to reduce the data.

Figure 22 shows the storage and loss compliance master
curves for one of these blends, BL-1.2. The data superpése very
~well, at high reduced frequencies in the glassy and transition
regions. At the beginning of the intertransition region there
is a significant lack of superposition which is especially
noticeable on the low frequency side of the mainrloss peak. At

still lower reduced frequencies the data again superpose very well.
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Only data for temperatures 0°C and below are shown here for
clarity; the data above 0°C all superposed very well with the
low frequency ends of the storage and loss compliance curves.
Similar superposition anomalies were observed for the other two

blends of Series 1 and for the single blend studied f£rom Series 3.

4,122 The u—-Shift

It was possible to resolve the superposition anomaly
seen for the blends of Series 1 and 3 by subjecting the data to
a second set of shift factors, this time taken along a diagqnal
straight line whose slope was chosen parallel to the low frequency
rise iﬁ the loss compliance (See Figure 22). This choice of slopé
insures that the good superposition already obtained at low
frequencies will not be destroyed by the second shift procedure.
By moving the individual isotherms down and to thé right along
the appropriate slope, the data collapsed into a single master
curve exhibiting géod superposition over the entire frequency
range. Figure 23 illustrates this behavior for blen& BL~-1.2
where the horizontal and vertical coordinates now include the
appropriate component of the diagonal shift or "u-shift" as it -
will be called here. The p-shift factor corresponding to a given
temperature is taken as the distance along the diagonal, in
logarithmic units, required to effect superposition of the
particular isotherm under consideration with the fest of the data.

The numerical value of u must, of course, reflect the appropriate
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geometrical c@gsiderations for differences in the horizontal
and vertical scales.

The u-shift factors for the four blends under consideration
are plottgd against inverse temperature in Figure 24. Notice égaiﬁ
. that a different p-shift slopé was employed for each material with’
steeper slopes correspondimg to highex terminal chain contenté.
For Series 1 the u-shift factors for all three blends (circ;es in
.Figure 24) scatter reasonably well around a single straight line
over the region of temperature in which the superposition anpma;y
was apparent. At low temperatures the compliance data superposed
very well and no u—shift was necessary; the choice of u = 0 at
low temperatures assures that both shifting procedures (log a
’and u) have been referred to a temperature, —78°C, within the
transition region. This will prove to be useful later in the
comparisons of the various master curves. The maximum value of
u 1is somewhat arbitrary as a result of the limited length of the
compliance iscthefms. This upper limit corresponds to the
highest temperature for which the compliance data reached into
the region where the reduction anomaly was apparent. Data at
still higher temperatures superposed quite well and theréfore no
further p-shift was required.

For the single blend of Series 3, BL—3.2,‘the lack of
superposition in the compliance data could also be resolved quite
successfully by the same u-shift procedure. As éhown by the

triangles in Figure 24, the p-shift factors for this material
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could be fitted by a straight line parallel to the one used for
Series 1. The u-shift data are sparse and somewhat scattered for
this material, but they do indicate that the increase in terminal -
chain length from 51,000 teo 67,000 had no effect on the contrdl—
ling méchénism excepﬁ that it was shifted to higher temperatures.
Siﬁce the abcissa has a nonlinear scale, the change varied fﬁom '
‘about ten to twenty degrees centigrade. From the slope of the

'p vs. 1000/T plot it was possible to calculate a value for ﬁhe‘
éppaxent activation enexrgy associated with the p-~shift mechanism.
The resulting value for AHa and its interpretation on a molecuiar
level will be treated in detail in the discussion sectiomn. Also
in the discussion section, the motivation for choosing this
'particular method for resolving the superposition anomaly will

be made clear. At present, it is merely pointed out that, throhgh
| the use of the pu-shift factors shown in Figure 24,'single master
curveé exhibiting good superposition over the entire frequency
range were obtained for all the blends of Series 1 and for the
one blend studied in Series 3. Just as knowledge of the horizontal
shift factors allows the conventionally superposed data to ﬁe
decomposed into the originmal temperature segments, knowiedge of
the u-shift factors provides for the regeneration of the super-
position anomaly (Figure 22) from the fully reduced data (Figure
23). The data for BL-1.2 have been presented as a typical example

of the p-shift scheme. Working plots for the other blends. of
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Series 1 and for BL-3.2, both before and after the u-shife,
appear in Appendix B.

The materials of Series 2, termimal chain length 22,000,
have been conspicuously absent during the presentation of the | ‘
' u—shift mechanism., Figure 25 shows the storage and loss compliance
data for blemd BL-2.3 shifted according to the horizontal (log aﬁ)
lshift factors shown earlier in Figure 21. It is immediately
'appareat that no p-shift is necessary here since the data super-
pose very well over the entire frequency ramge. This was thg
only material studied from Series 2, but since it contained the
largest concentration of terminal chains it offered the most rigid
test of the data. Thus, the temperature dependence of the mechan-
ical properties of the materials of Series 2 did not include the
additional u-shift mechanism which was necessary for the reduction
of the daﬁa from Series 1 and 3. However, even tﬁough the overall
temperéture dependence of BL-2.3 and the base material, SBS-§,
were the same, thermechanical properties of the two materials
were quite different. Comparing Figures 20 and 25 indicates that
BL-2.3 shows a much shallower minimum in its loss compliance
behavior at intermediate frequencies than seen for SBS-S; This
~blend also exhibits significantly higher values of loss at low
reduced frequencies. The slope of the storage compliance in the
intertransition region for BL-2.3 is significantly steeper than
that observed for SBS-8. Thus, the short termin#l chains do

affect the overall mechanical properties of the materials of
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Series 2, but they apparently do not influence the temperature

dependence of the mechanical properties.

4.123 Composite Curves for Series 1

All of the materials of Series 1 were studied in the
forced oscillation experiment, and therefore it is possible to
.display the results for the entire series in composite plots to
'facilitate comparison of the mechanical response curves. Figure
26 shows line plots of the storage and loss compiiance master
curves for the four materials of Series 1. The double subscript
on the compliances, D‘pu and D“Pu, indicates that the conventional
temperature reduction has been performed on all materials and that
'the second shifting scheme, the u-shift, has been taken into
account where appropriate, i.e. for the blends only. The masteﬁ
‘curves for the blends have been subjected to small random
verticél shifts, usually on the order of 0.05 decade, to match the
data with the SBS¥8 master curves imn the transition and early
intertransition regions. This effectively removes frqm the data
any differences in the level of the compliance due to changing
polystyrene content and errors incurred in the calculation of
the specimen geometry. The small discrepancies seen in the
storage compliance in the glassy region can be attributed to
the appearance of a noticeable apparatus compliance when the

specimen becomes very rigid (25).
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Inspection of Figure 26 indicates that the storage and
loss compliance behavior for all the materials in Series 1 ié
essentially identical in the glassy and transition regioms. Both E
the level and the steepness of the storage compliance at low
" reduced f?equencies are increased by the introduction of terminal
chains. No significant difference in the loss compliance cuxﬁes'
can be seen for reduced frequencies above 0.01 sec~!. Below this
frequency, however, the curves diverge sharply with higher ievels
of loss being attained for higher terminal chain contents. For
the two blends of highest terminal chain content, the level gf‘
loss at the lowest reduced frequencies becomes greater than that
attained at the peak value of loss located near the polybutadiené
transition. A clearly defined maximum in the loss compliance
at low frequencies is visible only for the triblock material.
‘However, there is evidence that the secondary losé maximum is
shifting to lower frequencies as terminal chain content increases.
The reasons why the data could not be extended above 40°C to
reveal these peaks will be discussed in detail latef. A final
observation to be made from Figure 26 is the change in slopé of

the linear region of the loss compliance at low frequencies.
~ These are the slopes which were mentioned earlier during the
application of the u-shift to the data for Series 1.

The loss tangents for all the materials of Series 1

are plotted against reduced frequency in double iogarithmic

coordinates in Figure 27. Because it is a ratic of compliances,
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tan § = D”7/D”, the loss tangent is not affected by differences
in styrene content or by errors in calculation of the specimen
geometry. Therefore values of tan & calculated from the individual
sets of reduced data (not the matched curves of Fig. 26) reveal ;
‘the true amount of discrepancy at high frequencies where the
rmechanical behavior has been considered to be identical. Near
. log way, = -2 the spread of the four curves becomes greater, but
no systematic behavior of the minimum in the loss tangent is
apparent. These low values of tan & are subject to the greatest
amount of uncertainty anyway since very small phase angles must
be measured here. At still lower reduced frequencies the loss
tangent curves diverge rapidly and rise to much higher values for
larger terminal chain contents. A secondafy peak in tan & which
shifts to lower frequencies with increasing terminal chain conteﬁt
is evident in Figure 27. However, for all the materials the,ievel
of tan 6 at low frequencies was always less than that of the main
peak associated with the polybutadiene transition nea; log wa, = 2.
For two of the materials of Series 1, SBS-8 and BL—1.3,
the retardation spectra (17) were calculated using the approxima-
‘tion methods of Tschoegl (54). The calculated values of the
retardation spectra appear in Figure 28 plotted legarthmically
against the corresponding retardation time, 1. The symbol L”7,
indicates that the spectra shown here have been calculated from
loss compliance data and that the second central abproximatiOn

formula (54) has been used. As presented here the spectra are
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not normalized and ﬁave units of inverse bars. The shapes of

the spectra shown in Figure 28 are not markedly different from
mirror images of the loss compliance curves for these two
materials. These plots are quite useful, however, since the
‘level of the retardation spectrum represents a2 measure of the

v concentration of the retardation processes as they affect the.
;ompliance of a viscoelastic material (17). From Figure 28 it is
clear that the addition of terminal chains has enormously
increased the number of retardation processes at long times.

At intermediate times (mear log T =‘1 or 2) it appears that there
'~ may be fewer retardation processes when terminal chains are
present. The spectra for the two materials comverge below

log © = 0.5, and they are assumed to be identical in the
transition region where the loss compliance curves were essentiélly
identical. The dashed line appearing in Figure 28 near the
transiﬁion region has been drawn with a slope of 1/2. This is
the prediction of several molecular theories (17) for the slope

of the retardation spectrum in this region.

4.2 Discussion of Results

A rather substantial body of data has been presented
in the previous section as representative of the dynamic mechanical
behavior of the blo;k copolymer blends. In this section the
important features of these response curves will Be discussed,

with special emphasis placed upon the relationship between
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changes in the polybutadiene network structure and the observed
changes in the mechanical behavior.

One appreoach to the discussion of the results could be
to deal first with the body of data obtained in free oscillations;
and then show how the forced oscillation data uphold the proposed
explanations of the mechanical behavior. However, it is felé
‘ that the reader has probably been engaged in this mental process
 while reading the previous section and inspecting the data.
Therefore the major interesting features of the mechanical
response of the various blends will be dealt with directly,
using the combined information from both types of experiment as
evidence to support the proposed explanations of the material
'response. This is a particularly useful approach since Variqus
effects of changing network structure are not equally evident in
the two éets'of data. Therefore, by discussing ﬁhe combined
fesulﬁs, all the evidence for a particular explanation of an
observed phenomenbn can be presented at one time.

The overall plan of the discussion will be to work
upward in temperature, beginning with the short range viscoelastic
processes occurring in the glassy region and proceeding‘toward
the long time response observed ia the rubbery fegion. The discussion
deviates from this plan at first, however, because the effects of
the polystyrene phase and the interlayer must be examined. Also,
discussion of the empirical shifting procedure which has been

used to reduce the temperature dependence of the forced
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oscillation data requires that the entire temperature range of
the data be considered., Discussion of contributions to the
mechanical behavior from sources other than the polybutadiene
networks is aimed primarily at establishing the regions of
vtime and temperature in which these contributions are negligible.
This leaves the behavior of the polybutadiene networks clearlﬁ
exposed and allows for meaningful discussion of the relationship

between network structure and mechanical properties.

4.21 Contribution to the Mechanical Response from

the Polystyrene Phase and the Interlayer

Whenever the viscoelastic response is affected
éignificantly by the polystyrene domains or by a mixed polystyrene—
polybutadiene interlayer region, the behavior of the rubbery
.phase pf the material is not easily interpreted. .For example,
Figure 8 shows that for SBS-8 the slope of the log G~ vs.
temperature plot 5ecomes noticeably steeper aroung 50°C, cleariy
indicating the onset of softening effects. It is wéll known that
triblock copolymers will flow when the glass transition temperature
of the polystyrene domains is exceeded. As indicated eaflier,
83°C is a reasonable estimate of the polystyrene Tg in the SBSfS
triblock. From consideration of the mechanical behavior of a
low molecular weight dﬁé = 16,400) polystyrene fraction (55),

Fesko (25) was able to show that the compliance 6f the pure

polystyrene domains in SBS-8 should be entirely negligible
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compared to the matrix compliance below about 80°C. Therefore, only
the highest temperature region of the storage modulus curve for SBS-8
reflects the onset of flow behavior due to softening polystyrene domains.
The observed increase in the slope of the storage modﬁlus‘

‘of SBS-8 at temperatures as low as 50°C must result from the softening
vof a mixed interfacial region with a characteristic modulus wﬁich'is
;ntermediate between that of pure polystyrene and pure polybptadiene;
The existence of such an interlayer has been postulated many times
(23-26), but a clear visualization of this mixed phase through electron
microscopy has never been produced. The common model proposed for the
interlayer morphology involves a series of spherical shells enclesing
each of the pure polystyrene domains (24-~26). The compositions of

the individual shells, and therefore their mechanical properties,

have been estimated as smoothly varying functions which reduce té the
?alues chafacteristic of the homogeneous phases at.the interlayer
boundaries (25). For the purposes of this work it is important that
there be a limited fegion in which the interlayer has a significént
effect on the mechanical behavior of these materials. If, fqr example,
the interlayer contributed to the slow decrease in the storage
-modulus seen in Figures 12 - 14 over the entire intertranéition

region, then a difficult and imprecise decomposition would be necessary
to elucidate the contribution of interest, namely that of the pure

polybutadiene phase.



Fortunately, an earlier study of the dynamic
properties of the SBS-8 triblock material indicated that the
contribution of the interlayer region becomes noticeable only
at temperatures above about 45°C when frequencies above 0.1 Hz.
are employed (25). This fact is shown quite clearly in Figure
29 where the entire body of SBS-8 data is displayed. The daté
here have been shifted according to the temperature reduction
scheme developed by Fesko and Tschoegl (22) which predicts
point-wise shifts of the data from a model based on the assumed
additivity of the compliances of the polystyreme and polybutadiéne
phases. The effect of the softening interlayer is seen clearly
in the loss compliance and to a smaller extent in the storage
Behaviox. The softening of the interlayer causes an increasevin
the overall compliance, and therefore at each succeeding
:temperature the level of the data is correspondingly higher,
There is no observable effect of the interlayer below about 45°C.
Thus, data obtainﬁd below that temperature can safely be assumed
to reflect the behavior of the polybutadiene phase alone. Another
interesting and gratifying piece of information to be gained from
Figure 29 lies in the few data available above 80°C. At‘82 and
. 86°C, we see in the storage and loss compliances the onset of
the polystyrene transition at the low-frequency end of the data.
(The lowest experimental frequency was 0.1 Hz.) This is in
excellent agreement with the observations already made from the
free oscillation (0.2 Hz) data which showed a very rapid decrease

of the SBS-8 storage modulus around 80°C.



I i T
SHELL 16/78/16

LOG Dhi{way] AND LOG Dptway) — BAR™
Iy .

S T M A N SN IS AU A N IS SRR S
o ! 2 3 4 5 66 7T 8 9 0O 2 13

LOG way — SEC™ ,
Figure 29. Effect of the interlayer on the

mechanical properties of SBES-8.

In earlier studies of the transient mechanical properties
of block copolymers it was proposed (26) that the mechanical
Sehavior of these materials is dominated by the interlayer’onr
the entire intertransition region. Figure 29 shows that this is
clearly not the case and furthermore gives an indication of why
this conclusion was reached. The transient viscoelastic properties
all exhibit monotoﬁic behavior similar to the storage compliancé
shown here. Because of this, the vertical shifts inﬁroduced
by the softening interlayer are not easily recognized and instead
could be incorporated into the horizontal shifts. It waé from
observations of the shift behavior (26) not of modulus or compliance
curves, that the over-assessment of the interlayer's contribution
was made. As will be seen in more detail later, knowledge of a
material’'s loss behavior is not only useful, but bften necessary,
for correct interpretation of small secondary effects such as the

interlayer behavior seen here.
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Plots similar to the ones seen in Figure 29 could
have been constructed for all of the materials studied here.
For example Figure 30 shows the effect of the interlayer again
appearing around 45°C 'in one of the blends of Series 1. Again,
the loSsvcompliance is‘affected more strongly. Only data above
0°C are shown here for clarity. In all of the master curves to
‘be shown henceforth, only data below 40°C are used since these
can be assumed to reflect the dynamic mechanical behavior éf the
?olybutadiene network alone. By restricting the analysis of the
forced oscillation data to temperatures below 40°C, then, oﬁe is
assured that softening of the polystyrene domains or of the inter-

layer has not yet begun to affect the observed mechanical properties.

4.22 Thermorheological Complexity

Turning our attention again to the freé oscillation
data for the triblock shown in Figure 8, we can see quite clearly
that there are two major viscoelastic transitions associa;ed with
these two-phase materials. The polybutadiene transition is
located near -95°C, and the polystyrene transition is becoming
evident above 80°C. In general one would expéct each of these
transitions to have a different frequency dependence since each
reflects the behavior of a completely different material. This
means that the locations of the two transition in Figure 8 should
shift‘to lower temperatures with decreasing fre@uency at different

rates, and therefore the separation observed between the two
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| transitions becomes dependent upon the frequency of the experiment.
One example of this was observed in isochronal forced oscillation
measurements (56) on Shell Thermoelastic 125, a triblock copolymer
similar to SBS—S.- Those data showed that the frequency dependences‘
of the polybutadiene and‘polystyrene loss modulus peaks were associated
with activation energies of 82 and 158 kcal/mole respectively..
| When considering isothermal forced oscillation data, the
pfesence of two ;arge transitions in the material becomes critical.
In particular, the validity of the empirical shifting scheme for
reducing the temperature dependence of the data is predicated upoﬁ
the assumption that the material under consideration is thermorheologi-
cally simple, 1.e., all of its relaxation times are affected equally
by changes in temperature. Early studies (23, 26, 27) indicated that
blo;k copolymers are in general probably not thermorheologically »
simple materials, although there have been some cléims to the contrary
(57). Fesko’and Tschoegl (22) have shown in a theoretical study
that empirical shifting cannot lead to valid7 master curves for a
thermorheologically complex material. They did not, ﬁowever, provide
clear experimental proof of thermorheological complexity in biock
copolymers.

As mentioned earlier, the compliance of the polystyrene

domains is essentially negligible over most of the temperature rahge

7 When a master curve is valid, the behavior indicated by super-
posing the isothermal data is identical to that which would have
been obtained if the entire reduced frequency range had been
covered at the selected reference temperature.
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of the forced oscillation data obtained here. However, a detailed
analysis of time-temperature superposition in thermorheologically
complex materials (22, 25) shows that the proper shift for a datum‘
point at a given time and temperature depends not only on the level
. of the compliahcé in each phase and its rate of change with
frequency, but also upon the steepness of its characteristic tempera-
dependence curve. Thus, it is quite possible for the polystyrene
‘phase to affect the shift factors even at temperatures well below
its glass transition temperature. When this is the case, the shifts
will be complicated functions of both frequency and temperatﬁre, and
therefore empirical shifting will définitely lead to invalid master
curves. By considering the compliances of the_two phases to be
additive, Fesko and Tschoegl (22) were able to generate, at various
frequencies, the expécted shift behavior for an SBS triblock
" material. Their results indicate quite cleafly that for ;emperatureé
below about 50°C the shift factors were essentially insensiﬁive to
any realistic frequency range encountered experimentally. Thus
below about 50°C the shift factors predicted by their modei were
egsentially identical to those obtained by empirical shifting of
the segments. This is 3 particularly useful result for tﬁe
purposes of this work, since only data below 40°C were used to
assemble the master curves. Thus, there was no great error intro-
duced because of the thermorheologically complex behavior of the
two phase material when the data were shifted empirically. ~ Below

40°C the polystyrene domains can safely be considered as inert
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filler particles. In this region of temperatufe their compliance

is negligible compared to the polybutadiene ph;se, and, in additionm,
their temperéture dependence has a negligible effect on the mechanical
properties. |

From the discussion presented above one can conclude that

the major problem of thermorheological complexity arising from the
presence of polystyrene domains can be safely ignored by considering
ﬁnly the data below about 40°C. Here the polybutadiene phasé
completely dominates the mechanical behavior and the material's
temperature dependence. The suggestion has been made (25) th?t
whenever this 1s the case empirical‘shifting should lead co-valid
master curves. However, there is a subtle but very important point
to be made here concerning the validity of empirical shifting even
when a single phase dominates the mechanical behavior. It is well
known that certain polymethacrylates (58~60) exhibit the:morheologi—‘
‘cally complex behavior since the mechanical properties are comprised
of two contributions, each with different sets of relaxation
mechanisms. In the methacrylates these two contribufions arise from
motions of the chain backbone and the side chains, respectivély.
Plazek (61, 62) has found that the steady-state viscosity and the
~ steady state compliance of polystyrene cannot be described by the
same WLF equation. All of these materials consisted of a single

phase, yet all exhibited thermorheologically complex behavior.
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Thus, the master curves predicted by empirical shifting
6f the data obtained on SBS-8 below 40°C may still not be entirely
valid if the polybutadiene phase is in itself a thermorheologically
comélex material. That is, if the mecpanical behavior of the
, éolybutadiene phése is controlled by more than one mechanism,

éACh having a different temperature dependenée, empirical shifting
will necessarily introduce some errors into the master curve. The
_errors involved will no doubt be much smaller than those introduced
by the effect of the two-phase thermorheological complexity, bﬁt
the possibility of thermorheologically complex behavior within the
polybutadiene phase should be recoghized nonetheless.

Evidence of thermorheological complexity in the poly-
‘butadiene phase of SBS-8 has already been seen, but to a large
extent ignored, in the study of time-temperature superposition -

- conducted by Fesko (25). In that work a composite WLF-Arrhenius
temperature dependence was observed below 40°C and was takeﬁ to

bé represeﬁtative,of the polybutadiene matrix. The added

Arrhenius mechanism appearing at 0°C was assumed tO'Be an indication
- of the onset of an entanglement slippage mechanism involving the
trapped entanglements in the polybutadiene phase of the triblock.
This observation is probably correct, but the implied validity

 of the shift factors employed must be questioned. First, the
.sudden appearance of entanglement slippage at one given temperature
is unlikely. Furthermore, the particular choice of 0°C for the

'change in the shift behavior cannot be explained any better than the
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arbitrary break points seen in very early and relatively
ﬁnsophisticated studies of time~temperature superposition in block.
copolymers (23, 26, 27). Even more important is the fact that

the incorporation of two different mechanisms into the shift
behavior.is eéseﬁtially an admission of thermorheological complexity
within the polybutadiene phase of the triblock. It will be seen
later that the introduction of terminal chains into the polybuta-
‘diene phase results in several additional entanglement slipéage
mechanisms each of which is likely to have a temperature dependence
different from standard WLF behavior. Therefore thermorheolégical
complexity in the polybutadiene phaﬁes of the blends is also to be
expected.

In view of the above discussion, it is admitted and indeed
emphasized that the ﬁaster curves which are shown to represenﬁ the
"behavior of the filled polybutadiene networksrcanﬁot be strictly
ﬁalid.' To obtain truly wvalid master curves it would be necessary
to know, in advance, the temperature dependence of each contributing
mechanism and a method for combining them to yield the overall
behavior. The situation is not as alarming as one might thiﬁk,
however. As evidenced by Figure 20 excellent superposition can.
still be obtained for all the SBS-8 data below 40°C by using simple
empirical shifts. The segments do not show serious non-superposition
because of their limited length (25) and because the region of
material response between the WLF and Arrhenius behavior is relatively

flat and therefore insensitive to the shifts employed. In addition,
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the difference between the two témperature dependences of

Equation 4.1 is relatively small, certainly not anywhere near the.
‘gfeat difference seen in the temperature depen&ence of polystyrene
and polybutadiene. Therefore the master curves obtained by simple
empirical shifting of the data below 40°C, while not strictly valid,
ére probably not very different from the master curves which would
be predicted by a more sophisticated shifting scheme which accounté
for the thermorheological complexity within the polybutadiéne phasé.

The basic shift behavior, shown in Figures 19 and 21

and described by Equation 4.1, does not differ markedly froﬁ the
empirical shifts used by Fesko (25) for the SBS-8 data below 40°C.
The shifts employed here did result in somewhat better overall
- superposition of the data and were not overly weighted to yield
perfect superpositioh in any one region of material response; The
- result of this approach is a more satisfyingrlogAaT vs., T curve
which is smooth over the entire temperature range rather than
exhibiting’a sud&en break at some arbitrary temperature. Essentially,
this means that a visual averaging process has been‘emplo}ed in
determining the empirical shifts in the region of temperatufe where
the two mechanisms (WLF and Arrhenius) overlap. There was no
consciousness of this averaging process, however, probably because
the small effect on the superposition of the data arising from the
overlap of the two different mechanisms was lost in the scatter of

the data due to experimental error.
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The constants of the WLF pbrtion of Equation 4.1 are
identical to those determined by Fesko (25). However, as seen in
earlier studies of block copolymers of the SBS type (26, 27), the
WLF coefficients are quite different from those established by
Ferry andvcoworkers (7) on homopolymers of polybutadiene of similar
v micfostructure. Above -60°C the shift factors fit smoothly iﬁto
the Arrhenius equation given in the second part of Equation 4.1, and
thus there was no need for a step function (25, 27) to enterAthe
.expression in this case. The apparent activation energy associated
with this Arrhenius equation is around 17 kcal/mole. It woula be
unwise, however, to associate this apparent activation energy
directly with the entanglement slippage mechanisms since, as
discussed above, the shifts must represent some average over the
various processes occurring in this region of temperature.

quuation 4.1, in fact, was never used td reduce the data,
the point values of log ap shown in Figures 19 and 21 being used
in every case. This equation should be regarded merely as a convenient
description of the empirical shifting scheme used to.assemble the
master curves, recognizing that it does not follow any of thé simple
forms found for most polymeric materials. However, as mentioned
v ~earlier, the fact that all of the shift factor data fall very
closely along the single curve described by Equation 4.1 indicates
that the temperature reduction has been carried out in a consistent
and orderly manner. - Therefore, it is possible to make valid

-comparisons among the various sets of data regardless of the
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fundamental uncertainties involved due to the thermorheologicaliy
complex behavior of the polybutadiene. | o

It is reasonable to question the concept of thermorheological
complexity in the polybutadiene phase of these block copolymers:
since all experience'with moderately cross-linked (7), lightly
cross-linked (11), and linear (11) polybutadiene of similar micro-
structure has indicated that a simple WLF equation is satisfactory
| for reducing the data. Furthermore, studies of 1,2fpolybutediene |

(12), and other cross-linked elastomers (6, 8-10) also revealed
eimple WLF behavior even when entanglement slippage was impoetant.
However, studies of poly(dimethylsiloxane) networks (13, 64) showed
that far above Tg, where entanglement slippage became the dominant
‘molecular mechanism the shift factors followed an Arrhenius equation,
whereae a WLF equation would be more appropriate near Tg. Thes‘it

" is clearly possible that entanglement slippage can contribu;e to a
second temperature dependence of the material properties.

If one considers morphological differences, it is not
surprising that the temperature dependence of the pdlybutadiene
phase of the triblock is different from that found for homoﬁoly—
butadienes of the same microstructure. In SBS triblocks; both ends
of the polybutadiene molecules are attached to large and essentially
immobile polystyrene domains. These attachments restrict any
motion of the ends of the polybutadiene molecule and require that
all molecular motions occur over a specified maximum length (78,000

for SBS-8). This is quite different from the situation which exists
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in an uncross-linked polybutadiene where there are no permanent
restrictions on the molecules at all. Even in a cross-linked
po;ybutadiene netﬁork in whichvthere are permanent restrictions on
molecular motions, the linkage points are small and somewhat
mobile. Thus, it is not surprising, and indeed it perhaps should
be expected, that the polybutadiene phase of the block copolymers
does not exhibit the same temperature dependence as homo-polybutadiene.
It will be seen later that the two-phase structure also causes the
polybutadiene of the block copolymers to have a much more loosely
entangled structure than homo-polybutadienes. Therefore entangle-
ment slippage should occur more easily in the block copolymer poly-
butadiene phase, and perhaps this accounts to some extent for the
more predominant effect of entanglement slippage on the temperature
dependence in these materials. In any case, it is quite clear that
the pplybutadiene present in the continuous phase of the block
copolymers behaves quite differently from homopolymers of the same
vmicrostructure and this must be kept in mind throughout the
discussion. However, the continuous phase of the block copolymer
blends is meant to be a more general model system than just for
polybutadiene. The major effects of terminal chains and chain
entanglements appear clearly iﬁ the data even though the overall

behavior is not identical with that of any single known elastomer.
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4.23 Mechanical Behavior of the Model Polybutadiene

Networks

All of the previous discussion has been aimed primarily
at establishing which regions of material response are likely to
reflect the true mechanical behavior of the model polybutadiene
networks, Analysis of the polystyrene and interlayer contributions
has shown that for the frequencies encountered in the experiments
conducted here, data below about 40°C contain negligible effects
from these sources. Empirical shifting was seen to be a useful,
although not entirely valid, method for carrying out the temperature
reduction of the forced oscillation data. The nature of the
temperature dependence indicated that the polybutadiene phase of
the block copolymer materials behaves quite differently from
conventional polybutadiene networks. The data were handled in a
consistent manner gso that comparisons of the response curves
would.be justified.

Thus we are finally at the point in the discussion which
we have been seeking all along. It is now possible to ingpect the
response curves and relate observed changes in mechanical response
to the controlled changes made in the structure of the model net-
works. The mechanical behaviof of the model networks will be
discussed by starting with the lowest temperature (short-time)
effects and working upward toward the highest temperatures for
- which the model remains valid. It is convenient to divide the

mechanical response of the model networks into three distinct
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regions: (1) the glassy and transition région in which all the
materials behaved nearly identically, (2) the region just above the
main polybutadiene transitipn where temperature effects on the
aﬁount of entanglement coupling are important, and (3) the inter-
transition region (up to 40°C) where the rubbery behavior is

dominated by entanglement slippage mechanisms.

4,231 Glassy and Transition Regionms

All of the model network systems tested im this investi-
gation exhibited essentially identical behavior in the glassy and
transition region; both the location and the shape of the main
transition from glassy to rubbery behavior was unaffected by the
introduction of terminal chains into the networks. This is
perhaps an expected result since all of the polybutadiene segments
in the various materials had roughly the same glass transition
temperature (about -90°C). The similar Tg's reflect the closely
matched microstructures (approximately 90% 1,4 addition) in all
of the polybutadiene segments.

It is well known that the mechanical behavior in the
glassy state is largely independent of network structure since
only very limited short-range molecular motions occur in this
region of material response. The forced compressional measure-
ments do not really enter into the glassy region and any data in or
near this region would probably be erroneous due to a significant

apparatus compliance (25). However, the free oscillation measure-
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ments extend below -150°C, well into the glassy region, and thus
some qualtitative assessment can be made of the mechanical behavior
in the glassy state.

Figures 12 - 14 indicate that the level of the storage
modulus in the glassy region is around 10" bars, a value which is
roughly the same for a wide variety of polymers below their glass
transition temperatures. These figures show further that between
-150°C and -110°C the storage modulus undergoes a slow, nearly
linear, decrease with temperature, with the slope, d log G~/dT ,
having a value of about 3 x 10”3 logarithmic decades/°C. This
slope indicates that there is some small amount of viscoelasticity
at these temperatures. Since the polybutadiene segments'have no
side groups, the viscoelastic properties probably result from
oscillations and rotations around bonds in the backbone structure.
There is also some evidence that the slight temperature dependence
in this region may be partially attributed to a dispersion in small
crystalline regions which perhaps can form at these low tempera-
tures. Takayanagi (65) has observed small peaks near -140°C in
the loss moduli of semicrystalline specimens of trans l,4-polybutadiene.
In Figures 15 - 17 similar peaks, centered around -140°C, are seen
in the loss moduli for all of ﬁhe materials studied here. 1If there
i1s some small degree of crystallinity in these polybutadiene networks
at very low temperatures, the preponderance of evidence, both from
mechanical properties data and thermal analysis, indicates that these
regions must disappear above the polybutadiene glass transition

temperature.
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We now turn our attention to the location and the shape of
thé transition region. The free oscillation storage modulus data given
in Figures 12-14 show that the rapid decrease in G~ covers nearly 2.25
iogarithmic decades and takes place over a rather narrow (around 20°C)
temperature range. The inflection or midpoint temperature (17), Tm, is
roughly -90°C for all samples. It is interesting to note that this value
of Tm agrees well with the values of Tg determined in DTA measurements
even though these two parameters are not necessarily expected to agree
in all cases. Figures 20, 23 and 25 show that a corresponding rise
is observed in the reduced forced oscillation storage compliance.

The slope of the log D” vs. log way, plot is roughly -0.6 in the
transition region for all the materials studied, slightly steeper
than the slope of -0.5 predicted for the transition region by the
modified Rouse theory (17). Figure 28 shows that the retardation
spectra derived from the loss compliance data also exhibit slopes -
whicﬁ are steeper (the dashed curve is drawn with a slope of 0.5)
than expected from theoretical considerations. The increased
steepness cannot be explained by the presence of the polystyrene
domains since reinforcing fillers generally tend to decrease the
slope in the transition region. Dynamic measurements on homopolymers
of polybutadiene (7, 11) with microstructures similar to the
materials studied here, revealed slopes which were much steeper
than the -0.6 slope observed here in the transition region.

Therefore the polystyrene filler particles apparently do tend to
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reduge the steepness of the transition region as expected. The
lack of agreement with theory must be considered to be a character-
. istic of the material and not an experimental artifact.

The location of the transition region on the frequency
or temperature scale is determined by the monomeric friction
coefficient which in turn depends upon the amount of free volume
in the material. The frictional resistance per monomer unit decreases
with increasing free volume and results in a shift of the transition
to higher frequencies. The presence of chain ends in polymeric
systems can cause a significant increase in free volume; however,
when the molecular weight of the polymer molecules is greater than
about 20,000, the effects of changing free volume due to
differences in the amount of free chain ends becomes imperceptible
(17). This explains the observed ingensitivity of the location
of the transition region to the terminal chain content in this
study. Since termihal chains introduce only one free end each,
they affect the free volume in a manner similar to homopolymer
polybutadiene chains of twice the molecular weight. Thus the
shortest terminal chains employed here (ﬁ; = 22,000) are much too
long to cause significant changes in the free volume, and there-
fore the location of the transiﬁion region was unaffected by their
presence. A significant fraction of terminal chains of molecular
weight below 10,000 would be necessary to change the location of the

trangition region along the frequency scale.
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The appearance of maxima in the loss wodulus curves
“in Figures 15 to 17 is a result of greatly increased energy
dissipation associated with configurational rearrangements of the
polybutadiene molecules near the glass tramsition temperature.
These particular dissipation processes must be unaffected by terminal
chains since the peaks in G°” are essentially identical for all the
materials. Figure 8 shows clearly that the magnitudes of the
storage and loss moduli are closely similar throughout the high-
temperature half of the transition region. This is the region of
highest damping in these materials, and the loss tangent, G°°/G”,
is close to unity here. Although the loss tangent curves derived
from the free oscillation measurements have not been presented,
their maxima appear slightly to the right (near -90°C) of the peaks
in.G" as expected. The only loss tangent curves presented here
were derived from the forced oscillafion data obtained on the
materia;s of Series 1. As shown in Figure 27, the maximum values
of tan 6 occur in the transition region. The narrow band of curves
indicates the typical amount of disagreement among the various sets
of data in the transition region. Other plots essentially provide
a best-fit curve to represent all the materials whenever the curves
are this close to being identical. The half band-width is roughly
0.04 logarithmic decades, and this probably is a good representation
ﬁf the fepfoducibility of the.data in these experiments.

The maximum in the reduced loss compliénce is also related

.~ to the configurational rearrangements of the network chains in a
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rubbery material. Maxima in the loss compiiances of conventionally
cross-linked rubbers reflect the supression of very long range
configurational rearrangements by the covalent cross-links and

the entanglements in the network. Since very long range motions
are permanently excluded in these materials, the loss compliance
falls off at low frequencies instead of continuing to increase,
thus generating a maximum in the response curve. Maxima also
appear in uncross-linked polymers of sufficiently high molecular
weight indicating that entanglements are capable of supressing long
range motions in a manner closely resembling the behavior of
covalent cross-links. As will be discussed in more detail in later
sections, in an uncross-linked polymer the restrictions imposed

by entanglements are temporary, and therefore the loss compliance
rigses again at lower frequencies.

The maxima appearing in the loss compliances of the
triblock and the blends are a result of the physical restrictions
on the polybutadiene segments which arise at the polystyrene
domain boundaries and at the multitude of entanglement points in
the continuous polybutadiene networks. The shapes and peak
locations of the maxima in D°” (after the appropriate temperature
reductions, both log aT and u, have been taken into account) were
‘essentially identical for all the materials throughout the transi-
tion region. This indicates that whenever the mechanical response

is dominated by molecular motions of segments shorter than the



109

distance between junction points in the network, the material is
oblivious of any differences between network chains and terminal
chains.

The location of the reduced loag compliance and its peak
height in the transition region are both strongly affected by the
average distance between entanglements or equivalently the total
number of entanglements in the network. We have seen quite clearly
that, when the data are properly reduced to a common reference
temperature, these features of the loss compliance curves are not.
affected by variations in terminal chain content or length. This
indicates that, at a reference temperature of -78°C, the average
spacing hetween all types of entanglements in the blerds is not
perceptibly different from the spacing between trapped entangle-~
ments in the triblock material. In the terminology of Ferry (17)
this_means that DeN (the compliance level associated with all the
entanglements and cross-links, if any, in a network) is essentially

.the same for all the materials studied here. Thus, the main

eN’

was unaffected by changes in the terminal chain content of these

viscoelastic transition from Dg (the glassy compliance) to D

networks. It will be seen later that the terminal chains begin
to play a dominant role once this transition to DeN has been

completed.
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4.232 Effect of Temperature on Entanglement

Coupling

In the previous secﬁion dealing with the mechanical
behavior in the glassy and transition regions it was pointed
out that an entanglement network was responsible for the maximum
in the loss compliance appearing near log wa, = 1. Furthermore,
at a given reference temperature the shape and location of this
maximum were both essentially unaffecte& by changes in the relative
proportions of trapped and untrapped entanglements in the networks
or by changes in the length of the terminal chains which enter
into these untrapped entanglements. In this section it will be
shown that, under certain circumstances, a change in temperature
can have a pronounced effect on the mechanical properties in the
region near the peak in the loss compliance by causing changes in
the amount of entanglement coupling in the networks. The structural
features of the networks which are important in this temperature
dependent mechanism are the proportion of untrapped entanglements
and the length of the terminal chains engaged in these untrapped
entanglements. It will become clear that trapped entanglements
provided by the triblock polybutadiene segments do not enter into
this mechanism,

Pronounced effects of temperature on entanglement
coupling in uncross-linked polymethacrylates have been observed
by Ferry and coworkers (65-69). Such effects have not been

observed in homopolymers of polybutadiene, but as mentioned earlier,
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the model network systems studied here should not be expected to
behave identically to conventional polybutadiéne networks.. In
fact, it will be shown later that certain features of the 6vera11
morphology of the block copolymer systems make it reasonable to
expect that a temperature dependent entanglement coupling
mechanism should occur in these model networks but not in
conventional polybutadienes.

.With this introduction, the following proposition,
based on the earlier work of Ferry (67), is made concerning the
effect of temperature on entanglement coupling in these networks:
In certain regions of temperature (roughly -60°C to 0°C) the
number of entanglements is susceptible to readjustment as tempera-
ture is changed. It is further proposed that the readjustment
will take place in such a way so that fewer entanglements are
associated with higher temperatures. Keeping in mind the unique
structure of these model networks, it is clear that only the
untrapped entanglements can change in number; the number of trapped
entanglements is fixed as long as the polystyrene domains, which
pin both ends of the triblock polybutadiene segments, remain
intact. Therefore, it is postulated that a certain fraction of the
entanglement network, the exaét amount depending upon the terminal
chain content, becomes more loosely entangled as temperature is
increased. The data obtained on the model network systems will

be used to defend and elaborate upon this proposed mechanism.
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Before discussing the proposed ﬁechanism in relation
co‘the behavior, a few words are in order concerning the nature
of entanglement coupling in polymers. In a study of the dependence
of the steady-flow viscosiﬁy on molecular weight for a number of
polymers, Berry and Fox (70) showed that at a characteristic
molecular weight M, the slope of the log n vs. ﬁ; plot changed
rather abruptly from 1.0 to 3.4. The observed change in the
viscosity behavior was attributed to the presence of a temporary
network of coupled entanglements whenever the molecular weight was

greater than M The observation that M

C.
molecular weight between entanglement points) is consistent with

c™2M, (M, is the average

this explanation of the vigcosity behavior since it would take an
average of two (17) coupling points for every polymer molecule
before the entanglement network would extend throughout the entire
system. Otherwise the effect of an entanglement would be felt
only locally. These observations become relevant to the networks
under consideration here because different terminal chain molecular
welghts were emplbyed. Since the terminal chains are responsible
for the untrapped entanglements in these systems, it will be their
molecular weight which will determine whether or not the untrapped
entanglements are coupled with each other and with the rest of the
qetwork structure. In analogy with the viscosity experiments
ﬁiscusaed abové one would expect to find coupled untrapped
entanglements when the terminal chain molecular weight is roughly

twice the characteristic entanglement length of these systems.
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However, the factor of two must be regarded as being approximate
since the exact relationship between MC and Me has not been clearly
established for all materials. Vinogradov and coworkers (71)

h#ve shown that the onset of a coupled entanglement network in
1,4-polybutadiene is not expected unless the molecular weight is
around four times the entanglement molegular weight.

We not turn to the data to find manifestations of the
proposed temperature effects on the amount of entanglement coupling
in the model networks. 1In addition we will be looking for differences
in the behavior of the various series of blends since the terminal
chain lengths differ significantly in the three series. The only
storage modulus data obtained on any of the pure diblock materials
appears in Figure 12. The storage modulus of the SB-6 diblock
reveals a slight tendency between -80°C and -50°C to level into a
plateau, indicating that the entangled chains are coupled into a
temporary stress bearing network in this region. The polybutadiene
segments of SB-6 have a molecular weight of 51,000 and it is clear
that this value must be larger than MC for this system. Thus, the
SB-5 diblock (terminal chain length 67,000) would alsc be expected
to exhibit a temporarily coupled network. At this point one can
only speculate on the behavior.to be expected for the much shorter,
22,000 molecular weight terminal chains. The general behavior
observed for SB-6 in Figure 12 indicates that the coupled network

of untrapped becomes weaker (decreasing G”) as temperature increases.
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TheAweakening of the coupled network with temperature means that
fewer stress bearing sites, i.e. fewer coupled untrapped entangle-
ments, are present at each higher temperature.

A somewhat more definitive picture of the role of changes
in entanglement coupling with temperature can be gained by viewing
the entire body of loss modulus data shown in Figures 15 to 17.
Considering first the SB-6 curve in Figure 15 one sees that the
loss modulus continues to decrease from the base of the main
transition until about -50°C where the loss begins to rise again.
The decrease in the modulus with temperature between -80°C and
~-50°C reflects the general weakening of the network through a
decrease in the number of entanglement points. At -50°C the
terminal chains are sufficiently decoupled from each other to slip
and introduce internal frictional mechanisms which cause the loss
to rise again. This slippage phenomenon will be discussed in detail
in the next section. The resulting minimum in the loss curves is
seen for all the blends of Series 1 and 3. The minimum is deeper
for increased terminal chain content. This is quite reasonable since
a larger fraction of the network is susceptible to changes in entangle-
ment coupling for higher terminal chain contents. It is also
gratifying that the SBS-8 triblock shows no hint of a minimum,
supporting the earlier proposal that the trapped entanglements are

fixed in number and cannot enter into this mechanism.



115

There has been some previous evidence to support the
confention that the minima seen in the loss data for Series 1
and 3 arise from changes in ehtanglement coupling involving the
terminal chains. In a study of very lightly cross-linked rubbers,
Nielsen (72) observed minima in the loss moduli similar to those
seen in this work. His materials were so lightly cross-linked
that they contained a significant sol fraction; furthermore, mole-
cular weight between cross—-links was large and chain entanglements
must have been contributing to the observed moduli in addition ﬁo
crosa-links. In a conventionally cross-linked rubber, a high
molecular weight between cross-links indicates the presence of long
terminal chains. Therefore, the minima seen by Nielsen probably
arise from the same effect of temperature on the number of
untrapped entanglements as seen here. Highly cross-linked rubbers
were studied for comparison, and no minima were observed for those.
materials (72). In general, a minimum on the low frequency side of
the main loss peak derived from isothermal measurements of the
viscoelastic functions is usually attributed to the presence of
network strands which are coupled by entanglements (17). In loss
modulus vs. temperature curves, this corresponds to the high
temperature side of the loss péak, exactly where the minima in the
data occur in Series 1 and 3. |

The entanglement coupling mechanism is quite obviously
absent for all the materials of Series 2 since there is no evidence

_ of a minimum in the loss modulus curves near -50°C for these materials
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(see Figure 17). The implication is that the 22,000 molecular weight
terminal chains were too short to engage in coupled entanglements
with the rest of the network; i.e. 22,000 appears to be less thgn
MC for these systems. Evidently the shorter terminal chains of
Series 2 are already free enough at the base of the main transition
to slip and contribute to the frictional loss mechanisms which
began to occur around -50°C for the longer terminal chains of
Series 1 and 3. Thus no minimum forms in the loss modulus vs,
temperature curves for the blends of Series 2.

In the presentation of the forced oscillation data it
has already been pointed out that the materials studied from
Series 1 and 3 exhibited noticeable reduction anomalies in their
mechanical response curves. If one considers the frequency range
of the forced oscillation data (0.1 - 1000 Hz), the temperatures
for which the data do not superpose (roughly -60 to 0°C) correspond
rather well to the region in which the loss modulus curves were
exhibiting the minima attributed changes in entanglement coupling.
Thus, it is reasonable to assume that the systematic lack of
superposition, seen for example in Figure 22 for one of the blends
of Series 1, is a manifestation of this same mechanism, namely a
decrease in the number of coupled untrapped entanglements with
increasing temperature. The difference here, however, lies in the
fact that the forced oscillation measurements were carried out
isothermally. Therefore, a different (more weakly coupled) network
system was being studied over ;he entire frequency range at each

higher temperature.
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Reduction anomalies of the type seen in Figure 22 have

alfeahy been observed by Ferry and coworkers in the behavior of
- geveral high molecular weight methacrylate polymers and their
solutions (66-69). In one of these studies (67) a method for
- reducing the anomaly was developed through considerations of
temperature effects on the temporary entanglement networks formed
by these materials. Their major premise was based on the
predictions of the molecular theories for cross-linked and
entanglement networks (Ref. 17, Ch. 10), which indicate that the
magnitude of the complex compliance is inversely proportional to the
number of junction points in a network while the location of the
compliance value along the reduced frequency scale is directly
proportional to the square of this number. They reasoned that in
an entanglement network the number of junction points, i.e. the
nuﬁber of untrapped entanglements, could be affected by changes in
temperature. In particular, a change in temperature which would
alter the number of entanglement points by a factor f would
consequently result in a change in magnitude of the compliance
by a factor 1/f and a shift in its location on the frequency
scale by a factor f2.

| Ferry was able to determine the unknown factor f
associated with each temperature by shifting the anomalous compliance
data along a slope of -1/2 on the log-log plots and recording the
distance required to obtain superposition. The "f-shift" (67)

' factors obeyed Arrhenius equations with apparent activation energies
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ranging from 1.6 to 2.3 kcal/mole depending upon the material.

The method did result in excellent reduction of the superposition
anomalies for the various methacrylates polymers. The basic
reasons for the observed nonsuperposition were also made apparent
by Ferry's analysis. Experiments carried out at different tempera-
tures, while conducted on the same specimen, actually tested a
material with a different structure in each case. At higher
temperatures there was a larger average distance between entangle-
ment points and therefore fewer entanglements comprising the network.
Consequently the material became more compliant (shifted ;p) and
its overall mechanical response shifted to lower frequencies than
predicted by the conventional temperature reduction. These changes
in structure of the material were compensated for by carrying out
the f-shift as described above, and therefore the superposition of
the data was restored.

The changes in material response seen in these
methacrylate polymers resulted from a change in the number of
entanglement points in the networks at each temperature. This
phenomenon should not be confused with entanglement slippage which
occurs at much lower reduced f;equencies. Once the material has
adjusted itself to the change in temperature so that the appropriate
number of entanglement points has been established, the entanglements
are as resistant to slippage at high reduced frequencies as they

were before the change in temperature occurred. However, a completely
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sat;sfactory explanation of this apparent equilibrium between
entanglement points and entanglement sites (17, 67) has not been
given.

It is also not clear why the f-shift is so apparent in
the methacrylate polymers but completely absent in essentially
all other systems whose properties have been documented in the
literature. One explanation has been proposed (17, 67) which is
based on the presence of high molecular weight aggregates in the
methacrylate polymers due to regions of tactic ordering (73).
Presumably the effects of temperature on entanglement coupling
are more prominent when the entanglement structure is enhanced by
these regions of high aggregation (17). It is interesting that
an entanglement coupling mechanism so strikingly similar to the
"f-ghift'" mechanism seen in the methacrylates should appear in
the mechanical behavior of the model networks studied here.
Especially interesting is the fact that the glassy domains act as
multifunctional linkage points from which the uncross-linked
polybutadiene segments emanate. The domains may behave in much
the same way as the regions of tactic ordering do in the meth-
acrylates, and perhaps this accounts for the appearance of
prominent entanglement coupling effects in the data obtained here.

The superposition anomalies in the mechanical behavior of
the methacrylate polymers are remarkably similar to the non-
superposition seen for blend BL-1.2 in Figure 22, for the remaining

two blends of Series 1 and for the single material, BL-3.2, studied
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frqm Series 3. Therefore, there was strong motivation for using a
diagonal shifting scheme similar to the "f-shift" to resolve tﬁe
anomalies here. A major difference in the overall behavior of the
blends, however, lies in the fact that only a portion of these
networks, the untrapped entanglement portion, will be affected by the
change in entanglement coupling with temperature. The methacrylate
networks were comprised entirely of untrapped entanglements and
therefore the total system was affected by changes in temperature.
Qualitatively, then, one would expect the vertical, or compliance
component of the diagonal shift to be smaller for the model networks
than for the methacrylates. Following this line of reasoning, one
should use slopes of magnitude less than 1/2 to resolve the
superposition anomalies in the blends, and furthermore these slopes
should increase toward a limiting magnitude of 1/2 as terminal
chain content increases.

Another limitation on the slope used for the diagonal
shifting procedure arises from the differences seen in the low
frequency rise in the loss compliance for the various blends. As
mentioned in Chapter 3, if the diagonal shift is carried out along
a slope very different from that of the linear portion of the low
frequency losses, resolving the anomaly near the main loss peak
Vill result in a serious lack of superposition at lower frequencies.
Iﬁ Ferry's work (67) the slope of the low frequency losses was
steep enough (about -0.4) so that shifting the data along a slope

of -1/2 did not significantly disturb the superposition at low
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freguencies, although some small spread was introduced. Since

the magnitudes of the slopes of the low frequency losses in the blends
were always less than 1/2 apd increased with increasing terminal
chain content (see Figure 26, for example) it was decided that
shifting along these slopes would be a convenient and meaningful
way to resolve the superposition anomalies in these materials.

Since the slopes were composition dependent and different from -1/2,
the diagonal shift scheme used here has been designated as the
"u-shift" to distinguish it from Ferry's 'f-shift'. The u-shift
slopes are plotted against terminal chain content, X, in Figure 31.
The point at X = 1 was placed on the assumption that -1/2 is the
limiting value for the slope of the diagonal shift; zero slope

has been assumed to correspond to the absence of any diagonal

shift when only trapped entanglements (X = 0) are present in the
network. The four blends studied fit very well into the pattern, .
and this lends confidence to the method of choosing the u-shift
slope parallel to the rise in the low frequency losses.

Still further confidence in the method lies in the
excellent resolution of the reduction anomalies obtained by
employing the u-shift. Also, the fact that all of the u-shift
factors for Series 1 clustered around the same straight line in
Figure 24 indicates that the particular choice of slopes was
sufficient to account for the composition dependence of the
mechanism. The u-shift data for Series 3 are shifted to higher

temperatures in Figure 24, but otherwise follow the same mechanism.
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' This 18 reasonable behavior since the longer terminal chains in
Serigs 3 should provide untrapped entanglements which are more
strongly coupled with the rest of the network. Therefore the
effects of changing entanglement coupling appear at, and persist to,
somewhat higher temperatures.

The practice of shifting the data down and to the right
when carrying out the pu-shift insures that the location of the
glassy and transition region remains unaffected by the analysis.
This is desirable since the reference temperature for the conventional
(log aT) temperature reduction was chosen in this region. Thus,
both sets of shift-factors, u and log ars have values of zero at
-78°C. Referring the u-shift to low temperatures also insures
that the compliance level in the intertransition region reflects
the behavior of a network containing the maximum number of entangle-
ments and not a network "weakened" by changes in entanglement
coupling.

It is easily shown that the u-shift used here reduces to
the f-shift when the slope employed has a magnitude of 1/2. In
Ferry's work the factor f was a measure of the vertical shift in
the compliance on a linear scale. In this analysis u was taken to
be the shift (in log units) along the particular diagonal employed.
When this diagonal has a slope of -1/2 the relationship between u
and f becomes u = (1/0.447) log f, where 0.447 = sin ¥ and
¥ = tan™! 1/2 = 26.6°. We then obtain the following relatioms for

the vertical and horizontal components of the u-shift along a



124

slope of -1/2: Vertical, - u sin 26.6° = - 0.447 y = - log f;
Horizontal, u cos 26.6° = 0.894 u = 2 log f. Thus at the-limiting
slope of -1/2 when one plots log D°° - u sin ¢ against log wa., +
u cos Y, this is equivalent to Ferry's treatment (17, 67) where
plots of log D"“/f against log way, £f2 are produced. Thus the
u-shift reduces properly to the f-shift at a slope of -1/2,

Since the analyses are equivalent (The u-shift is more
flexible since it allows for a composition dependent slope) it is
possible to compare the apparent activation energies found by
Ferry for the methacrylates and the value determined here for the
model polybutadiene networks. Taking into account the appropriate
geometry discussed above, one obtains the apparent activation
energy assoclated with the Arrhenius equation describing the
p-shift mechanism as follows: AHa = 0,447 (2.303 - R « S ), where
R is the gas constant in appropriate units and S is the magnitude -
of the slope of the u vs. 1000/T plot shown in Figure 24. This
results in a value of about 1.7 kcal/mole for AHa in very good
agreement with the values of 1.6 to 2.3 kcal/mole reported by
Ferry (67) for the methacrylate polymers. The meaning of this
close agreement is obscure since the gystems are quite different.
In fact the general interpretation of these apparent activation
energies as heats of dissociation, with an implied equilibrium
existihg between the untrapped entanglements and a large excess
of entanglement sites (17, 67) should not be taken too literally.

It is perhaps sufficient to view the u-shift as a convenient
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method for reducing superposition anomalies of the type shown in
Figure 22 to yield the single smooth master curves of Figure 23
and noﬁ subject tﬁe treatment of the data to detailed molecular
interpretations. There is, however, ample evidence from this
work and the earlier studies on methacrylate polymers to suggest
that systematic superposition anomalies mear the main peak in the
loss compliance result from a decrease in the amount of entangle-
ment coupling with increasing temperature. Furthermore, it
appears that these effects are enhanced by the presence of regions
of high aggregation within the entanglement network.

Still remaining in this discussion is an explanation of
the obvious absence of any entanglement coupling effect in Series
2, terminal chain length 22,000. Figure 25 shows clearly that no
u—-shift was required to obtain good superposition of the data for
blend BL-2.3., The region in which the superposition anomaly was
present for the blends of Series 1 and 3 shows very good super-
'position for the BL-2.3 data. This is congistent with the earlier
observation that no minima developed in the loss modulus curves
derived from free oscillation data for Series 2. The conclusion
is that the 22,000 moiecular weight terminal chains are short
enough to be below MC for these systems. As a result the terminal
chains do not become engaged in the coupled network which is
necesgary for the material to be affected by changes in temperature

in the manner discussed above.
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At first this may not seem likely since, as diécussed
. earlier, ome would expect entanglement coupling to extend throughout
. the systém when the molecular weight of the rubbery segments is
greater than twice the entanglement molecular weight (Me) for the
material. For homopolymers of polybutadiene the values of Me range
between 2,000 and 4,000 depending upon the microstructure of the
material (17). The linear weighted average Me for a polybutadiene
containing about 45% cis-1,4, 45% trans~1l,4, and 10% 1,2 addition
is 2530. Thds, one should expect the onset of an entangled network
system for molecular weights greater than about 5,000 for
homopolymers of polybutadiene. Berry and Fox (70) have observed
an Mc value of 5,900 for a 507 cis-l,4 polybutadiene.

The fact that the entanglement coupling mechanism did
not appear in the materials containing terminal chains of molecular
weight 22,000 is difficult to understand in the light of the above-
discussion. However, it is important to note that the values of

Me quoted above were determined on homopolymers of polybutadiene.

The terminal chains in the polybutadiene networks which we are
studying will very likely have different entanglement characteristics
because one of the chain ends is constrained to be at or near a
polyétyrene domain. Intuitively one would expect this constraint

to increase the average length between entanglements because of a
decrease in the relative freedom of movement. Thus it is quite
possible that terminal chains of molecular weight 22,000 are not

long enough to engage into a coupled network in the diblock-triblock
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- copolymer blends. Similar considerations should also apply to the
distance between permanent entanglements in the triblock. Perhaps
even more importaﬁt is the fact that in a cast triblock elastomer
the entanglements are formed simultaneously with the formation of
the two-phase structure. By contrast, in a conventionally cross-
linked rubber the entanglements were already present before
cross-linking.

To resolve this problem swelling measurements were
conducted on the triblock material, SBS-8, to determine the average
distance between entanglement points in the network. Triblock
copolymers can be swelled with a solvent which will penetrate the
continuous rubbery phase and leave the dispersed glassy domains
essentially untouched. Bishop and Davison (74) found that
isooctane satisfies these requirements for triblocks of polystyrene
and polybutadiene. They also determined that it is necessary to
correct the observed swelling ratio for the constraint on the
'swelling around each polystyrene domain, and that a correction of
the type proposed by Kraus (75) for carbon black filled rubber
could be applied successfully.

The equilibrium swelliﬁg ratio of the polybutadiene
phase in isooctane was determined for two separate specimens of
SBS-8 with excellent reproducibility. No swelling creep (74) was
detected even after several days, and less than 1% extractable

material was found in the swelling solvent. The Kraus correction
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was applied, and the concentration of effective chains, Vos
was calculated from the Flory-Rehner equation (76, 77) as used

by Kraus (78).

- 2
tn (1 vr) + v, + x v.

(4.2)

v =t
e v
8

v, 1/3 - 2 vr/f

Here Vs is the molar volume of the isooctane solvent, V. is the
volume fraction of polybutadiene in the swollen network (corrected
according to Kraus), f is the functionality of the cross-links
(trapped entanglements act as a tetrafunctional link), and x is the
polymer-solvent interaction parameter. The interaction parameter
used for the polybutadiene-iscoctane system was determined by

Bishop and Davison (74) as
x = 0.406 + 0.522 v, (4.3)

The resulting value for Vo Was 0.75 x 10~* moles/cc. The molecular
weight between entanglements was then determined from the relation,
Me = p/ve where p is the density of polybutadiene in grams/cc. This
results in a value of about 13,000 for Me in SBS-8; Bishop and
Davison determined Me to be about 16,000 for their SBS materials.

Since_De and the properly reduced location of the main

N
loss peak were unaffected by terminal chain content, it is reasonable
to assume that the total concentration of entanglements, and there-

fore the value of Me, is the same in the triblock and the blends.
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Then, since Me was determined as 13,000 and Mc >2 Me’ it is

. " clear that terminal chain molecular weights greater than 26,000

are necessary to exceed the critical molecular weight for entangle-
ment coupling in these networks. This provides a satisfactory
explanation for the absence of the temperature dependent entangle-
ment coupling effect in Series 2 where the terminal chains had a
molecular weight of only 22,000.

There have been some objections raised concerning the
validity of the entanglement molecular weights determined by
swelling for block copolymer systems (79). In particular the
level of the modulus in the rubbery region is much too large to
be accounted for by an entanglement molecular weight of 13,000,
even after applying the correction (80) for filler content.

There are several ways (Ref.vl7, Ch. 13) to determine Me from
mechanical properties data. In every case entanglement weights
under 2,000 are predicted, and in many cases unreasonably low Me
values result. For example, Me is simply related to DeN (corrected,
of course, to remove filler effects on the compliance level) by

the relation
gyPRT/M, = 1/(3D ) (4.4)
where gy is a numerical factor assumed to be very close to unity

(17), R is the gas constant in appropriate units, p ig the density,

and T is the temperature in °K. DeN can be obtained in a number
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of ways. By considering the retardation spectrum for SBS-8 seen

in Figure 28 one obtains DeN as

b
Dy = L L°5 d %o T (4.5)

where the integration limits are chosen to include only the
contribution to the spectrum from the main peak (9). Another

method (82) relates the peak in D”” to DeN by
D =%k D (4.6)

where k is a constant ranging from 0.240 to 0.417 depending upon the
material and the distribution of strand lengths in the network (17).
From equations 4.4 to 4.6 one obtains Me values ranging
from 370 to 750 which are all unreasonably small. Fesko (25) found
even smaller Me values for a similar triblock system when using
calculations of this sort. One may be tempted to use De (the
equilibrium compliance associated with the trapped entanglements in
the SBS-8 networks) in equation 4.4 rather than DeN' In a triblock
system where all the entanglements are trapped and fixed in number,

any difference between De and De must be associated with some

N
kind of relaxation due to trapped entanglement slippage. Since
the storage compliance rises continucusly across the intertransition

region, this must be the case for the SBS-8 triblock. However,

De cannot be obtained reliably since polystyrene and interlayer
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contributions to the compliance become important before equili-
brium is reached. However a reasonable estimate can be made
simply by choosing the highest value of D” attained by SBS-8 in
Figure 20. Correcting this value for filler content and then
substituting into equation 4.4 results in a value of about 1700
for Me, still lower than the 2500 value expected for homopolybuta-
diene.

Although not as reliable for calculations of this type,
the free oscillation data can also be used to estimate values of
Me for SBS-8. From the rubbery modulus, G, one obtains Me from

the relation

G = pRT/Me (4.7)

One can estimate G from the various values of G” across the
intertransition region; again the correction (80) for filler
content is required. Choosing the value of G~ at -50°C results
in a value for Me of about 800. At 40°C, the highest temperature
for which interlayer and polystyrene effects are negligible,
one obtains 2000 as the estimate for Me'

A final calculation, based on minimum value of the
loss tangent, gives a direct estimate of MC, the critical molecular
wgight for entanglement coupling in these networks. Since tan §
is a ratio of compliances, the correction for filler effects is

unnecessary here. From Figure 27 one can estimate the minimum
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value of the loss tangent, tan Gm’ and then obtain MC from the

" following expression (17, 82)

tan § = 1.04 (M/uc)‘°'8 (4.8)

vhere M 1is the molecular weight of the entangled linear polymers,
78,000 for SBS-8. The resulting value for MC is around 1800,

and since Me 5-MC/2’ the entanglement molecular weight predicted
by this method is under 900.

The Me values calculated from the mechanical properties
data are rather low, but they are much closer to the Me values
characteristic of homopolymers of polybutadiene than the value
of 13,000 determined by swelling. The discrepancy between the
calculated values and those obtained by swelling could arise for
several reasons. The swelling data could conceivably be in
error due to some solubility of the polystyrene domains, but as
mentioned earlier only a minute quantity of extractable material
could be recovered from the swelling solvent. The Kraus correction
may not be applicable to these systems as assumed. In particular,
it might over-correct the swelling ratio to yield the rather large
Me vﬁlue of 13,000. However completely ignoring the Kraus
correction still results in Me values greater than 7000 from the
swelling data. 1t is also possible that the calculation of the
entanglement density from the mechanical properties data is not

completely valid for these filled systems. Also, the effective
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‘volume fraction of filler may be significantly larger than predicted
by the measured polystyrene content if there is a significaﬁt
- yolume of interlayer present or if the domain geometry is not
 sphe:ica1 as presumed. In addition, the polybutadiene may not
have reached equilibrium, although at these frequencies near 40°C
it should be quite close.

The important point here is not that the true value of
Me is in question. Instead the major concern is that if ome
accepts the rather low values of Me calculated from Equations 4.4
to 4.8, the absence of entanglement coupling effects in Series 2
cannot be explained on the basis of the terminal chain length
being less than twice the entanglement length for the system and
therefore less than MC. However, it has been suggested (79) that
for these model networks the observed entanglement coupling
phenqmenon arises for reasons slightly different from those
discussed aﬁove. If the domains are assumed to be separated by a
distance which is determined by 78,000 molecular weight of the
polybutadiene segments in the triblock, then diblock polybutadiene
segment molecular weights in excess of 39,000 would be required
before the terminal chains from neighboring domains could span
the required distance to entangle with each other. Thus the
terminal chains of molecular weights 51,000 and 67,000 are
involved in coupled entanglements in this sense, whereas the
shorter terminal chains of Series 2, ﬁ; = 22,000, are not. This

means that entanglements involving terminal chains from neighboring
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‘domains are required before the temperature effects on entanglement
coupling become apparent. In this case the particular value of Me
} chgracterisitc of these systems is unimportant to the explanation of
the mechanism's presence or absence. This is so because MC’ the
eritical terminal chain molecular weight for the appearance of the
entanglement coupling effects, is no longer defined in terms of Me.
Instead MC depends only upon the molecular weight necessary to span
the half-distance between neighboring domains and is roughly equal
to half the triblock polybutadiene segment molecular weight.

In any case, there is overwhelming evidence in the data
that Mc is greater than 22,000 for these systems. Assuming that
the swelling data are correct and the value of MC is roughly 2 Me’
one would expect to see the entanglement coupling effects in the
data for terminal chains molecular weights greater than 26,000.
If Mclis defined by the distance between domains as discussed above,
the effects should not appear until the terminal chains have
molecular weights in excess of 39,000. Further studies of these
systems using many more terminal chain lengths should help to decide

which of these interpretations is the more reasonable.
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4.233 Entanglement Slippage

The slippage of trapped and untrapped entanglements will
cause secondary relaxation or retardation effects to appear in the
méchanical response curves at high temperatures or low reduced
frequencies. The untrapped entanglements become completely
disengaged through this entanglement slippage process so that their
contribution to the mechanical properties disappears at very long
times. The model networks studied here contain two distinct types
of untrapped entanglements —-- diblock-diblock and diblock-triblock
polybutadiene segment engagements. The retardation processes
asgoclated with each of these two types of entanglements will no
doubt be quite different, and therefore their effects should
appear at different points along the frequency scale. The position
of a particular untrapped entanglement along the contributing
terminal chain should have a large influence on the characteristic:
range of reﬁardation times over which.the slippage processes fér
that particular entanglement take place; clearly, those entangle-
ments near the free end of a terminal chain will disengage more
easily than those nearer to the fixed end. The influence of
neighboring entanglements is likely since trapped entanglements
should be more restrictive to neighboring motions than untrapped
entanglements. Thus, both terminal chain length and terminal chain
content should affect the untrapped entanglement slippage mechanisms.
Trapped entangleménts (triblock-triblock) cannot become disengaged

since all four chains radiating form these entanglements eventually
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find. their way to a glassy domain. However at low enough
fréquencies or high enough temperatures when slippage of these
" chains is permitted, the positions of the trapped entanglements
will be continuously changing as the network sgeks the most
comfortable configuration to accommodate imposed stresses or
strains. Thus one can picture a kind of vibrational sliding
motion for the chains which take part in trapped entanglements,
even though these entanglements cannot become completely disengaged.
The characteristic distances (and therefore the associated
retardation times) for the sliding of these network chains will
depend upon the composition of the network. For example, in the
pure triblock where all of the entanglements are trapped, the
average distance that a chain can move before meeting another
trapped entanglement corresponds to the length of a polybutadiene
segment of molecular weight 13,000. (The swelling results are
assumed to be correct here.) As the terminal chain content is
increased, the probability also increases for the neighboring
entanglement to be untrapped and therefore completely or
partially disengaged from the network. Thus, the average distance
available for the slippage of trapped entanglements increases with
terminal chain content, and therefore the characteristic time
scale of the process also increases.

The preceeding discussion has been offered to aid the
reader in forming a mental picture of the kinds of molecular

motions which contribute to the entanglement slippage mechanisms.
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in gddition, it introduces the concept of multiple overlapping

low frequency mechanisms which are sensitive to changes in net-
work structure. Probably the most important and unique featufe

of this research project is the ability to characterize these
mechanisms in terms of known changes in network structure. 1In
earlier studies of entanglement slippage in conventionally cross-
linked rubbers conducted by Ferry and coworkers (6-14) this was

not possible. For example, in the earliest of these studies (6,

7) it was noticed that low frequency losses increased as cross-—
link density decreased. However, simply decreasing the cross-
link density results in a multitude of structural changes in the
network, namely -- increased length of the terminal chains, a
greater proportion of untrapped entanglements, longer distances
between trapped entanglements, and fewer and more widely spaced
points of chemical cross-linking. Interpretation of the results
from studies designed to vary the terminal chain content by varying
the molecular weight of the primary molecules before cross-linking
(7,8) was also difficult owing to the fact that the individual
structural features mentioned above could not be controlled
independently, and also due to the unknown amount of chain scission
which always accompanies cross—-linking reac;ions. It was correctly
pointed out (9) that the major effect of entanglement slippage
mechanisms was to cause an increase in the compliance from DeN’
where all forms of entanglements contribute, to De’ the equilibrium

compliance which contains:contributions only from those entanglements
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which are permanently trapped. Redefinition of the criteria for
entrapment of an entanglement resulted from later studies (10, 19),
and this made it possible to attribute this rise in the compliance
primarily to relaxation of untrapped entanglements. The possibility
of a contribution to low frequency mechanisms from trapped entangle-
ment slippage was not included. Furthermore, although some
qualitative predictions for the magnitude and location of the
overall low frequency losses were discussed (13, 19), no attempt was
made to explain these effects in terms of the several individual
mechanisms which contributed to these losses.

A detailed quantitative treatment of the entanglement
slippage processes associated with the various types of molecular
structural features appearing in the model networks will be given
in the next chapter. For the present, the discussion will be
aimed primarily at showing that the low frequency slippage processes
observed by other authors are also present in the data obtained
here. Furthermore, it will be pointed out that the observed low
frequency mechanical response changes dramatically as network
composition is changed. The discussion will begin with the free
oscillation data where the effects of entanglement slippage appear
as high temperature (i.e. abo§e the main polybutadiene transitionm)
effects. As usual, the free oscillation data are really useful
only to obtain a simplistic picture of the important changes which
are occurring. The forced oscillation data are much richer in
information concerning the individual molecular mechanisms contri-

buting to the low frequency mechanical response.
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It is perhaps easiest to think of the entanglement
slippage processes in terms of a viscoelastic transition
between two levels of compliance (DeN to De). This is formally
equivalent, then, to the larger transition between the glassy and
rubbery states in polymers. A serious problem arises when one
attempts to investigate the mechanisms contributing to the transi-

tion between De

N and De through the use of the model networks

employed here. The viscoelastic transitions associated with the

polystyrene and interlayer portions of these materials appear

before the transition of interest is completed. In fact, only

about one third of the transition form DeN to De can be covered

before the data begin to reflect polystyrene and interlayer contri-

butions. Even so, the data are very useful for analyzing the

individual contributions of the various entanglement slippage

mechanisms. The limited range of the data does point out, however,
that a better study of entanglement slippage processes could be
carried out by using a block copolymer model system with glassy

| domains of much higher Tg. The limitations of the model are perhaps

best seen in the free oscillation storage modulus data showa in

Figures 12 to 14. The G~ curves never level off completely

indicating that the equilibriuﬁ modulus of the filled rubbery system

is not reached. This means that the entanglement slippage

processes are still taking place within the polybutadiene phases

of all the model networks when, around 40°C or 50°C, the inter-

layer and polystyrene contributions become important.
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However, below about 40°C where the polybutadiene
phase alone is contributing to the decrease in the storage moduli,
one can obtain from the free oscillation data useful qualitative
information about the entanglement slippage processes. For example,
inspection of Figures 12 to 14 shows clearly that the level of the
storage modulus across the intertransition region is lowered by
the introduction of terminal chains. At equilibrium the terminal
chains would constitute a diluent portion of the network as
discussed by Flory (2). During the approach to equilibrium the
untrapped entanglements are continuously slipping free from their
engagements with the network, and thus they behave as an "active
diluent" in this region of material response. It is also clear
that increased amounts of terminal chains tend to steepen the
log G” vs. T plot in the intertransition region indicating that
increased amounts of relaxation are taking place when there are
more untrapped entanglements in the network. The small but persis-
tent slope of the storage modulus curve for the SBS-8 triblock
results in a much larger drop in G° than predicted by a temperature
correction to an equilibrium modulus. This indicates that slippage
of trapped entanglements is also contributing to relaxation
processes in the intertransition regionm.

In an attempt to gain a somewhat more quantitative
understanding of this reduction of the storage modulus in the
intertransition region, the data from Series 1 were plotted as

shown in Figure 32. The values of G~ were corrected for variations
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in styrene content as discussed earlier, removing, in this way,
any filler effect on the level of the modulus. The fact that
there is no equilibrium value of G is even more apparent from
this figure. It is quite clear that slow relaxation processes
are continuously taking place over the entire region. For each
of the matérials of Series 1, the dependence of G° on tempera-
ture in the intertransition region can be described by a straight
line.

Such plots were also made from the data obtained with
Series 2 and 3 and showed similar behavior. The slopes of the
straight lines were plotted against the amount of terminal chains,
X. As shown in Figure 33 this again results in reasonable straight
line fits. The point at X = 0.334 is clearly an outlier. These
plots are offered merely as an observation because the free
oscillation data do not warrant a detailed quantitative interpre- -
tation. It will be shown clearly in the next chapter that the
behavior seen here must be a consequence of an interplay between
several overlapping mechanisms. Figures 32 and 33 do serve,
however, to show that the storage modulus in the intertransition
region decreases with temperatqre and that the decrease is more
rapid as either the amount of terminal chains increases, or their
length decreases. This means that the amount of high temperature
relaxation is increased by the introduction of terminal chains.
This is to be expected since slippage of untrapped entanglements is

the predominant mechanism here and the amount of untrapped entanglements
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in the network increases with terminal chain content. Figure
33 also indicates that at a fixed terminal chain content, a given
amount of relaxation takes place more slowly (i.e. over a wider
temperature range) for longer terminal chains.

A relaxation mechanism which is evidenced by a drop in
the storage modulus is generally accompanied by the development
of a maximum in the loss modulus. In Figures 15 and 16 secondary
loss modulus peaks are seen for the blends of Series 1 and 3.
These maxima, which become more prominent with increased terminal
chain content, are attributed to the relaxation mechanisms and
frictional effects associated with the slippage of the untrapped
entanglements provided by the terminal chains. There is only one
broad secondary peak indicating that the mechanisms associated
with the two distinct types of untrapped entanglements must over-
lap considerably. While it is a'very tenuous piece of information,
it does appear that the peak value of G°” in the secondary maximum
is shifted to slightly higher temperatures for longer terminal
chains. The peaks appear near 0°C and 10°C for Series 1 and Series
3 respectively. This is consistent with the observations of the
storage modulus behavior which indicated a shift of the entangle-
ment slippage mechanisms to higher temperatures for longer terminal
chains.

The absence of any secondary loss peak in Series 2 is
also related to this shift in location with terminal chain length.

It has already been shown that the short terminal chains of Series 2
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are not coupled tightly with the continuous entanglement network.
Thus the slippage motions can occur at much lower temperatures

for these terminal chains. Their contribution to the loss is
already apparent at the base of the main transition and thus no
minimum appears from which the loss can rise to form a secondary
peak. Relaxation mechanisms due to slippage of the untrapped
entanglements are taking place, however, as evidenced by the
increased tendency of the Series 2 loss modulus curves to fall

off above about -10°C as terminal chain content increases. Perhaps
the best way to visualize entanglement slippage for the short
terminal chains of Series 2 is to consider the major portion of the
intertransition region as the right side of the broad secondary
maximum contributed by these mechanisms, with the peak and the left
side occurring near the base of the main transition. More
convincing evidence will be given later to substantiate this shift
of the entanglement slippage process to lower temperatures for the
shorter terminal chains of Series 2.

No secondary maximum appeared. in the loss modulus data
for the SBS-8 triblock to correspond to the observed slow decrease
in the storage modulus which has been .attributed to trapped
entanglement slippage. The peak would be expected to be quite
small and very broad since only a small amount of relaxation
asgociated with the trapped entanglements is seen in this type of
experiment. Most likely, then, this small peak could not be

ovservedland, within experimental error, the loss modulus curve
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for SBS-8 appeared to be flat. The forced oscillation measurements
were much more semsitive to se;ondéry loss effects and therefore
© trapped entanglement slippage effects were observed gquite clearly.

In Figure 20 a secondary peak in the loss compliance
master curve for SBS-8 is clearly evident near log way = - 6.

Since, as discussed in detail earlier, polystyrene and interlayer
contributions have been effectively removed by restricting the
analysis to data obtained below 40°C, and since there are no
terminal chains in the triblock, this secondary peak must represent
the contribution of trapped entanglement slippage to the low
frequency losses. Fesko (25) has already discussed this contribu-
tion in some detail. The corresponding storage compliance curve
for SBS-8 is slightly sloped across the entire region of frequency
above the main transition, also indicating the presence of slow
retardation processes. The master curves for SBS-8 are very
similar to those obtained by Ferry and coworkers on SBR (9) and
polybutadiene (7) vulcanizates of intermediate cross-link densities.
As mentioned before, in their studies the molecular sources of the
éecondary loss peaks were uncertain owing to the lack of precise
knowledge of the network structure.

In Figure 26 the entire set of storage and loss compliance
master curves for Series 1 were presented. It is clear from this
figure that increasing the terminal chain content causes substantial
increase in the amount of low frequency retardation processes. The

effeets appear in both storage and loss behavior, but the loss
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compliance is clearly the more sensitive indicator of entanglement
slippage effects. The loss tangents for Series 1 shown in Figure
: 27 reflect this larger effect on the loss compliance. As terminal
chain content increases, the secondary (low frequency) peak in the
loss tangent (tan § = D"°/D”) moves to higher values since the
loss compliance is increased to a greater extent by the addition of
terminal chains. It is also apparent from Figure 27 that the
secondary peak in tan § shifts to lower frequencles with increasing
terminal chain content, an effect which will be treated in detail
in the next chapter.

These compliance master curves and tan § plots for
Series 1 behave in a manner qualitatively similar to any series
of elastomers of decreasing cross-link density (6-13). As discussed
earlier, the observed behavior of the conventionally cross-linked
elastomers is a result of several inseparable effects. In these
model networks, the observed increase in the amount of low frequency
retardation processes can be attributed directly to the increased
proportion of untrapped entanglements. With a greater proportion
of untrapped entanglements in the network the transition from DeN
to De is larger and therefore more retardation processes are seen
at low frequencies. This is manifested more clearly in the retarda-
tion spectra shown in Figure 28 where the number of long retardation
times is increased enormously by the introduction of terminal chains,
or equivalently untrapped entanglements, into the network. There is

some indication that there fewer retardation processes occurring at
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intermediate values of time for the material containing a significant
. prbportion of term;nal chains. This can be explained qualitatively by
: recognizing that there are fewer trapped entanglements in this network
and therefore longer distances between them. This combination of

fewer and more widely spaced trapped entanglements probably resulted

in a decrease in their overall contribution to the retardation spectrum
and a shift in their contribution to longer times, thus depleting the
amount of intermediate-time retardation processes.

The compliance master curves for the single blend studied
from Series 3 (terminal chain ﬁ; = 67,000) showed qualitatively
similar behavior to that just discussed for Series 1. Both the
storage and loss compliance of blend BL-3.2 were increased at low
reduced frequencies, with the loss again being affected more
strongly. There was a slightly deeper minimum in the loss compli-
ance curve for BL-3.2 than observed for the materials of Series 1.
This indicates that the overall low frequency process has been
shifted somewhat farther downscale for these longer terminal
chains so that still fewer retardation processes were seen at
intermediate frequencies.

As shown in Figure 25 the blend studied from Series 2
(terminal chain ﬁ; = 22,000) also exhibited increased loss and
storage compliances at low frequencies. There is a major
difference in the behavior of this material, blend BL-2.3, at
intermediate frequencies however. The minimum in the loss

compliance near log wa,, = -2 was not as deep as seen in the other

T
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two series. Furthermore, the loss compliance values at frequencies
immediately above log wag = - 2 were noticeably higher than those
seen in Series 1 and 3. Also, the storage cémpliance rises more
steeply just above the main transition indicating that there are
retardation processes occurring in this material at relatively
high frequencies. These processes reflect the same untrapped
entanglement slippage mechanisms seen in Series 1 and 3; their
location at higher reduced frequencies is a result of the rather
short terminal chains involved here.

In the most general sense, the entanglement slippage
processes contribute to the rise in compliance from DeN to De;
if one considers De to be a measure of the total number of
retardation processes available to the material, then the effect
of increasing the proportion of untrapped entanglements through
the addition of terminal chains is to greatly increase this total
number of retardation processes. At equilibrium the length of the
terminal chains in the network is unimportant since the level of
De depends only upon the relative proportions of stress bearing and
diluent components in the network. Thus, all blends with the same
terminal chain content, X, should have the same equilibrium
compliance, and therefore they should undergo the same total amount
of retardation processes over whatever frequency range is necessary

to make the transition from De and De. However, the nature of

N
the approach to equilibrium, or equivalently the location along the
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frequency scale of the various mechanisms which contribute to
the rise from DeN to De’ will greatly depend upon the particular
: length of the terminal chains in the network.

We have covered only the very beginning of this approach
to equilibrium with the data discussed here. Even so, it has been
seen clearly that shorter terminal chains contribute their retarda-
tion processes at higher frequencies or lower temperatures. It
has also been apparent that the contributions from various entangle-
ment slippage processes occur at different positions along the
frequency scale depending upon the relative amounts of trapped and
untrapped entanglements in the network. The mathematical model
developed in the next chapter treats the individual contributions
of trapped and untrapped entanglements in a more quantitative
manner and accounts for the possibility of a changing location
along the frequency scale for each contributing retardation mechanism.
However, before launching into the development of this mathematical
model, it will be useful to pause briefly to summarize the rather

lengthy discussion given here and to draw some conclusions.

4.3 Summary and Conclusions.

One hesitates to make sweeping summarizing statements or
to draw narrow conclusions from the large body of information presented
in this chapter. However, readers of lengthy works often look for
statements of this sort hoping to find a key concept or result of

particular interest. Hopefully anyone who begins his reading with
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this section will return to the discussion for details and to
the data presented in advance of the discussion so that he may
- conslder more deeply the implications of the brief statements
made here.

(1)  In the most general sense, this research project
has shown father clearly that model systems can be used success-
fully to study the effects of varying network structure on the
mechanical properties. The model networks generally behaved
similarly to conventional elastomers, but there was the added
advantage here that changes in mechanical behavior could be
correlated with controlled changes in network structure. This
will be considered in still more detail in Chapter 5. The model
systems studied here had some inherent limitations, but a signifi-
cant amount of useful information still was obtained. Proposed
improvements in the model system will be discussed in Chapter 6.

(2) Annealing of the block copolymer samples produced
significant irreversible dimensional changes which reflected the
orientation induced during the casting process. Annealing tempera-
tures above the glass transition temperature of the polystyrene
rhase were required for nearly gomplete removal of these orienta-
tion effects.

(3) The polystyrene and interlayer contributions to the
mechanical properties of these two-phase materials overlapped with
some of the interesting effects occurring in the polybutadiene

phase. However, to a very good approximation, the data below 40°C
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reflected viscoelastic mechanisms which were characteristic of
tﬁé polybutadiene‘phase alone. |

| (4) The mechanical behavior of the polybutadiene
-phase of the model networks was thermorheologically complex.
The horizontal shift factors used to carry out the temperature
reduction of the forced oscillation data did not follow any of
the commonly observed equations. Instead the shift behavior
appeared to reflect two different temperature dependent mechanisms,
with significant overlap between them. Even so, the data were
reduced by conventional shifts with the knowledge that the resulting
master curves were probably not strictly valid. All data were
handled in a consistent manner so that differences in the master
curves would truly reflect differences in the mechanical behavior
of the materials.

(5) The terminal chains in all three Series had no
effect on the mechanical behavior of the materials in the glassy
and polybutadiene transition regions.

(6) The mechanical properties of the blends of Series 1
and 3 reflected the presence of a temporary entanglement coupling
network which involved the rather long terminal chains of these
materials. This portion of the network tended to weaken as
teﬁperature increased; as a result, minima appeared in the free
oscillation loss modulus curves and a superposition anomaly
became evident in the forced oscillation data. The superposition
 anomaly was resolved by a second temperature reduction known as

the y-shift.
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The materials of Series.2 contained much shorter
terminal chains and the effects of é temperature dependent
" entanglement cﬁupling mechanism were not seen in the mechanical
~ response curves. Two different explanations were proposed for
' the absence of the mechanism in Series 2; both were related to
the inability of the short terminal chains to engage in a coupled
entanglement network.

(7) The entanglement slippage of the trapped and
untrapped entanglements contributed to low frequency retardation
mechanisms. There was generally more viscoelastic response
occurring at low frequencies for materials containing larger
quantities of terminal chains. The overall effect of terminal
chains was to increase both the storage and the loss compliance at
1OW'frequencieé; the loss was affected more strongly, however, so
that increased terminal chain content increased the level of
tan 6. The locations of the various low frequency retardation
mechanisms were not fixed and appeared to be related to both
terminal chain content and terminal chain length. It was evident
that longer terminal chains contributed to the mechanical response

at lower frequencies.
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CHAPTER 5

DEVELOPMENT OF A MATHEMATICAL MODEL FOR A QUANTITATIVE TREATMENT

OF THE EFFECTS OF TERMINAL CBAINS AT LOW REDUCED FREQUENCIES

A major goal of this research was the identification
of the roles of terminal chains and various types of chain
entanglements iﬁ elastomeric materials. This goal has been
accomplished, at least qualitatively, by supplying the data which
were presented and discussed in the previous chapter. Because
the rubbery networks of the block copolymer blends were reasonably
well characterized, it was possible to examine the various regions
of material response and identify, in a systematic way, changes in
material behavior with changes in network structure. This procedure
.resulted in the list of conclusions given at the end of the previous
_chapter.

It is tempting to carry the analysis one step further;
namely, to combine in a non-arbitrary manner the various effects
already identified and then compare the synthesized response curves
with those obtained experimentally. Of course, if each response
curvé is broken down into separate contributions and then recombined
to yield observed behavior, no information is gained. If, however,
the data obtained on one or two materials can be used to predict

the response of all the others, the model used to accomplish this
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may contain some usefui informaﬁion concerning the nature of the
individual molecular mechanisms and the manner in which they
combine.to give the overall material response.

The model developed in this éhapter should not be
considered to constitute a molecular theory for polymers
-ébntaining significant amounts of chain entanglements. Such
theories have been the object of numerous investigations, and
the varying degrees of success and applicability of these studies
have been summarized adequately (17). These theories generally
provide a spectrum of relaxation times which is expressed in
terms of molecular parameters. The spectrum can then be used to
calculate the overall material response, and often certain features
of the spectrum enable the low frequency response associated with
entanglement slippage to be predicted adequately. However little‘
information is available on the fine structure, i.e. on the
individual viscoelastic mechanisms which make up this spectrum.
In the approach taken here a beginning spectrum is estimated from
the data. The spectrum is then changed by shifting the weight of
the various separate contributions and by changing the location
of each contributing mechanism along the frequency scale. These
changes in weighting and location are predicted, through the use
of the model to be developed, in terms of the known changes made
in the structure of the networks studied here. It will be
desirable to have a minimum of arbitrary parameters in the model

80 that one can obtain a clear picture of the manmer in which the
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| characteristics of the network affect the mechanical properties.

Useful parametérs, then, are those‘which are well known for the

" block copolymer blends, namely:

M
e

molecular weight between entanglements in the

- pure triblock; determined as 13,000 from swelling

measurements.

molecular weights of the polybutadiene segments
of the various diblocks, i.e. the terminal chain
molecular weights; 51,000, 22,000 and 67,000 for
SB-6, SB-7 and SB-5 respectively.

molecular weight of the polybutadiene segments
of the triblock; 78,000 for SBS-8.

weight fraction of terminal chains in the
polybutadiene phase of the diblock-triblock

blends.

A considerable portion of this chapter will be devoted

to the task of determining the parameters of the model in terms

of the network parameters listed above. After this has been

accomplished, the response curves predicted by the model will be

compared with those obtained experimentally.
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5.1 . The Model
A generalized Voigt model is often used to represent
the linear viscoelastic behavior of polymers. The appropriate

| expressions for the storage and loss compliances are

"D (w) = D, + g D,/ + w? ri) (5.1)
D"(g) = g D, w‘ri/(l + wzti) (5.2)

In tliese expressions the summation over i accounts for a
digtribution of retardation times, Ty with associated spectral
strength, Di' Equations 5.1 and 5.2, depending upon the choice
of the Di and Ty values, can represent a single viscoelastic
mechanism (usually the main transition near the Tg of the material)
rather well. The constant Dg appearing in Eq. 5.1 represents the
glassy compliance of the material. The value of Dg is roughly the
same for a wide variety of polymers, and, except at the very highest
frequencies_of interest, it is entirely negligible in comparison
with the summation.

A simplé modification of the generalized Voigt model,
allowing for the possibility of additional viscoelastic mechénisms

each with its own spectrum of retardation times, results in the

following expressions for the storage and loss compliances:
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n Tk
D“w) =D+ kzl 121 Dy /(1 + w? 1y, ) (5.3)
n Tk
D" (w) = kzl izl Dy 0T/ A+ 0?1 ) (5.4)

The value of the index k indicates which of the n contributing
viscoelastic mechanisms is being considered. Each of the mechanisms
will have a different set of retardation times associated with it,
a total of n, values of Tik for the kth mechanism. The Dik values
represent the weighting or degenmeracy for each Tk

Equations 5.3 and 5.4 are formally equivalent to the
transient network model of Lodge (83), but the interpretation of
the parameters on a molecular level is somewhat different. Further-
more there is no method for weighting the various mechanisms in
the Lodge model. The expressions actually represent the addition
of several groups of Voigt elements whose contributions appear at
various positions along the frequency scale. In this sense Equations
5.3 and 5.4 can be considered as a generalization of the more
restricted model for the behavior of emntangled polymers proposed
by Ferry and coworkers (84).

If left completely unrestricted in terms of the
choices of values for n and the various 1's and D's, Egs. 5.3
and 5.4 could be made to fit nearly any observed response. From
this point of view they represent an extremely convenient starting

point from'which to build a model. Curve fitting is not the
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purpose of this work however, and thus the choice of values for
the parameters of the model will be dictated by the molecular
structure of the networks. If the structure is not reasonably
well characterized in terms of quantities such as Me, M“, M and
X, then ﬁhe choice of values for the parameters becomes

arbitrary and the model is of little practical importance.

5.2 Determination of the Model Parameters from Known Network

Structure

It is apparent from Eqs. 5.3 and 5.4 that the parameter
which should be determined first is n , the number of viscoelastic
mechanisms contributing to the mechanical response. For the
triblock, containing no terminal chains, it is easily seen from
the data that n = 2 is the appropriate value, k = 1 corresponding
to the main transition and k = 2 accounting for the trapped
entanglement slippage mechanism. The model is not expected to
account for interlayer or polystyrene behavior because it is
concerned with the behavior of the polybutadiene phase only.

For the diblock-triblock blends, the value of n is
not immediately apparent. However, knowing the structure of the
rubbery netwofks, it is easy to decide upon n = 4 with the

following mechanisms being assumed:
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k=1 short range motions near Tg of the polybutadiene

phgse
k=2 trapped entanglement slippage motions involving
two triblock polybutadiene segments

k=3 slippage of untrapped entanglements involving diblock
polybutadiene segments (terminal chains) and
triblock polybutadiene segments

k=4 slippage of untrapped entanglements involving

two terminal chains
Each of these mechanisms must now be identified with a certain
number of retardation times which distribute themselves in some
manner along the time or frequency scale.

If we first consider the region of material response at
very low frequencies, each of the viscoelastic mechanisms will
have contributed its entire effect in Eq. 5.3. The storage
compliance will have reached some limiting equilibrium value, De’
which is a sum of the individual contributions from each of the
four mechanisms listed above. Thus, the following condition holds

at very low frequencies:

4 T
! I Dy =D, -D, x D (5.5)

k=] i=]

where, as indicated earlier, the glassy compliance can be neglected.
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Equation 5.5 gives D #s the total number or total
&égeneracy of éll the retardation ﬁimes charactérizing the material.
1t .does not indicate how these are distributed among the individual
mechanisms and does not give any means of deciding upon a numerical
value for De' To solve both of these problems we begin by using
the base material, SBS-8, as a reference.

The numerical value of the equilibrium modulus for the
triblock material, designated D: here, can be obtained by
integrating over the entire retardation spectrum. In Figure 34
the retardation spectrum for SBS~8 is replotted using a linear
verticél scale. The right side of the secondary peak has been
- assumed to be symmetric with its left side. The apparent
persistence of the calculated spectrum at long times above the
assumed shape may be explained, at least partially, by the onset
Qf polystyrene and interlayer contributions. The validity of the
symmetry assumption cannot be proven; this simply represents a
reasonable way to estimate the total long-time contribution to the
equilibrium compliance. The resulting value for D: is 1071:8% par~l,

In the triblock there are.only two contributing
mechanisms, corresponding to k=1 and k=2. The total number of
retardation times for the triblock can therefore be split into
two fractions, Zt asgociated with the main tramsition and l—Zt
with the trapped entanglement slippage mechanism. The linear
scale of Figure 34 allows the spectrum for SBS-8 to be separated

easily into two peaks. The numerical value of Zt is then



- 162

NN N S A A T T A R T Y R T
3 J— ——
Retardation Snectrum for SBE-8
B ~=18°¢c T
et -
| calculated emsme—m —J
F— zssumed Smmwo —
T2 ~
n-
o
P - —
Ll
e b ——
* -
=N
.-2i | |
\
By \ + ey
\
\
. N —
\
— N\ ]
\
\
— \\ ]
o Ll RN
10

Figure 34.

SBS-8 Retardation Spectrum - Linear Scale



163

determined as the ratio of the area under the main peak to

the total area, or

Zt = A1/(A; + Ap) (5.6)

where the A's represent the areas shown in Figure 34. This
results in a value of 0.419 for Zt, and this value represents the
fraction of the SBS-8 equilibrium compliance contributed by the
main transition.

Having established that there are D: Zt retardation
times associated with the main transition and D; (1 - Zt) for
the entanglement slippage mechanism, and knowing the distribution
of these times as given by Figure 34, it is possible to duplicate
the experimentally observed response curves for the triblock
material. This is accomplished by choosing values of Tii 2t
equally spaced intervals of 0.25 decade along the time scale, reading
the corresponding value of Lik (1.e. the strength of the spectrum
At Ty OO the kth peak), and calculating the appropriately weighted
spectral strength for use in Eqs. 5.3 and 5.4 from the relations

n)

t
Dyy = D, zt(LilliZ1 L;) (5.7)

ngz
t
D, =D, (1- zt)(LiZ/izlLiz) (5.8)
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where the division of each Lik by the summation constitutes a
normalization of the area under each peak to unity. In this way
the total number of retardation times is assured to be equal to
D: regardless of the vertical scale of the L vs. log T plot.
The values of n; and n, were 34 and 43 respectively. It will be
seen later that this procedure results in excellent reproduction
of the experimental curves for SBS-8. This indicates that the
assumed shape of the right side.of the retardation spectrum was
reasonable.

As stated earlier, curve fitting is not the purpose
of this work. However it was necessary to use the triblock data
to establish these base constants, D: and Zt, which provide a
reference point for calculating the parameters assoclated with
the diblock-triblock blends. It will become clear that the value
of D; actually represents a scale factor which assures that the
calculated response curves will appear at the same numerical level
as the observed behavior. The entire scheme could be made dimension-
less by dividing the observed material response data and both
sides of Eqs. 5.3 and 5.4 by D:.

It is now possible to determine the model parameters
corresponding to a general diblock-triblock blend containing
a weight fraction X of terminal chains of molecular weight M'.
Ingpection of the data, has revealed that the presence of two
additional retardation mechanisms in the blends results in an

increase in the total number of retardation times from D: to some
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larger value, say De(x), where a dependence on terminal chain
content is already anticipated. Hdwevef, the shape and numerical
values for all the material response curves were identical in the
main transition region. These two observations result in the

following two conditions:
D_(X) = DS/f(X)
e e

t
De(X) Z(X) = const. De Zt

(5.9)

(5.10)

where De(X) and Z(X) represent the parameters for a blend of terminal

chain content X, and f(X) represents the fraction of all the

entanglements in the blend which are effective at equilibrium,

i.e. the fraction of trapped entanglements. An explicit expression

for £(X) will be developed presently.

Eﬁuation 5.9 is simply a restatement of Equation 1.1
which predicted a decrease in the equilibrium modulus as the
number of effective linkages decreased. Since the equilibrium
compliance and modulus are related reciprocally, Equation 5.9
follows immediately. Equation 5.10 is a mathematical formulation
.of an effect already observed in the data, namely that DeN is
identical in all materials. This is so because DeN is simply the
integral over the first peak in the retardation spectrum and this

is precisely the contribution accounted for by Equation 5.10.

" Since DeN is a reflection of the total number of entanglements
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comprising a network before any slippage or';qng range molecular
reérrangements begin to occur, both diblock and triblock

: polybutadiene segments must have the same characteristic entangle-
ment length so that the total concentration of entanglements can

be independent of X. Equation 5.10 also carries the implicit
assumption that any u—shift scheme has been referred to some low
temperature within the main transition. In addition any differences
in the level of the compliances due to variations in filler content
must be taken into account. These requirements are consistent

with the manner in which the data were handled.

The major significance of Equation 5.10 as far as the
model is concermed is that it introduces an adjustable parameter,
Z(X), which assures that all of the response curves calculated
from the model.will be identical in the region of the main transition.
Thus, the model defines the main transition by curve fitting to
agree with experimental observation, and therefore it cannot
generate any useful information concerning the behavior of these
matgrials in the transition region.

Equatiops 5.9 and 5.10 define for any blend the total
number of retardation times, De(x), and the fraction of these,

Z(X) which are associated with the main transition. This leaves a
fraction 1 - Z(X) of the ﬁotal number of retardation times to be
distributed among the three remaining mechanisms. This breakdowm
can be handled in terms of network parameters if two assumptions

are made. First, it is necessary to assume that diblock and
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triblock polybutadiene segments have the same characteristic
entanglement length, an assumption élready discussed in some
~detail in the previous chapter and in connection with Equation
5.10 above. The second assumption involves the effectiveness
of the various types of entanglements in their contribution to
the frequency dependent material behavior. It is assumed here
that each type of entanglement contributes in such a way so that
the number of retardation times attributed to each of the three
mechanisms associated with entanglements (k=2-4) will be
proportional to the probability of finding each type of entangle-
ment in the network,

The probabilities of finding a diblock segment or a
triblock segment at some point in the network are X and 1-X
respectively. Under the first assumption above, the probabilities
that a diblock or a triblock segment will enter into some kind of
entanglement are also equal to X and l—X,respeétively. Then the
chance of finding two triblock segments at the same point, i.e. the
probability of finding a trapped entanglement, can be expressed
‘as 1-X times 1-X, or (1-X)2. Similarly, a diblock-diblock untrapped
entanglement wouldwae expected to occur with probability X2, The
diblock~triblock untrapped entanglements involve two possibilities,
chain A originating from a diblock segment and chain B from a
triblock segment, or vice versa. Thus a factor of two enters the

expression 2 X(1-X) which is the probability of finding an untrapped
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. entanglement of the diblock—~triblock type. The probabilities sum to

_ unity as required. In summary:

p(k=2) = p (trapped entantlements) = (1-X)2
p(k=3) = p (diblock-triblock entanglement) = 2 X(1-X)
(5.11)
p(k=4) = p (diblock-diblock entanglement) = X?
4
1 pk) =1
k=2

Knowledge of these probabilities allows the number of
retardation times in each of the four mechanisms to be expressed in
terms of the terminal chain content of the material. Writing Wk for
the numbér of retardation times associated with mechanism k, we

obtain

W () = [D_(0)[Z(O)]
W) = D01 - 201Q - D2
(5.12)
Wy(X) = D@L - 212 XA - D]
W (K) = (D11 = Z(0)][x2]
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where8

=}

@) = DL/ - x)2 (5.13)
and
Z(x) =z (1 -x)? (5.14)

The first of Eqs. 5.12, along with Eqs. 5.13 and 5.14, clearly satisfies
the condition set on Z(X) by Eq. 5.10. To obtain Eq. 5.13 the
expression (1 - X)2, the fraction of trapped entangleménts in a blend,
was substituted for the unknown function f(X) appearing in Eq. 5.9.
The set of equations 5.12 to 5.14 completely determines the
change in weighting of the various mechanisms, i.e. the change in the
number of retardation times in each, as the terminal chain content, X,
is varied. Equations 5.12 are plotted in Figure 35 using the values
of D:.and Zt determined éarlier. The absolute weighting factors, W, ,
are plotted here, and the transfer of weight among the various
mechanisms is difficult to see since the total number of retardation
times is always increasing with terminal chain content. For this
- reason, the relative weighting factors, wk/De’ are plotted in Figure

36. The change in the relative importance of each of the individual

—

8 It is clear that a restriction of X < 1 is required here. It will be
seen later that the entire amalysis must be restricted to values of X less
than some critical value which is characteristic of the model system. It
is also interesting to note that Oberth (15) observed that the measured
equilibrium moduli of urethane elastomers containing significant amounts
of terminal chains decreased by a factor (1-V)2, where V was the volume
fraction of terminal chains. Since V = X this is a good indication that
Eqs. 5.12 to 5.14 have been formulated correctly.
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mechanisms is apparent when the equations are plotted in this way.

It.is particularly interesting to éee the manner in which the

. dominance in the entanglement slippage process changes progressively

from mechanism 2 to 3 to 4 as terminal chain content increases.
Knowing the manner in which the retardation times are

distributed among the four mechanisms, each Dik value which enters

into Eqs. 5.3 and 5.4 can be written as

e

R (5.15)

D,, =W (L
k =1

ik ik/i
for each selected value of Tk As before, the factor in parentheses
gives the normalized value of the strength of the retardation spectrum
for the kth mechanism at position T4y OP the time scale. For the
triblock, the values of Lik for the two mechanisms contributing to

the mechanical behavior could be determined directly from Figure 34.
However, at this point the Lik's and-corresponding Tik'S are unknown
for the diblock-triblock blends. Thus, we are confronted with the
problem of determining both the location and the shape of the four
1ndivid§al retardation spectra contributing to the mechanical response

of the blends.
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5.3 Location of the Retardation.Spectra of the Individual

Entanglement Slippage Mechanisms

It has already been shown that both the shape and the
location of the main péak are fixed for all tﬁe materlals. Thus
only mechanisms 2 to 4 need to be considered in this section. For
the triblock, the location of the trapped entanglement slippage
mechanism was established by the peak in the calculated retardation
spectrum at log T = 5.75. It is now necessary to decide whether this
location should also characterize the slippage of trapped entangle-
ments Iin a blend containing a significant proportion of terminal
chains.

It was pointed out in the previous chapter that the average
distance between trapped entanglements increases as terminal chains
are added to the netwprk. In particular, with Me indicating the
known molecular weight (13,000) between trapped entanglements in the
triblock, the molecular weight between trapped entanglements in a

blend, Me* can be found from the expression

M =M total number of sites available for trapped entanglements
ex e number of trapped entanglements in the network

The probabilities presented in Eqs. 5.11 can be used to
evaluate the ratio in parentheses above. The denominator will
clearly be proportional to (1 - X)2, the probability of finding a
trapped entanglement in the network. The numerator should reflect

only the pfobabilities of triblock-triblock and diblock-triblock
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entanglements, since diblock—diblock junctions do not constitute
possible sites for trapped entanglements. Thus the numerator
incorporates the sum of the first two of Eqs. 5.11 and is proportional
to 1 - X2. The proportionality constant is the total number of
entanglements in each case, and therefore it cancels from the
expression for Me*' The resulting expression for tﬁe molecular

weight between trapped entanglements in a blend is

M, =M, A +xX)/Q -X) (5.16)

Equation 5.16 is not completely unrestricted in terms of terminal
chain content. Since Me is known to be 13,000, all values of X
greater than 5/7 will predict a molecular weight between trapped
entanglements which is greater than 78,000, the molecular weight

of the triblock polybutadiene segments. This situation is clearly
not physically realistic, and therefore a critical value of X = 5/7
must not be exceeded for the analysis to be meaningful.

This critical value of terminal chain content, Xc,
represents the point at which it is no longer possible to have, on
the average, one trapped_entanglement on every triblock polybutadiene
segment. At this point’the system may no longer be regarded as one
continuous interconnected entanglement netwprk, and therefore the
analysis should not be expected to be valid. The value of 5/7 for
Xc resulted from the particular values of M and Me for the system

used in this study. In general
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(M/Me) -1
X =Gy + 1 (5.17)

Returning to Eq. 5.16, we see that the distance between
trapped entanglements increases in a well defined manner with X as
long as X is less than Xc' Therefore, it might be expected that the
time scale of the trapped entanglement slippage mechanism would also
vary with X. A rather general prediction of several of the molecular
theories (Ref. 17, Ch. 10) for cross-linked and entanglement networks
is that the retardation time characteristic of a given viscoelastic
mechanism increases as the square of the length of the molecular
strands entering into the mechanism. Thus one should expect the
location of the retardation spectrum characterizing the trapped
entanglement slippage mechanism to shift to longer times in
proportion to the square of the distance between trapped entangle-
ments. Using Eq. 5.16 and the known value of log t = 5.75 for the
location of the peak associated with trapped entanglement slippage

in the triblock, one obtains
log sz =5.75+ 2 log (1 +X)/(1 - X) (5.18)

Here sz represents the location of the peak of the spectrum for the
mechanism corresponding to k = 2, i.e. the slippage of trapped
entanglements. The shape of the spectrum around the shifted peak

location will be treated in the next section.
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The location of the peak for the retardation spectrum
associated with mechanism 4, which accounts for slippage of
diblock-diblock eﬁtanglements, can be calculated by an analogous
procedure. The value of log T = 5.75 is chosen again as the location
characteristic of a mechanism involving polybutadiene strands of
molecular weight 13,000. Since the diblock segments cannot enter
into any trapped entanglements, the effective strand length
characterizing the location of the peak in their retardation
spectrum is the entire length of the diblock polybutadiene segment,
M“. Thus the peak in the spectrum for mechanism 4 will be located

by the relation

log Tp“ = 5.75 + 2 log Gﬂ'/Me) (5.19)

As with Eq. 5.18 this relation locates the peak in the spectrum but
does not give any information concerning the manner im which the
appropriate number of retardation times for mechanism 4 are distributed
around this peak value.

Locating the peak for the spectrum of mechanism 3 is more
difficult because it is not possible to identify clearly an effective
strand length associated with the diblock-triblock junctions. Along
the triblock chain which enters into the entanglement, there will be
a distance between trapped entanglements as defined by Equation 5.16.
The diblock chain will not see any trapped entanglement along its

entire léngth as discussed above. Taking a simple average of the
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two characteristic lengths, one along the diblock segment and the
other along the triblock segment, results in the following expres-
sion for the location of the peak in the retardation spectrum for
mechanism 3:

M (1+X) + M7 (1-X)

log T_, = 5.75 + 2 log |— (5.20)
P 2 M_(1-X)

There are several interesting and important features of
the particular manner in which the peaks of the various spectra were
located. The peak positions were determined in a non-arbitrary way
by determining shifts from the position of the one mechanism which
could be located in the data. The shifts were calculated under the
assumption that the locations of the peaks of the various spectra
were related to the average distance to the nearest trapped entangle-
ment as seen from the particular type of entanglement in question.
Because the networks of the diblock-triblock blends were well
characterized, these shifts could be described in terms of known
quantities.

The locations of the peak values of the spectra for
- mechanisms 1 to 4 are plotted in Figure 37 as a function of terminal
chain content for a terminal chain molecular weight of 51,000. It
is interesting that different mechanisms contribute to the lowest-
frequency response of the material depending upon the terminal chain
content. The behavior shown in Figure 37 explainé to some extent the

observation that very lightly cross-linked polymers exhibit retardation
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mechanisms at significantly longer times than the corresponding

| unéross-linked.polymer (11). The cfossover of the curves in

" Figure 37 clearly indicates that one must be cautious in placing

the mechanisms associated with various types of network junctions in

a particular order along the time scale because the order is likely

to change as the network composition changes. Figures 36 and 37 give

a very clear indication of the complicated and changing manner in

which the different mechanisms contribute to the low frequency reséonse.
Having determined the number of retardation times associated

with each mechanism and the location of the peak in the retardation

spectrum for each mechanism, it is now necessary to define a shape

for each of the retardation spectra. That is, it is necessary to

establish ﬁhe manner in which the appropriate number of retardation

times associated with each mechanism distribute themselves around

the peak value located in this section.

5.4 Shapes of the Individual Retardation Spectra

For the main tramsition in all the materials and for the

trapped entanglement slippage mechanism in the triblock, the

spectral shapes are given by the two separate peaks of Figure 34.

It is reasonable to assume that the shift to longer times of the
trapped entanglement slippage mechanism occurs without any significant
change in shape of its retardation spectrum. If this is the case, the
second peak of Figure 34 defines the retardation spectrum for
mechanism 2 in the blends also. Thus, Figure 34 defines the shapes of

the spectral distributions for mechanisms 1 and 2 for all the materials.
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Defining spectral shapes for mechanisms 3 and 4 is
particularly troublesome because their effects have not been
separated clearly anywhere in the data. However, if one is willing
to assume that the spectra for mechanisms 3 and 4 will exhibit the
same shape, it is possible to use the available data to obtain an
estimate of this shape. Figure 28 shows the calculated retardation
spectra for SBS-8 (X=0) énd for BL~-1.3 (X=0.577). Usé of Egqs. 5.18
to 5.20 reveals that the peaks in the spectra for mechanisms 2 to 4
in BL-1.3 lie nearly in coincidence around a position of log T = 7.0
on the time scale. (See Figure 37.) This fortuitous result allows
the shape of the left side of the spectrum for mechanisms 3 and 4
to be calculated by subtracting the spectrum for mechanism 1, after
shifting its peak to log t = 7, from the corresponding portion of
the spectrum for BL-1.3. From a peak value of log v = 7.0, the
shape of the descending right side of the spectrum for both
mechanisms 3 and 4 is assumed to be identical with that of mechanism 2,

This rather rough estimate results in a somewhat steeper
ascent from the left to thelpeak value for the spectrum of mechanisms
3 and 4 when compared to the spectrum characterizing mechanism 2.
That is, the spectrum for mechanisms 3 and 4 is skewed toward longer
times, a result which may have been anticipated intuitively. Figure
38 shows the shapes of the individual spectra for mechanisms 1 to 4
plotted on é linear wvertical scale. Because the earlier analysis

included a normalization before assigning a particular number of
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retardation times to each mechanism, the areas under the various
curves in Figure 38 have no significance. Also, the peak positions
have been made to coincide in this figure so that the characteristic

shapes for the various mechanisms can be compared easily.

5.5 Using the Model

Before using the model to predict response curves of the
various materials, a brief review will be given of the manner in which
the parameters of the model were related to the structure of the
networks. First, the appropriate number of mechanisms was determined
from inspection of the data and knowledge of the various types of
network entanglements likely to be present in block copolymer blends.
Next, the number of retardation times in each mechanism was related
to the network composition. An adjustable fraction of the total
number of retardation times was attributed to the main peak for
every material so that the shape and position of this portion of the
response curves remained fixéa. The remaining retardation times
were divided among the other mechanisms by considering the probability
of occurrence of each type of entanglement in the network. The
location of each mechanism on the frequency scale was determined by
célculating an effective strand length for each type of entanglement
which in turn defined the proper amount of frequency shift from the
position of the one slippage mechanism which could be located experi-
mentally. The shapes of the spectra for the various mechanisms were
estimated from considerations of the shapes of the retardation spectra

of SBS-8 and BL-1.3.
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It is now possiblé to use Egs. 5.3 and 5.4 to generate
response curves for materials of vérying terminal chain content and
varying terminal chain length. First, equations 5.12 are used to
calculate the value of W_ for each mechanism. Then the normalized

k

spectral stfength at each value of Ty is determined from Eq. 5.15

k

"

Pik = W (Lgy/ 12-1 Lid-

The choice of the spacing of the Tix values is unimportant as long as
they are close enough so that smooth curves are obtained. In practice,
a gpacing of 0.25 decade was used, resulting in values for n of 34
for mechanism 1 and 43 for mechanisms 2 to 4.

Figures 39 to 41 show the comparison between calculated
response curves (dashgg lines) and those obtained experimentally
(solid lines). The table included with each of the figures indicates
the values of the network parameters used to calculate the various
dashed curves. The particular experimental curve which corresponds
to each of the calculatéd curves 1s indicated by the geometrical
symbol at the 1§w frequency end of the curve and also in the table.
Several of the calculated curves have no experimental counterpart.
They have been included to indicate the wide spread of response
predicted by the model. |

Figure 39 shows the calculated and observed response curves
for Series 1. The agreement in the glassy and transition regions is,

of course, expected since the model has been fitted to the experimental
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curves in that frequency range. At lower frequencies the curves
@rédicted by the model diverge. The loss complianceé calculated

- from the model pass through distinct maxima which shift to lower
frequencies and higher values as terminal chain content increases.
The model predicts storage modulus curves which rise through steeper
secondary transitions to attain higher values of De with increasing
terminal chain content. iThe amount of spread in the predicted
curves is not insignificant and is especially large in the loss
compliance. Thus, comparison with the experimental curves is not

an insensitive test.

In Figure 39 the agreement between the model response curves
and the experimentally determined mechanical properties is quite good
for all three blends of Series 1. Especially significant is the
close agreement in the level of the loss since this is the more
sensitive response function to these low frequency mechanisms.
Furthermore, the shapes of the experimental curves are in reasonably
close agreement with the calculated curves, although the data end
before most of the interesting changes in shape begin to develop.

It was necessary to cut off the data at the indicated points because,
as discussed in Chapter 4, polystyrene and interlayer contributions
become important at still lower reduced frequencies. Thus, Figure

39 points out very clearly that the particular model materials used
in this study were of somewhat limited value. Clearly a much better
* study could have been made by employing a block copolymer system

containing the glassy domains with a much higher Tg.
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Figure 40 shows the comparison for Series 3. We see very
gdod agreemenﬁ between the experiméntal curves for BL-3.2 and the |
corresponding curves calculated from the model. Again the loss
behavior is more sensitive to network structure and so the agree-
ment of the loss compliance is not as good as the near identical
matching found for the storage compliance. As mentioned above, the
extra curves corresponding to X - 0.7 and X = 0.1 are included to
show that the agreement is not simply a result of insensitivity of
the model to changes in the parameter X. The secondary maximﬁm
again shifts to lower frequencies with increasing amounts of terminal
chains. Furthermore, although it is difficult to see in this figure,
the various curves predicted by the model exhibit a deepening
minimum near log w = 2 as X incre;ses. As discussed in the previous
chapter and made even more clear in the development of the
mathematical model in this chapter, the deepening of the minimum is
caused by a downscale shift of some of the low frequency retardation
mechanisms leaving a reduced contribution to the loss at intermediate
frequencies.

The response curves predicted from the model using the
parameters corresponding to the materials of Series 2 are shown in
Figure 41. The experimental curves for blend BL-2.3 do not agree
very well with the corresponding set of curves preducted by the
model. Especially apparent is the discrepancy in the overall shape
of the loss compliance curves. However, in spite of the relatively

poor agreement with experiment, there are some interesting features
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of these predicted response curves which should be mentioned here.

The general level‘of the low frequéncy response for BL-2.3 is correctly
predicted by the model even if the overall shapes of the compliance
curves are in doubt. Also, the model correctly predicts that the
minimum in the loss compliance becomes shallower as terminal chain
content is increased in Series 2. The shallower minimum is a direct
result of the relatively high frequency location of the k = 4 mechanism
(diblock-diblock entanglement slippage) for Series 2. Since these
terminal chains are so short (M” = 22,000) their contribution appears
at high enough frequencies to affect the level of the minimum in

the loss compliance. Furthermore, the location of this particular
mechanism is fixed (independent of X) for a given terminal chain
length. Therefore increasing the terminal chain content continues

to raise the leve1 of the minimum by increasing the number of
retardation times in this region. . At the same time the secondary peak
in the loss at lower reduced frequencies still shifts downscale with
increased terminal chain content. This is a result of the shift of

the k = 2 and k = 3 mechanisms to longer times as the terminal chain

content of the network increases.

5.6 Concluding Remarks

Through the proper use of the mathematical model developed
in this chapter, it should be possible to estimate the location and
the relative importance of some of the secondary retardation mechanisms

affecting the mechanical response of a rubbery material if the amount
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and length of the terminal chains in that material can be determined.
In the development and use of this.model it has become quite clear
that the.”secondary" effects often observed in the storage and loss
compliances of rubbery materials must arise from the complicated
interplay of numerous overlapping viscoelastic mechanisms. The
weighting and location of the contributions from these various
mechaﬁisms are complicatéd, yet interrelated, functions of the network
composition. It is clear, then, that a lumping of these low frequency
" effects into a single mechanism must involve a significant amount of
oversimplification. Thus it appears from the results presented

here that any model or theory whichbincludes only a single mechanism to
account for the effects of entanglements in elastomers is likely to
lack correlation with the true physical situatiom.

The model has included only the effects of terminal chains
and the various types of chain entanglements present in elastomeric
materials. It could certainly be extended to include the contributions
of other structural features, such as motions of covalent cross-link
points, if their low frequency mechanisms could be separated and
identified. In fact the analysis could be extended to include
additional polymer phases. For example, one can visualize introducing
mechanisms corresponding to k = 5 and k = 6 to account for the inter-
layer and polystyrene contributions. This has not been attempted
here since only the behavior of the polybutadiene phase was under
investigation. The model completely ignores the temperature

dependence of each contributing mechanism, and therefore the overall
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response predicted by the model is strictly applicable only at the
reference temperature chosen here.. However, if one could somehow
' establisﬁ ;he charactéristic temperature dependence of each separate
mechanism, the model could be used successfully to predict the
mechanical response at any temperature. In that case the model
would constitute an additive compliance analysis of thermorheologically
complex behavior in singie phase materials.

The rather good agreement between the calculated curves
and those obtained experimentally 1gnds support to the conclusions
drawn and assumptions made during the development of the model.
Furthermore the successful development and use of this mathematical
model has made it clear that fruitful studies can be carried out
through the use of model network systems. It was possible to compare
the calculated response curves to the appropriate experimental curves
in a nonarbitrary way only because the networks studies were reason-
ably well characterized. Otherwise the model developed here could

not have been tested meaningfully.
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CHAPTER 6

SUGGESTIONS FOR FUTURE WORK

.6.1 Introduction

When viewed in total, it appears that this investigation
has raised as many new and interesting problems as it has solved.
Some of these problems have already been mentioned in the preceding
text. More attention is given to these unanswered questions in this
final brief chapter along with some suggested directions for continued
study. Some of the suggestions involve direct extensions of this
project; others deal with more tangential, but equally interesting,
studies. Hopefully, some of the suggestions given here will lead to
fruitful research projects which can perhaps begin to provide answers

to the interesting problems which appeared during the course of this’

work.

6.2 Extensions of this Investigation

From the experience gained and the information reported here,
one can easily suggest several meaningful ways to extend this work.
Of primary importance is the necessity for a better model system.
Eliminating or at least minimizing the interlayer region would be
desirable since its presence requires that much of the high-temperature

data be rejected even before the glassy domains begin to soften. This
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can probably be accomplished to a large degree by chobsing the proper
solvent or solvent_mixture for use in the sample casting process.

- Choosing a system which is a very good solvent for polybutadiene and

a poor solvent for polystyrene will result in samples with a continuous
rubbery phase and a minimum amount of intermixing around the glassy
domains. Benzene, the system used in this study, is a farily good
solvent for both phases.

The glassy domains of the model system should have a much
higher Tg so that more of the low frequency response of the poly-
butadiene phase can be studied before the domains begin to soften.
One useful system, for example, would be provided by block copolymers
of polybutadiene and poly(a methyl styrene) since the Tg of the
glassy domains is around 172°C for these materials.

Having obtained a better model system, one would be in a
position to conduct the following studies: First, it would be useful
to test, at constant composition, a much wider range of terminal
chain molecular weights with smaller molecular weight intervals
between the various samples. In this way one could establish quite
clearly at what terminal chain molecular weight the entanglement
coupling effects become noticeable. Using these same diblocks it
would be possible to study the effects of a changing molecular

weight distribution in the terminal chain portion of the networks.

This would be accomplished by blending several of the monodisperse
diblocks with the base material. This would be particularly useful

since the terminal chains in a conventional elastomer are not
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monodisperse but most likely have the same molecular weight distri-
bution as the network chains. ‘Finélly, one would like to incorporate
into the'model system another important structural feature, covalent
cross-links. If one could introduce a controlled amount of covalent
cross—links into the system it would be possible to study the effects
of cross-link mobility on the mechanical properties and possible
differences between the_éontribution of a covalent cross-link and a
trapped entanglement.

Clearly one cannot hope to introduce controlled amounts of
covalent cross-links by conventional vulcanization techniques. However,
it would be possible to introduce small amounts of covalent cross-
links by employing the star-branched block copolymers shown in Figure
42. These materials have been prepared at the Phillips Petroleum
Company and essentially consist of three and four diblock chains
held together at the polybutadiene ends by covalent linkages. These
linkages should be equivalent to tri- and tetra- functional cross-
iinks in a conventional elastomer.

With respect to the further development of the mathematical
model, it would be useful to obtain some idea of the individual
temperature dependences of the various entanglement slippage
mechanisms. A better model polymeric system would make this task
easier since one could hope to cover more of the low frequency peak
in the loss éompliance. Furthermore, an improved apparatus such as

the one described in Chapter 3 should allow forced oscillation



195

PS

Ti%tnrgﬁonal
C’iQ 8S=

Trifunctional
ink

Cross-~link
PBD

Figure 42.

Star-branched Block Copelymers Containing a

Central Covalent Cross-~link



196

measurements to be conducted on pure diblock materials. In this
wéy the untrapped entanglement slippage mechanisms could be studied

independent of trapped entanglement effects.

6.2 Related Studies

~ Several interesting observations were made during the course
of this work which were felated to the behavior of the block copolymer
model systems but did not directly enter into the study of terminal
chains and chain entanglements. Some thoughts on these observed
phenomena are presented in this section.

One major problem in the characterization of the two-phase

block copolymers systems has been the inability to determine the
glass transition temperature of the dispersed phase in a reliable
way. The observed effects of annealing on the dimensions of a
solvent cast specimen may provide a method for accomplishing this.
It was pointed out that minimal changes in thickness were observed
until annealing temperatures approached what was presumed to be the
_polystyrene Tg. A reasonable definition of the temperature at which
the dimemsional changes first became significant could be obtained
by cross-plotting isochronal data from plots similar to Figure 6.
Several more annealing runs at different temperatures would be
necessary, of course, to obtain a meaningful cross-plot. The
resulting reduced thickness vs. temperature plot should resemble an
ogive-shaped breakthrough curve. Extrapolating back to the onset

temperature should give a reasonable estimate of the Tg of the domains.
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The-Tg value obtained by this metﬁod would probably depend upon
the particular isochrone chosen fof the cross-plot. Howéver, this
is a genéral short-coming of all methods for determining glass
transition temperatures.

The interlayer region in block copolymers has been the subject
of much speculation. By introducing known amounts of the "tapered"
block copolymers described in Chapter 2 into conventional di- and tri-
block systems, one could enhance the proportion of the interlayer.
region at will. Characterization of the tapered region of these
polymers is difficult; but reasonable qualitative studies could still
be made. In particular, it would be useful to see if the regions
of mechanical response currently attributed to the interlayer are
enhanced by the addition of tapered block copolymers. Furthermore,
it would be very interesting to see whether or not the mixed portion
of these tapered block systems could be visualized as a regiom of
gray, intermediate exposure in electron photomicrographs of suitably
stained samples.

The controversy concerning the presence or absence of
thermorheological complexity as a result of the two-phase structure
of block copolymers can be resolved in several ways. One of these
would be to establish clearly, over and_above experimental error,
that isothermal forced oscillation data cannot be superposed by
conventional empirical shifts. This difficult task should be made
somewhat easier by investigating the behavior of a block copolymer

system whose separate phases have relatively closely spaced transitionms.
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Another approach involves the observed separation of the two transi-
tions on the temperature scale_wheﬁ the material is studied isochronally.
If the séparation of the transitions changeé aé the isochronal frequency
is changed, then the material muét be thermorheologically complex and
simple empirical shifts cannot lead to valid master curves. Considera-
tion of the individual WLF equations for the two phases of the system
studied here indicates ;hat if the material is thermorheologically
complex, the separation between the transitions should change by about
13°C for a four decade change in the isochronal frequency. Since this
is a realizable frequency range and an easily observed temperature
shift, this should be a rather easy proposition to test.

Finally, there is the interesting observation that the
domain structure of the block copolymer system apparently enhanced
entanglement coupling effects in much the same way that.regions of
tactic ordering appear to affect this behavior in certain methacrylate
polymers. Studies of other systems containing regions of high
agglomeration within a continuous entangled matrix should prove very

interesting in this respect.
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Appendix A

Information Supplied by Shell Chemical Company with
the Research Grade Block Copolymers '

EXPERIMENTAL BLOCK COYOLYM=RS

) In recent years, there haos been a great deal of interest in block
copnlywars whieh have tre unique proparty of being both rubbers and therwo-
plasties. &S & comuereial manufacturer of these produckts, tlhe Shell Ch
Compainy has recelved many requests for samples to be usad for re reh. Three
polymsrs have rew been specinlly made and carefwlly charactecized for this
purposea.

A1) three polyrers have the geperal configuraticon poly (sty»
butadicna-b-styrena )* and were synthesizoed by sequential mpionie poly
zation in a hydrocarbon solvent, Details of quite similar syst
dlscussed in recert articles®)? ). In thase particular poljyas:

- keep the molecular welght distribution cf the final polystyrco
parrcy as possidle, a small anount {Rbout 0.3%% voluwz o7 the total
of diethyl ether was added to the reaction mixture at the end of the b
polyserization /. This iner es the ratio between the {nitizti rat
propagition rate of the polymerization of the subscqguent polyshyrense ae nt.
Polyrorization of cach segunnt was contlnued for greater than 10 half lives
of the reaction bofore the noext moneirer increicent was added, thus aveiiing
tapering of cine segment into ancther.

The polywcrs were characterfzed by measuring the intrinsic viscosf-
tles of the flrst segmants In toluens at 30°C and the styrone content of tle
swbnequent waterials by infrared spoctrescopy.  Thes2 values, fegether with
the segeontal molecular weights calsulated from them, ar2 given in Tudle I,

The pclecular welght of the first (51) scpmont was obtains
intrinsic viscosity goasurernznt waing the relaticonshilp given in
molecular waight of the seco :nt was obtainzd from whe
welght and the miacured styrene content of the

vhere ,651-3 is
M3 and M3y ere
respectively.

Tne eoleculdar weicst of the i
polecular veipght of the previous Sl seg
the S1-B and 81-B-22 polywsr by the relaticachip,

"Elock and Grati Copolymers™, Pattorworth, Tus.,
Vaghingten, D, C. 1942,

2) R. Zedinsk® ead C. W, Childers.

3) 1. J. Feltors.  J.

B Y "Carbtantens, ILivin

Interscience Publishs
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Ko = ¥y o farepee - faen

(rﬁsm)v.}zngz) . 7531—.“,

vhere ,(:31_1,_ ¢ ¥s the styrene coentent of the final S-B-8 polywer opd

Mzp 1s the molecular welipght of the finnl palystyrene se

The intrinsic viscesities of the S51-RB-52 polywer was also mzasurcd and
are given in Table I for refcrence purposes.

The relelive mmpunts of eis 1,4, trans 1,b and 1,2 eddition in the
butadiens portlon of two polywers were mezsured by infrarced spectroscopy &nd
are also glven In Table I. The other one is expocted to be simflar,

Stabilization end hurification

The polyn2rs ere escentially pure materials, contefning only ~ 0.27
of Antioxicuat 320%¥%. If further purification is reguired for light seattoring
‘measureacnte; ete., they may be discolved, filtered as required, and reprecipi- )
tetoaxsr, R

If the polyeors are to be expored to relatively high terperature
(> 100°C), it $s sugpested that up to 0.5% each of Plrstenow ITDPA®%% and
Antioxidant 3%0%% be edded. 1Tnis can be done by dissolving en? reprecipi-
tating as previcusly deserited. Idke other polywers contafning unsaturation
in the backbeone ehnin, these materfals can be dagraded by excessive exposurs
to light. If prolonged exposvre Is peecssary, they can be estedblished by the
eddition of Tinuvin Preine,

Credit

The polynerization and characterization of these waterials chould be
eredited to Mro &, R. Bezn end Mrs. M. J. Papavaziliow, Elastomers Technicsl
Center, Sucll Crcuicrl Company, Torrance, Califerpia.

These polywcrs vere produced for research purposes and ere not Intended
to bz representative of commereial products.

*x 1,3,5-Trimethyl -2 b-tris (3,5-4‘.-&0“-\auty]~1'.~hydro>‘.yben:n;,']) benzens, ex
-Ethy) Corporct

#XX Our usunl procedure s te mnke a 107 solution of Lhre polymsr in cyclohrexnne
ard to 241 } volume of this solution to § vilusios of well stirred cethanod.
The mixture fs stirred for eboutl one hour, the excess liguld decanted off
and tho precipitste filtered end vacuum dried. If it is desired to have nf
of sore udditive {i.e., &n entioxidint) in thz aricd pelyz=r, tren sbout
5 n gn/liter of this waterfs) should te dissolved in the vethanol.

AR Didawrydthicdipropionate, ex fazrican Cyaranid Co.

{ Eydroxy-5 ' zethylrhenol) venzotriazele, ex Coigy Chomical Company.

S

v oz
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Ch.'n-acteri_:-in:ti an of Bxperirental Mock Tolyrers

Folyw:r Farbe
TRI1-16.9 TR-13 -1

Tutrivsic Viscosity, [W]), I)l/[-,:nn)

(e 0.130 0.1h) 0.089

(Mg a2 0.648 1.00% 0.602
Styrena Coutent, jfl, (Vospht Fraction)

By 0.319 0.170 0204

B 0 . : 0.182 0.297 0.268
thJ cvlated Modeeulur VYeiphts, ¥
Tin Guousanis) T T

F\Bl]’) . ik 16 7

by 30 78 25

¥z 1k ‘ 16 6
Folylutadicene Microstruclure, (¢4

eis 1, ’ - k1 W

trons 1,k - Lo L6

1,7 - 10 10

a) In tolurre at 30°C. o
b) Usfog the redatioaship log [1]) = 0.648 log Mgy - 3.504.
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Appendix B

Working Plots of the Forced Oscillation
Data for Series 1 and 3
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PROPOSITION 1
PART I

A COMPARTSON OF THE RESPONSE OF VISCOELASTIC MATEHRTALS
TO TRIANGULAR PULSE AND DELTA FUNCTION EXCITATIONS

Abstract

General expresslons for the viscoelastic response to
two excitation functions, the triangular pulse and the
delta function, are presented. Proper comparisons of the
response curves result in the formulation of criteria usefvl
in the consideration of high speed loading rates.

A three parameter viscoelastic model is used to show
representative behavior, A power law model, approximating the
behavior of polyisobutylene, is also considered.

The relation of high speed testing to impact character-
istics of polymeric materials is discussed., Also the possibility
lof directly measuring the fundamental viscoelastlc parameters,
relaxance and retardance, is discussed. Conclusions are
drawn concerning the sufficlency of presently available load-

ing rates for measuring these parameters,



Introduction

In polyneric materials, the segmental motions of
the long chain molecules occur on a time scale that can
affect the normal laboratory observatioﬁ. Thus, these mat-
erials are viscoelastic or rate dependent in theilr mechanical
behavior, That is, the mechanical response will differ
depending upon the rate of excitation imposed upon the
material. However,in the testing of mechanical properties
of meterials, it i1s often assumed that loading rates of
rather moderate magnitudes can be considered to be equiv;
alent to an infinitely fast excitation. One aspect of
this paper deals with the range of validity of this assumption.
A second consideration déals with the concept of im-
pact testing. It is generally accepted that impact charac-
teristics of a material are related to the ablility to
withstand a high speed blow, but no particular value of
loading rate is generally accepted as the beginning of

(1‘2)that the vel-

the impact range., It has been suggestéd
ocity resulting from a two-foot free fall,hu8x1051n/sec.
be considered as the mimimum velocity for impact testing.
A survey of modern impact testing methOdS(B)ShOWS that
devices producing loading rates as high as 2x1071n/secA
are now being used. In this paper a minimum velocity for
1mpact loading will be developed to determine whether such

rates are sufficient for testing in the impact range.



Proposition

It is proposed that a delta function of imposed
excitation.be_considered as‘the limiting coﬁdition for
loading rates. The delta functlon causes the lbad to be
applied and removed with infinite speed. It is further
proposed that a triangular pulse be used as an approximation
to the delta function. In this case the load is applied
- and removed at the'same finite rate,.

Responses to both the delta function and triangular
pulse can be calculated, Comparison of the responses will
give an indication of how close the triangular pulse 1s
coming to duplicating the effect of the delta function,
From these comparisons it will be possible to develop two
criteria useful for guides in testing materlals,

The first criterion deals with the concept of a delay
time for taking data. For any glven loading rate, it is
possible to determine the time at which differences between
the finite rate response and the response to the delta
function are within the range of normal eXperimental error.
This time; defined as the delay time,to, must be allowed
to elapse after completion of the finite loading 1if
meaningful data is to be obtained. The second criterion,

a minimum rate for impact loading, i1s developed by seeking
the finite rate response which closely approximates'the

infinite rate response over the entire time scale.



Motivation

The answers to two basic questions are being sought.
First, if é material 1s_subjected to a finite loading rate,
how much time should be allowed before the data nearly dup-
licate that which would have been obtained if an infinite load-
ing rate could have been imposed. Secondly, can the load be
applied fast enough so that meaningful data can be taken as soon
as the loading has been completed.

Aside from the above questions, there is further.motivation
for seeking the conditions necessary for approximating a delia.
function. If a true delta function of excitation could be imposed
upon a viscoelastic material, the response would embody one of
the fundamental material parameters, relaxance or retardance.

For example, a delta function of Imposed strain would yield = gtresgf
response identical to the relaxance of the material under consid-
eration. Because of the necessity for an infinitely fast excit-
ation, relaxance and retardance have been considered to be ﬁnat-
tainable from real experiments. However, no criterion has been
established which clearly indicates how closely one can approximate
these parameters by employing properly applied finite rate excit-
ations. For this reason, the criteria developed in this paper

are of fundamental importance, and as a result, the triangular
pulse could become a very useful tool to be employed in the

testing of polymeric materials.



Iimiting Rate of Loading - The Delta Function

1t has been proposed that a delta function be consid-
ered.as the 1limiting condition for imposed loading rates.
In this section a mathematical formulation of this excit-
ation function is presented.

A unit impulse, I(t), shown graphically in Figure 1,
(4)

is defined as follows:

1/¢ ost =t
I(t) = ' (1a)
0 t>t
co
.I}(t)dt = 1 (1b)
o
I(t)
1/¢
_—area = 1
—F
t1 ‘ T

Figure 1. The Unit Impulse Function

It should be noted that Equation 1b imposes the constraint
~of unit area on the impulse function.
As t' approaches zero,the unit delta function,(S(t), is

defined by:(5’6)

o0 t =t' =0
Oty = (22)
t>0

o0

fd(t)dt =1 | (2b)

0



Figure 2 is a graphical representation of the unit delta
function. Again it is useful to note that Equation 2b de-

fines the area or "strength" of the delta function to be unity.

Figure 2. The Unit Delta Function

Finite lLoading Rafes - The Triangulary Pulse

One method of approximating a delta function is by the
use of a triangular excitation function, or triangular pulse,.
In this case, the excltation increases at a constant finite
rateluntil a certain time, t', is reached. At this point
the excitation 1s decreased at the same constant rate until
1t reaches zero at 2t', The excitation remains zero after
2t'. Such an excitation function is shown in Figure 3. The
height of the pulse must be 1/t' to normalize the area to
unity. Thls is an absolute réquirement if comparisons are
to be made with the previously defined delta function., The
unit area constraint further fixes the loading rate, or

slope of the triangular excitation function, at 1/(t')2.



E(t)

area = 1
1/¢r L

"r = rate of loading

= 1/(t')?

1o
1

t:l Ztl

Figure 3. The Unit Triangular Pulse

In order to obtain an analytical expression for é
triangular pulse, the concept_of the unit step function
must be introduced, The unit step function 1s defined

as follows:

1 tza
h(t-a) = (3)
0 t<a
h(t-a)
1 -
. ] .

Figure 4. The Unit Step Function

The unlit step function can be used to bring single terms
into an expression at a given time; and it will retain the
term for all succeeding time. By employing the unit step

function, it is possible to express the triangular pulse as

follows;(7)



E(t,t') = r[th(£-0) = 2(t=t')n(t-t') + (p-2£')h(t-261)] (&)

Fquation 4 defines a famlly of triangular pulses; the
value of t' determines the height and base dimensions of the
particular pulse under consideration. Figure 5é shows how
each term is brought into Equation 4 by the sppropriate step
functibn. Figure 5b shows that the individusl terms sum to
give the triangular pulse,

E(t) ' E(t)

r /////4(;f adding = 7 >

T e t tr 2t t

b 1 d

Figure 5. Graphical Formulation of the
Triangular Pulse

As shown earlier, the value of the slope,r, must be
1/(t")? in order to conform to the unit area constraint,.

Therefore, the final expression for the triangular pulse is

E(t,t') = (1/t‘2ﬂ}h(t-0) - 2(t-thh(t-t) + (t—2v)h(t—2tﬂ (5)

Fquivalence of the Fxcitation Functions

If valid comparisons are to be made between the two
previously defined excitation functions, the two must be
equivalent in the 1limit of zero loading time. That is,

as the rate of loading is steadily increased, the triangular



pulse must become equivalent to the delta function. It is
sufficient to show that the following limiting operation
is valid. |
, : _
1im E(t,t') = O(¢t) _ (6)
tts0
Substituting the expression glven by Equation 5 for

F(t,t') gives:

lim((l/tz)[th(t—o) - 2(t-f0h(t-ﬁ0 + (t-2ﬂ)h(t-2vﬂ)
t's0 .
2 Ste)y - (2)

At this point 1t is advantageous to remove the time
dependehce through the use of the laplace transform. The
Leplace transformed function,f(s), of a time dependent

function,f(t), 1s defined by:

o

f(s) = fexp(—st)f(t)dt (8)

Applying this transformation termwise to Equation 7

yYields:

D

t11m (l/UZ)L/;Xp(-st)th(t)dt - 2fe
'e0 '
" exp(-st)th(t-Zﬂ)&,]'+ (1/ﬂ)[’i/:;p(-st)h(t-tﬁdt

-ij:xp(-st)h(t-zt')dt] 2 Fxp(-st)étt)dt - {9)

<o

xp(-st)th(t-tNat

Recognlzing that the step functions are zero unless
the argument is greater than or equal to zero, and further
that the Leplace transform of a delta function, that is,the

right hand side of Equation 9, is defined as unity(u), allows



Equation 9 to be simplified as follows:

1im (l/Uzw j&exp(est)dt - é[texp(-st)dt
“t a0 '
© oo P
+ ftexp(-—st)dt] +  (1/t) [ZFxp(-st)dt (10)
at eo &
- Zjexp(-st)dt] 2
at’

Integrating each term of the left side of Fguation 10

gives:
1im [1/(ﬂs)2 - (2/ts)exp(-sty) - (2/(ﬂs)2)exp(—sv)
t'0
+ (2/ts)exp(-2st) + (1/(st)?)exp(-2st)
+ (2/¢s)exp(-stY) - (2/tB)exp(—28v)] 2 1 (11)
Collecting terms:
1im [[1/s2t'2] [1 - 2exp(-st) + exp(-ZSt')]] 2 1 (12)
t's0

The numerator and denominzator of the left side of
Fquation 12 both approach zero as t' approaches zero. The

1limit is evaluated using L'Hospital's rule,

lim[[l/ZSt'] [o + 2exp(-st) - 2exp(-28t')]] I 1 (13)
tis+0
Applying L'Hospital's rule a second time:
1im [[1/2‘:] [o - 2exp(-st) + ueXp(-2st9]] = 1 (14)
t1'-0 ged

The equality in Fquation 14 is sufficient to show

that the delta function is the 1imit of the triangular



10

pulse function aé the loading time, t', approaches zero,

The proof has been included for two reasons. First
lit gives motivation for the earlier proposal that the delta
function be considered as the limit of finite loading rates,
Seéondly the proof assures that valid comparisons between
triangular pulse and delta function loadings can be made,
and further,that differences resulting from the two types
of loading éhould-disappear as the loading rate, 1/ﬁ2, be-

comes large.

Response to Excitations

For a2 viscoelastic material, the relationship between
excitation and response are most clearly analyzed when the
time dependence is converted through the use of Laplace

) H

transforms, In general for a viscoelastic material(R
R(s) = sHM(s)E(s) (15)

where R(s), E(s), M(s) represent the response, excitation.

and material parameter,reSpéctively, and s 1s the lLaplace
transform variable. The corresponding time dependent functions
are R(t), E(t), and M(t).

Equation 15 can be interpreted as follows: If the ex-
‘pression for the excitation is transformed into the Laplace
plane, and further, if the material function can be similarly
‘transformed, then the Laplace transforﬁed response of the

material is immediately given by Equation 15. Laplace inver-
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sion of this response,R(s), gives the time dependent
response,R(t).

Using this'method, the general time dependent response
to a.triangular pulse'of arbltrary loading rate can be found,
Similarly, the response to a delta function excitation can
be found. A comparison of the responses offers a criterion
for determining how close the triangular pulse is coming
to duplicating the'effect of the delta function. As the
rate of excitation is increased in the triangular pulse, the
response should approach that produced by a delta function. 

For the present 1t will be assumed that & material
parameter,M(t), is known which can be transformed to M(s)
for use in Equation 15. As 1ndicatéd earlier, the Laplace
transform of a delta function is unity. Therefore,for the

case of delta function excitation,Equation 15 reduces to:
ﬁ‘(s) = si(s) (16)

where ﬁé(s) indicates that the response to a delta function
is being considered. Laplace inversion of this general

expression yields:
Ry(t) = Mr(t) + M(0)(t) (17)

Fguation 17 is the general expression for the time
dependent response, R’(t), of a materisl characterized by

the parameter M(t), when this material is subjected to a
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delta function of excitation. M(0) is the value of the
material parameter at zero time, and M'(t) is the first
time derivithe. Tt is cleér that the material parameter
must be at least once continuously differentiable to be
useful in this analysis.

The geheral response to a triangular pulse is similarly
determined by inserting the transformed expression for the
excitation into Equation 15 and then inverting the resulting
expression back to obtain the time dependent response. In

this case Fquatlion 15 becomes:
Rpls) = [sﬁ(s)] [1/(5*@)2 [1—2exp(-st‘)+exp(-25‘0‘)]] (18)

The expression in the brackets is the Laplace
transformed triangular pulse excitation. The expresslon
is rewritten to show. the form of each term that must be

inverted.
Rp(s) =[1/(t')2}[ﬁ(s)/s - 2exp(-st)li(s)/s +eXp(-Zst')ﬁ(s)/s] (19)

The first term of Fquation 19 can immediately be inverted
to integral form. Yagii and Tschoegl(7)have noted that the
.second end third terms can be inverted by employing the
transform pair technique. Using this method, Laplace inversion
of Fguation 19 gives the following expresslon,where u 1is

e dummy variable of 1ntegfation.
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, | . et/
Rp(t,¥) = (1/1;'2)[ (JM(u)du)h(t) - (zf M(u)du)h(t~t*)
. . . t-’_{;’ o
+ ( M(u)du)h(t-Zt')] (20)
[ ]

Here Rajt,t') defines a famlly of time dependent res-
pohses of a material charecterized by the material perameter
M(t) when this material is subjected to a triangular pulse
of arbitrary loading rate 1/t’2. The material parameter
must be integrable for use in Equation 20.

Equations 17 and 20 sre the gencral expressions for
the response of a material to the two types of loading. In
subsequent sections, strain excitetions, £(t), will be con-
sidered. The reéponse, therefore, will be stress, U(t), and

the nmsterial persmeter will be the modulus, G(t).

Response of the Three Parsmeter Materlal

One of the simplest expresslons for the modulus 1s the

three parameter model:
G(t) = G, + Gyexp(~t/T) (21)

The dimensions of G4 and G, are chosen as Bars( 1 Ber =
100 dynes/cm?). The relaxation time, T, hes units of sec-
onds. The nature of the materisl being considered will
depend upon the numerical values of G1s Go» and T. For
simplicity in the first set of calculatlons, Gl,Acg, and

will be chosen as unity. The following results are easily
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obtained;

G(t)

fl

1+ exp(ft) (22)

G}t)‘ = ~exp(~t) + 20(t)
(23)

i

G{t)

Bl/t'z)}[(t-ekp(~t)+1)h(t) ~2(t=t"'-
=exp(=-t+t!)+1)h(t-t") +(t-2t' -exp(~t+2t?)
+ 1)n(t-2t1))

Here Q(t) is the stress resulting from a delta function
of lmposed strain, and.qgt) is the stress resulting from a
triangular pulse of imposed strain. These can be rewrltten
in a2 more convenient form which more clearly shows the sep-

arate tinme intervals involved.

t=0
O‘;(t) =
-exp(-t) £20 (24)
1 4 ¢t - exp(~t) O<t gt
ast) =(1/t12) { ~1-t42t" $2exp(~thth-exp(~t) tig te2t!
2exp(=t+t)~exp(=-t+2tY=exp(~t) tz2t!
\ }

Equations 24 are plotted in Figure 6. Various values
of t',end thus verious values of loading rate 1/t'2, are

considered,
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Delay Time -~ Criterion for Useful Data

The curves of Figure 6 contain valuable information for
anyone dealing in testing of rate sensitive materials. It
1s clear from this figure that at sufficiently long times,
2ll loading rates will yileld résponse data which is identical
to withir normal experimental error. The eXperiménter will
wish to know how long he must wait before this condition is
reached. This delay time, to, wWill depend upon the material
undexr consideration and upon the loading rate,
| For the thfee pafameter material of Figure 6, it is
assumed that responses can be measured to within 0,01 Bar.
The delay time now becomes the time at which the difference
between the finite rate response and the limiting response
becomes less than 0.01 Bar. The values of ty for the various
loading rates are tabulated below,

Table I Delay Times for Three Parameter Material

1

Rate,r,sec” Delay time, t ,_sec
0.25 : ' 6.82
1.00 : 5.23
4 oo 4,17
100.00 2.34
1000.00 1.13

As shown in Figure 9 the values of logarithm of delay

time plotted against logarithm of rate yileld a straight line,
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Thus the fbllowing.criterion‘for delay time is established.

by = 5.4p0:214 (25)

Thus, knowing the rate which was imposed, the experimenter
can now estimate how long he nmust wait before data becomes
significant. The criterion of Equation 25 is not general., It
holds 6nly for the three parameter material under consideration.
However g similar criterion can be derived for any matefial by

analogous procedure.

Effect of Relaxation Time in the Three Parameter MNodel

The three parameter model considered in previous sectlons
is useful for showing representative behavior but does not
approximate the behavior of any real polymeric material.
Relaxation times for typical polymeric materials are of the
order of 10;9.sec. For the three parameter model, a value
of T in this range would compress the interesting portion of
the response curves into.a very short time interval. Figure 7
shows the effect of changing T to 0.2 sec. This behavior
is a result of having only a single relaxation time, and thls 1s
not physically realistic.

It should be noted ﬁhat while the three parameter model
does not représent a real material, the kinds of changes

observed as T is changed should be in the same direction as

in real materials. 'Comparing Figures 6 and 7 clearly shows
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that as U is decreased, higher loading rates are necessary to

simlarly approximate the limiting curve.

Impact Loading Criterion and Material Impact Parameter

It is clear from Figure 6 or 7 that as losding rate is
increased, the resglting response curves more closely approximate
the limiting curve which results from an infinite loading rate.
Furthermore there will be some rate at which a response comes
close enough to the limiting curve that there wouldkbe very
little to gein by increasing the loading rate further, ‘This;
leads to the development of the following impact loading |
criteribn: When the response which results from a finite
loading rate comes within tolerable limits, say 5%, of
duplicating the response to an infiﬁite loading, the material

can be considered as being tested in the impact range.

Mathematically,this criterion can be formulated as follows:

0,(2t')/ 0, (2t') = 1.05 (26)

The argument must be 2t' because that is the point at which
the triangular pulse response begins its approach to the
1imiting curve. As shown in Figures 6 and 7 the nature of
the responses is such that they cannot be meaningfully
compared before 2t'.

There will be a unique value of t' which will satisfy
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the above impact’criterion.~ This value designated by tldyiy,
will depend upon the material under consideration and thus
could be éonsidered to be é parameter which characterizes

the 1ﬁpact properties of materials. This is directly related
to a critical loading rate, rgpit, for testing in the impact
range. The larger the rate necessary to satisfy the impact
loading criterion the better the impact properties of the
materials should be, Results for the three parameter models

considered earlier are given in Table II.

Table II Impact Parameters for Three Parameter Models

Material 1 - Material 2

G1=::1 G2=1 1T=1 . G1-=1 G2=1 T=0.2
erit 0.49 sec 0.0098 sec
Terit 416,00 sec~! 10400 sec~?

It takes a2 much higher rate of loading to get Material 2
into the impact test range. Again it ‘should be noted that
"neither of these are good approximations to the behavior
of a real material; howevef the established criterion,
Equation 26,1s completely general and can be used with any

suitable material model.
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Behavior of A Power Law Material-- Polyisobutylene

As mentioned in earlier sections the three parameter
models do not give & good approximation to any real material.
Severél expressions have been developed which give a falirly
good representation of material behavior. One such expression

for the modulus is given by the power law expression:

G(t) = Gg + (G - Ge)/(1+at)?P (27)

By fitting the above equation to the data on the modulus
of vrolyisobutylene taken by Catsiff and Tobolsky(9 ),Smith(lo)
was aﬁle to determine all of the adjustable parameters in
Equation 27. Thus for polyisobutylene the power law expression

for the modulus in units of Bars and seconds becomes:

G(t) =7.59 + 30190 /(1 + 2.964 x 105¢)0- 6767

(28)
Equation 27 is now the material function which is
introduced into the general response expressions, Equations
17 and 20, The theoretical response curves for polyisébutylene

under various rates of loading are shown in Figure 8. The
behavior is qualitatively similar to that observed in the
three parameter materials, As rate of loading 1s increased,
the response curves successively approach the limiting curve.

The delay times for polyisobutylene are calculated and
tabulated below: |
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Table IIT Delay Times for Polyisobutylene

Rate, T, sec™! Delay Time, t,, sec
10 : 32.8
1000 3.3
10000 1.2

Again, plotting the logarithm of rate against the
logarithm of delay time gives a straight line. From the
slope of this plot, shown in Figure g, the following rel-
ationship is obtained:

t, = 100(r)7%+ = 100(t') = 50(2t") (29)

This says that for polyisobutylene, the delay time is
roughly fifty times the time required to complete the
application of the triangular loading function. This is
somewhat more restrictive than the general rule of thumb,
to=10xloading time , often employed in the testing ofl
viscoelastic materials,

Finally turning to the impact criterion for the poly-
isobutylene model, we fing fhat no value of t!' clearly satis-
fies Equation 26. For even the most rapidly applied load,
the response to the delta function is much smaller in absolute
value than the response to the triangular pulse at t =2t!,
‘However the response curves slope upward very steeply and

converge very fapidly immediately after 2t', If 0,001 seconds
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is 21lowed for tﬁié to occur, the response curve cor-
reSponding_to a loading rate of 1088ec'1 comes close to
satisfying the criterion, While this is not a completely
rigorous solution, it does show that for a real material
sucﬁ as polylsobutylene, extremely high loading rates

are necessary to even approach impact conditions.
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Summary and Conclusions

The triangular pulse excitation has been shouwn to be a
valid_methéd of approximatiﬁg a delta function., Comparisons
of responses to the two types of excitation led to the develop-
ment of general delay time and impéct loading criterla., Consider-
ation of a three parameter viscoelastic model resulted in repre-
sentative'behavibr gualitatively similar to real materials. A
pover law model, approximating polyisobutylene behavior, showed
the necessity for extremely large loading rates in order to
satlsfy the impact loading criterion.

The first significant conclusion thaf can be drawn involves
the range of rate sensitivity of polymeric materials. It was
originally felt that perhaps very large loadlng rates were
unnecessary because they essentially exceeded the rate sensi-
tivity of the.materials being tested, The single real material
conslidered here clearly shows that this is not the case, The
response of polyisobutylene is dependent on the rate of loading
for rates at least as high as 1x108 sec'l,

Conclusions concerning the impact properties of materials
can perhaps be drawn from kndwledge of the rate necessary to
satisfy the impact loading criterion. As suggested earlier,
the more difficult it i1s to impose a loading rate which satisfies.
this criterion, the better the impact properties of the material

may be. The validity of this correlation could be checked 1f
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suitable éxpressidns were avallable for the modull of materials
whose relative Impact properties are known. However, the excel-
lent impact properties of two-phase polymeric materials suggest
that other considerations such as shock wave dissipation and
crack propagation may be more fundamental to the understanding
of impact properties. This would involve failure criteria not
considered here.

Finally, perhaps the most important conclusions which result
from this work are concerned with the feasiblility of obtaining
the fundamental material parameters relaxance and retardanceTfrom
real experiments. Analysis of the power law model shows that
approximate measurements of the relaxance of polyisobutylene would
require a triangular strain pulse with a loading rate equal to
1x10% sec'l. This is clearly a difficult experiment to perform.
However, the analyéis further shows that if the straln excitation
could be applied and removed at a more moderate rate §f 100 sec'l,
after a delay of ten seconds the response data would essentially
duplicate the relaxance. Thus a method for segmentally dupli-
cating the relaxance curve becomes apparant. Employing triangular
pulses of various rates, along with the delay time criterion
developed in this paper, allows a portion of the relaxance curve
to be‘closely approximated. The amount of the relaxance curve
which can be determined in this manner depends upon the rates

of triangular ioading functions which can be produced.
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The range of éurrently available loading rates discussed
_éarlier is fér simple extensional loading patterns. The pos-
sibllities of producing rapid triangular pulse loadlngs have

.not been fully explored. However, 1if én apparatus could be
designed which developed a triangular pulse of variable rate,

a great deal of information concerning the nature of the rel-
axance and retardance fuhctions could be obtained. Thus it is
concluded that at least portions of these fundamental parameters
can be obtained experimentally. However,thls concluslon should
be regarded with caution. Obtaining the interesting portians

of the.relaxance curve will demand rather forbidding strain rates.
At very high loading rates, inertial effects, shock waves, and
and end effect complications require careful consideration.
All of ﬁhese things will affect experiments designed to measure
relaxance and retardance, However, it is clear from this paper
that fhe triangular pulse deserves careful consideratlon as a
fundamental method of testing polymeric materials. The development
of a device producing triangnlar pulse excitatlions could result
in the determination of information about polymeric materials

which was formerly considered to be unattainable,
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PROPOSITION 1
PART 2

L ANALYSTS OF THE CrITICAL POINTS AND OF THE EFFECTS (i
A CHANGING DISCRETE SPECTRUM ON THE PHENCMENOLOGICAL
F<UATIONS TFOR RBRELAXATION IN LINFAR SYSTEMS

Abstract
The equations which describe the phenomenology of

relaxation in linear systems are analyzed for various gcts
of relaxation times and assoclated parameters. In the
first section of this paper, particular emphasié is
placed on the locations of the critical points (maxima and
inflections) when these equations are plotted on double
logarithmic coordinates. The critical points are |
determined analytically for the simplest case involving
a single relaxation time. Comments are made concerning
the validity of using the various critical points of‘the
resporise curves as a means for classifyling and comparing
the response of different systems,

| In the second section of this work the effects of a
changing discrete spectrum.of relaxation times are
elucidated by graphical means. The results are mostly
interesting from a didactic point of view, but some
quéntltative information is obtained concerning the

range of influence of aAsingle relaxztion time.



Introduction

Phenomenological theories are formulated to predict
"the behavior of a system under a given set of conditions
vaftef havirg-already oBserved the behavior under other
conditions, Such theories do not uncover unkown
properties of a system, but instead describe the known
behavior. Therefore, 1t is not surprising that quite
often.one phenomenological theory based on a given set

of mathematical equations can be used to describe the
behavior of a number of very different physical systems.
The equations under consideration here are used to describe
relaxation phenomena in a variety of cases. For example,
one car wse the same set of equations to describe
relaxation in electric circuits, mechanical systems of
springs and dashpots, dielectrics, and viscoelastlc
materlals. 3ome of the interesting interrelations which
exist among the four examples listed ébove have appeared
in 1literature (1,2,3,).

ITn this paper the equaticns and discussion are
couched in the formalism of time and frequency dependent
modulil since the author was most familiar with the
nomenclature and termihology in that particular area,
dowever, as dlscussed above, the equations themselves
are independent of any physical 1nterpretation,and therefore
the analyéis 1= quite general. Fquations 1-3 listed

below are the particular evpressiors of interest here;



in each case the tY?e of time or frequency dependent
quulus assoclated with the équation 1s also listed since
this will greatly facilitate the discussion. In addition
to Fquations 1-3, the commonly used loss tangent, tand

is also discussed in several places.

-t/7,
Relaxation modulus G(t) = Ge + ¥ Gi € ' (1)
- . - y , - .
Storage modulus G (w) ___Ge + X Giszig/(l-l"w‘?Tiz) ; (2)
Loss modulus G”\(w) = EGi wTi/(l + wé'l'ia)' (3)

The sums are easily evaluated on a digital computer,
and therefore the number of terms taken in the serles
expressions was not limited by the amount of time oxr
effort involved, However at most three terms were used,
and this was found to be sufficient to gain some under-
standing of the effect of adding relaxation times to
the equations. The advantage of the computer lles 1n'the
ability to calculate and plot values for fhe various
expressions at closely spaced intervals over a very
large range of the parametef t orw. In this way 1t
was possible to study the effect of spacing and the range
of influence of the particular set of relaxatioﬁ times
1ncorporated.1nto the equations.

McCrum et al (2) have discussed the critical points
of these equations when plotted semilogarithmically, 1 e
G(t), G'(w) or G"(w) against the 16garithm of ¢t or W,

However, the wide range of system response often observed



in relaiatlon phenomena tends to make this an unrealistilc
analysis. For example, McCrum's model systems contalnlng
2 single relaxatiogngiowed for a decay in the value of
_Z{t)'from 1 X 1010 to 1 X 10%2. 1If G(t) is taken to
raprescat the relaxation modulus of a typlcal amorphous
polymer, this range of relaxatiocn i1s too small bty about

a factor of 1000. Therefore it is much more meaningful
to consider the locations of the critical points of the
double logarithmic plots since the observed phenomena are
usually represented more clearly 1n this way. In =onme
cases the locatlions of the critical points of the doutle
logarithmic plcts are taken to be meaningful characteristics
of 2 particular system and are often used for first-order
conparisons with the response of other systems. The
analysis presented here will show which of the critical
points are reliable for comparisons of this sort and why
others may give rise to meaningless comparisons.

depresentative Behavior - Single Relaxation Time

Figure 1 shows the response curves for a specitrum
corntaining a single relaxation time, Several things are
apparent from inspection of theée plots. The maxlmum
in the loss modulus apﬁears exactly at u»:l/-rl°
The maximum in the loss tangent, G"/G', is shifted to the
right ( i.e. toward lower freguencies) of this value
The inflection points of the relaxatlon modulus and

storage modulus curves are also shifted to the right of Ty.



For a single relaxation time, the position of the
eritical points in the response curves can be found
analyticllly - For the Lnfléctlon point in the plot
G(t) against log t we must have a first derivatiﬁe which
exists and goes through a maximum. Thus we seek the
value of t for which

d?® log G(t) =0

(4)
d log®t

The operator can be transformed as follows

d®log ___d (dlog>= d (dm)_
dlog® t dlogt d log t dlogt \d4nt

(5)

d /d{n) d (d&n)
2303 Tt Tt/ 2303t \Tm e

The derivative in parenthesis can be evaluated readlily

for the case of a single relaxation time.

deng( S8(G*+G exp-t/n) tdin (G + G exp-t/T)
dint = d in t . . at _

G, t exp -t/
=TT (G ¥ G, exp-tﬁ)
Substituting this result into Egquation ( 5) gives

(6)

. - s e -

d® log G(t)  2.303 G, t exp -t/r, -G t
- e
( + Ge + G, exp -t/'rl)

T
(7)

d log® t (Ge'+ G, exp -t/7,)?



Setting the second derivative equal to zero for

the point of inflection gives the following relation

Gy
'(R_]):-—é—‘- exp--R (8)
e .

where R =thﬂ1/71' Thus the point of inflection,
tinrys 1s secen to be greater than 7, , 1. e the inflection
point occurs to the right of T;- Furthermore the point
of inflection depends upon the ratio, G1/Gg . This
means that the amount of drop between glassy and equilibrium
modull on logarithmic coordinates will Aetermine how far
the inflection point is shifted from t =T,.
Jdentical procedures carried out on the expression
for the storage modulus of a single relaxation time model gives
GGyt G- wie, = o
The point of inflecfion, Winfye must be less than
1/}1, i e lylng to the right of ™) in Figure 1.
As before, the value of winfl.depends upon the values of
the glassy and equilibrium limits.
The location of the maximum in the log G"(w) vs
log w curve is found by seeking value of w for which thé
Tirst derivative 1is zero and the second derivative 1s

negative. For the single relaxation time case we have:

2. 2
.dlogG”ﬂw! =G (l W )
=i

_dlogw 1 +w2T, 2

(10)

- -4.606 w?r, *G |
(1210g G”(U)) - 4 6 6w Tl 1 (ll)

d log® w (1 +wsn®)?




Clearly'the two cdnditiohs are satisfied at o =1/7,.
T+ 18 Interesting fo'note that the lack of ar equlithriur
~onstraint in the expression fof G"(w) is responsille for
the resulting occurrence of the maximum exacﬁly at u‘=1/T1-

The maximum in the loss tangent, tand = G"/G', can be
1dcated in a2 similar fashion, However the equilibriun
bonstraint appears in the denominator of tand, and therefore
the maximum does not appear ét“’=1/rl. Instead the
location of the maximum in the loss tangent 1s defined by
the relation

Ge/(Ge+G1) -QJZTZ = 0 (12)

which predicts that tan8m appears at a different

ax
(and lower) frequency from that of the inflection in
the log G' vs log w curve.

MeCrum's analysis of the semllogarithmic plots
showed that the inflection in G(t) occurred at ¢ =’t1
Furthermore the peak in G" and the inflectlion in G! Both
appear at w= 1/T. This is a direct result of the
disappearance of the constant Ge during the semllogarithmic
differentiation. However.as in the double logarithmic
case, the equilibrium consﬁraint must appear in the
denominator of the loss tangent and does not drop out
during the semilogarithmic differentiation. Thus the
peak in tan 9 appears at the same position on both

double and sémilogarthmic plots.

It is immediately apparent that the inflection



points 6f Fquations 1 and 2kappear'at different locations
along the time or frequency axis depending upon how

the equations are plotted. Thus the nature of the
particular piot employéd should accompany any reference
‘to an "inflection frequency" characteristic of a aiven
system, An even more important result is the observation
that all of the critical points, except for the peak in
G", are affected by the amount of relaxation which the
system undergoes, This is seen quite clearly, for example,
in Equations 8,9,and 12, all of which relate the
pafticular critical point of interest to the upper and
lower ( 1i.e, the unrelaxed and relaxed) limits of the
system response in addition to the relaxation time
governing the process. Therefore comparisons of the
inflection points in G(t) and G'(w) and of the peak
locations of tand for various systems do not give a
clear'indication of the differences in the controlling
relaxation times for these systems; Only the location of
the peak in G" 1s 1ndependent of the magnitude of the |
relaxation process. For this reason the maximum in

G" 1s the most useful of the critical points for comparing
the location of the réléxation processes of different
systems, -

The Discrete Spectrum

The summation in Fquation (1) implies that each

relaxation time, T ls being assoclated with a definite



Spectral'strength,‘ci. Alternativély, this spectral
strength can be enviéioned as resulting from a total of
‘ Gy distihct relaxation_times, all of unit spectral strength
_ degeneraﬁing to superpose at t=§; on the time scale. In
terms of a Maxwell model these two interpretations correspond
to the'following two equivalent representations: {a) one
tiaxwell element for each relaxatlion time T, , with spring
modulus Gi; or (b) Gy Maxwell elements all with relaxation
time 7, and with unit spring modulus. As will be
discussed iater,'it is often necessary to welght the
smaller relaxation times with larger.values of spectral
strength to elucidate the behavior of the individual
relaxation times, The ramifications of this welghting
procedure as it affects the discrete spectrum and
associated model, should be kept in mind when considering
the results presented here. Thus for a large number"
of relaxation times we can construct the following
equivalent spectra,
1 T's weighted with appropriate unequal G's and séaced

equally along the time scale
2 T's with equal spectral strength and spaced equally

on the time scale, with G, of these relaxation

- times degenerating to superpose at varlous

points on the time scale



Effect of the Welghting Parameter, Gy

Tigures 2 and 3 show plots of G'{w) and G"(w) in
double logarithmic coordinates for a discrete spectrum
of three relaxation times separated from each other by

" decades on the frequency scale. In Figure 2, the G,

10 while in Figure 3

were all chosen equal te 0.333 X 10
the values of G, were 0.9 X 1010, 0.9 ¥ 109, 0.9 x 10°
respectively for the corresponding TS in order of increasing
time. Comparison of tﬁese two figures reveals that the
numeriéal valwe cf Gy can have a significant effect on

the shape of the response curves, The cholce of equal
weighting parameters results in a symmetric effect on

the loss modulus but a marked anti-symmetric effect on

the storage modulus, Properly chosen values of G1 as in
Figure 3 can equalize the effect on G'{w) but glves rise

to anti-symmetric behavior in G"(w)., As indicated earlier,
the spectrum of Flgure 3 must be considered differently

from a spectrum contalning only three equal relaxation times,
Using the concept of degenerate relaxation times super-
posing at some point along the time scale this particular
spectrum can be considered as containing 100 relaxation

times of unit spectral strength at t=t; and 10 unit
relaxation times at t=7, for every 1 unit relaxation

time at t=71.
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The Effect of Spacing of the jelaxation Times

Tre curves in Figures 4 and 5 were generated using
a spectrum weighteé as Figure 3 above, while the spacing
between reléxatioh tiﬁes was decreased. The separation
was 4 decades in Figure 3, 2 decades 1n Figure 4 and
1 decade in Figure 5. It is apparent from Vigure 3 lhal
s spacing of four decades is sufficient for the effect
of the relaxation times to be completely independent of
each other. The relaxation and storage'moduli drop from
glassy to equilibrium values in equal steps with a distinet
plateau between each step. The loss modulus has three K
distinct peaks with the highest peak ocnnrring at t=T

3

and the two smaller peaks occurring at t=t and t=t;

2
respectively,  Moving the relaxation times to a smaller
spacing of 2 decades results in the beginning cof interactlion
between neighboring relaxation times. The plateauu

between drops in the relaxation and storage modull are

no longer well def;ned. The loss modulus now shows shoulders
at each of the two highest relaxation times with a distinct
peak remaining at the lowest relaxation time,’fs, Foving

the relaxation times to a spacing of 1 decade results in
behavior qualitatively.similar to that observed in Figure

1 for a singlé relaxation time, The loss modulus has a

single peak at the lowest relaxation time, and thé

relaxation and storage moduli pass through their

transitions in a single step, The shapes of the curves
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are différent from those obtalned from a single relaxation
time, the multiple transition-time curves being extended
t§ the right. quantitative aspects of this shape change
will be discussed in a later section.

“ffect of Adding Relaxation Times to the Spectrum

Figure € shows plots of the storage modulus for three
cases, Curve A was calculated for a single relaxation
10
time, 75 , wlth G3 =1 X 10 . Curve B had a second

relaxation time, T added to the spectrum at a distance

2
of 1 decade upscale, with Gy = 0.969 X 1010 and Gp = 0.309 X 109,
Curve C was generated using 3 values of T, spaced 1 decade

10

from each other with Gy = 0.9 X 10%%, ¢, = 0.9 x 107,

Gy = 0.9 X 108. A1l of the curves are nearly identical
belowt=73. However above Ty the curves are shifted
to the right by adding to the spectrum upscale. Figure €
also shows the effect on G" for the same three spectra
Jere the peak always appears at t=T3 , but the curve 1s
broadened to the right by added relaxation times upscals.
Again, 1t should be emphasized that we are not really
dealing with three single relaxation times. Due to the
manner in which the weighting parameters were chosen,
the time corresponding to T, had many more relaxation
times asscciated with 1t than d1d the others.

Faually weighted relaxation times were used to

generate the curves in Flgures 7 and 8. From Figure 7

1t is apparent that adding relaxatlon times of equal
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strengéh upscale in the spectrum, changes position of
the G" peak s well as the shape of the curve, However,

addingz relaxation times of equal strength symmetrically

about = position on the frequency axls results in a
statlionary peak with symmetric broadening of the curve,
™gure © shows the effect of the same spectral changes

on the storage modulus. The curves are displaced "1pscale

by any addition of relaxation times, symmetric or not.

'Range of Influehce of a nelaxation Tine

From Figures 6,7, and 8, it 1s possible to okttain
the differences between the curves calculated for the
various spectra. Plotting this difference will show the
region 17 which an additional relaxation time makes
slgnificant changes in the shape of the curves. In Flgure
9, the‘differences between the curves of Figure € are shoun..
The spectra for these curves had been weighted so that
most of the relaxetion times were positioned at the lowest
relaxation time, Tae For the storage modulus, there is
little effect below 73. However, as Showh by cuzvé
1 of Figure 9, the influence of the relaxation time added
upscale begins to increase rapidly at t=T3- This 1nfluence
paases through a maximﬁm and is small for times greater
than one decade above T, 3imilarly, the effect of two
relaxation times added upscale is shown by Curve 2,
The loss medulli of Figure 6 show for t<73 a slight

decrease in value upon addition of relaxation times upscalc.
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Above T the difference between curves for one and

3
two relaxation times rises steeply and then levels off

to a constant value around one decade above T,. similar
behavior 1s observed for two additional relaxation timés.

Figure 10 shows the results of a similar analysis
performed on the curves of Figures 7 and 8 for the case
in which the equally weighted relaxation times were
' placed symmetrically about the point log w': . The
effect on G'{w) 1s negative below zero and then passes
through a maximum, The G" behavior is different from that
obseried in Figure 9. Here the difference between
curves passes through a minimum at log w = 0 and then
rises steeply to reach a constant value for times above
and below this point,

From both Figures 9 and 10, it can be seen that the
addition of one rglaxation time shows a strong shape-
changing effect on G' or G" over a rather narrow (approx.
2 decade) time scale,

Cutside of this range, the effect 1s not necessarily
zero, but it has leveled off to some constant value which
1s maintained over the rest of the time scale. Thus, it
may be concluded that the effective range of influence
of a single relaxation time is around 4l decade from its

own position,
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Comments about Continuous Spectra

The addition of 2 single relaxation time to a discrete
spectrum has been shown to cause a rapldly changing effect
only in =a range of about two decades. Cutside this range
the effect of the added T may have nearly zero value,
$1¥ohtly negative values, or rather substantial pogitive
constart vlues, depending upon the particular function

R

[}

er considr~ation and the welghting of the added
relaxation time, Regardless of the value, the effect of
an added 7 remains at some finite level over the entire
( ~00¢t< o) time scale, This becomes important when
one considers a continuous spectrum of relaxation times,
H(t). “When a continuous spectrum 1s used to calculate

2 viscoelastic function at a particular value of time

(or fregquency), the integration is carried out over the

entire spectrum of relaxation times., For example in the

calculation of G"(w) we have

(13)

G"(w) = f H dint
1 +w:" 2

In view of ﬁhe analysls.abo#e, showing that any T
exerts_an influence over the éntire time scale, the limits

of integration in Fquationl3 may become more meaningful.
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PROPOSITICN 2

THERMODYNAMICS OF A REVERSE-OSMOTIC PUMP

Abstract

An 1ngenious.reverse-osmotic pump which operates
on gravitational energy is analyzed from a thermodynamic
point of view, It i1s demonstrated that the device
violates the second law of thermodynamics and therefore
must be classed among the many other perpetual motion
machines which have appeared over the years. Varlations

of the original system are also considered and discussed.



Irtroduction

A recent issue of Scientific American (1) contalned
an interesting proposal puf'forth by Professor O
LevenSpiel of Oregon State University. Detalls are glven
in the next section concerning his suggested.method for
harnesgsing grevitational energy to oﬁerate a reverse-
osmotic pump. Tevenspiel indicated that a device of
this sort should be capable of creating a perpetual.
fresh water fountain'in the ocean, The feasibility of

this proposal was not discussed in Scilentific American;

instead the proposal was left open to the readers for
appraisal.

It is the purpose of this paber to analyze Levensplel's
osmotic pump from a thermodynamic point of view This
author's intuition immediately led him to believe that the
proposed situation violated the second law of thermodynamics
Furthermore, the suthor's experience with Levenspiel's
style (2) suggested that the §roposal may have been
made partially in Jest. It is possible that Levensplel
was serving a challenge to his readers, daring them tb
find a way to disprove his idea.

It is worth noting that this author encountered
considerable difficulty before finding the proper
nethod to refute Levensplel's proposal. It is also of
interest that several of the author's colleagues (3)

were entirely convinced that the proposal was valid,



Had this author not been exposed to a rather specialized
topic concerning the behavior of sclutions (4), he too
‘might sti1ll believe that one day man could hope tc

“atie in fresh water brought effortlessly to him from the
depths of the ocean via'Levenspiel's_reverse-osmotic
fountaln,

Levensplel's Proposed Fresh Water Fountain

The fresh water fountaln was based on the well
known principle of reverse osmosis. Fligure 1 shows the
various situatlons which can exist whén a salt water
solution and fresh water are separated by a semipermeable
membrane. In Figure la the external pressure is
ldentical on both sides of the membrane and fresh water
flows spontaneously into the solution’chamben‘ Filgure
1b represents the equilibrium situation; the flow of
fresh water has been stopped by imposing an excess
pressure on the solution. The particular excess
pressure which just stops the flow 1is known as the
osmotic pressure. For sea water the osmotic pressure is
roughly 22 atmospheres (1). If the excess pressure
on the solution is greater than the osmotic pressure,
reverse osmosis occurs. As indicated in Figure 1lc
under these conditions the flow is reveresed, 1 e fresh
water flows from the solution into fhe pure water

chamber,

Levensplel describes two possible water fountains



employing the effects described above, The first is a
well known demonstration of osmosis. A tube 1is closed

at one end with a semipermeable membrane. The tubc is
partly filled with salt water and submerged vertically
into a container of fresh water, As in Figure 1la, fresh
water diffuses into the tube and a fountain of increasingly
d1lute salt water flows out from the top of the tube.

The second fountain is the controversial reverse-osmotic
pump as pictured in Figure 2. A long pipe is ciosed with
a suitable semipermeable membrane and lowered into the
ocean, The key point here is that ocean water 1s denser
(by about 3 percent) than fresh water, and therefore

the pressure difference increases across the membrane as
the pipe is lowered into the ocean, This means that a
depth can be found at which the excess pressure on the
sea water side of the membrane is greater than 22
atmospheres even when the pipe is full of fresh water,

As a result, Levensplel suggests that fresh water will -
diffuse into the plpe via reverse osmosis and perpetually
flow out at the top, Levensplel calculates that a

rather formidible depth (about 5 miles) is required,

and he admits that no membrane exists which will with-
stand these conditlons, He states, however, that these
préblems "do not alter the main argument, which relies

on gravitational work to separate water from salt,

rather than on heat, phase change or other traditional



techniques" (1).

Analysis of the Proposal Using an Ideal Solution of

Uniform Concentration

we will begin to analyze the problem by consldering
an ideal solution of uniform concentration to represent
the ocean. .The ideal solution has two components:
1-solvent, mole fraction X1 and 2-solute, mole fraction Xp.
The criterion for equilibrium of the solvent across
the semipermeable membrane is |

W= oy (1)

where 1 is the chemical potential (5) of the solvent,
and the single and double prime superscripts refer to the
solution and pure solvent, respectively. For the

‘chemical potential of the solvent in the solution we have

(2)

[ o, !
Moo= ul(T,P )+ RTlnXl
and for the pure solvent
H'l‘ = H?(Tspﬂ) (3)

The dependence of the chemical potential on pressure is

given as (6)

8| (T, P)

( 55—y = V{(T,0)(l - KP) (4)

where Vi is the partial molar volume of the solvent at
zero (gauge) pressure and K is the compressibility. For
the moment we will assume that the solvent is incompressible

so that V1 is independent of pressure. Then we



obtain
W' =W (T) + V,P' + RTInX, (5)

U'” - FL*(T) +~ VI'P” : (6)

Since the temperature is assumed to be equal on both
sides of the membrane ui*(T) has the same value iﬁ
Equations‘5‘and'6,
| At equilibrium we have
VP'+RTInX, = VP’ (1)
which cen only be true if P'# P". In fact if we define
P1-PM =T we find that -
v = (-RTInX) / ¥, (8)
The osmotic pressure T is a positive quantity since
X<1, As d‘is‘cuss.gd;/k?bﬁve,'ﬂ 1s equal to the required
excess pressure on the -solution to obtailn equilibrium.
Now let us return to Levensplel's proposed fresh
water fountain, = The pressure on the solutnon_side'of
the membrane can be expressed as |
P' = p'gh | (9)
where h is the depth measured from sea level, W
is the density of seawater, and g is the gravitatiohal
constant, Similarly the pressure on the solvent (water) side 15
P" = p''gh (10)
where p'=p; ,the density of pure water. It is pointed out

here for later use that, since we are considering an ideal

solution, there is no volume change upon mixing, Therefore
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ol = (MXFMX,)/(V X4V, X,) (11)

2

g = yx))/(V X)) = M/Vo= e (12)

.wherevthe M's are the molecular welghts of the solvént

énd solute, the V's are the partial molér volumes,vahd.

ﬁhe X'S are the mole fractions. |
Fquations 9 and 10 may be substituted into Eguations

5 and 6 to yleld the dependence of the chemical’pofgntial

on the depth below the surface. This behavior is shoﬁn

in Figure 3. First we consider curve "a" which represenﬁs

‘the variation of the chemical potential, i, of the |

solvent (water) in the solutlon. At h=0 thervalué,of

‘“i 1e J + RTInX,. As h increases, W increases duég

to thekincreasing pressure, and the rate of change is

given by the lepefoV} We can visualize the situaticn

for the pure water in the pipe in two different,wayé.

If we consider curve "b" we are assuming that the pipe

is initially empty except for a monomolecular layer of

fresh water on the top of the membrane. As thé pipe is

pushed downward, no water will flow in for values of

h less than h* since in this region K] < p{ﬂ At h¥

‘the pressure of the solution is exactly equal to the

osmotic pressure, At values of h greater than h*‘fresh

water will flow into the pipe since &' >u'.  Curve "b®



is drswr with a slope of #''gh  which means that it
represents the change in chemical potential with depth
for a column of pure water beginning at h = h#*.

This means that pure water not only diffuses into an
empty pipe when h>h, but also it is clear that water
Cwill éontinue diffusing in when the pure water cclumn
bhas reached a helght of h-h#¥ Thus, as Levenspiél
predicts, the water rises higher in the plpe |

as the membrane'is pushed.deeper into the,801ution,

The height of the column of pure water which results in
equilibrium is not apparant from this figure. ﬁowéver,
by considering curve "“"c" we can find the 11m1ting |
depth, h*#* for which equilibrium can be obtained.
Curve "c" represents the change in chemical potential

| with depth for a column of pure water beginning étithe
surface; This means that we are cdnsidering the pipe‘
to be full when 1t 1is placed into the solutlon, From
Figure 3 we see that when.'h<h?* (Regions A and B)
water flows out of the pipe. However between»h* and
% (Region B) the pipe does not empty completeiy

At h=h** we have equilibrium between the water 1in the
filled pipe and the water in the solutlon. Thils
condition is given by I?Z(W—p”)=ﬂ- Moving the pipé
down further (Region C) results in k' being less than K,
and water flows into the already full pipe, Thus

Levenspiel's fountain apparantly works,



Fauilibrium Situatibn for an Ideal Solution in a

Gravitational Field

The analysls developed above shows that the reverse-
osmotic ﬁumn should work for an ideal solution of
uniform concentration. However it became apparanﬁ to
-the.author that this assumption, 1.e.ﬁn1formity of
concentration, might be the critical concept 1nvthis
problem. It was only because of hils experienceAwiﬁh_

(7) and studonf (4) sedimentation eqﬁilibrium of
polymer solutions that the author was saved frdm‘drawing
the ignominious conclusion that Levenépiel's propqéal
was valid, In sedimenatation equilibrium, very large
force fields are generated to create concentration |
‘gradients in a previously uniform solution. It seemed
plausible, therefore, that the gravitational force'field
sets up an equillbrium concentration gfadient-in an ldeal
solution,and in doing so the grav;tational potential
becomes unavéilable for the purposes discussed 1n the
previous sections. The manner in which fhis connection
was made is mentioned here to point out that, in the
author's experience, modern texts and courseé make
1ittle Aif any mention of the effects of a

gravitational field on the equilibrium thermodynamics of
solutions. Only the very oldest texts (8,9) available
to thé author gave any details of this subject.

~The following treatment of an ideal solution in a

gravitational field was developed by analogy with the



situation for polymeric solutions in a centrifugal
force field as discussed by Tanford (4).

Again consider a uniform ideal sblution with a mole
fractlon‘xl of an incompressible solvent. At this
point we are considering the equilibrium situation for
the’soiution alone in a gravitational field; no membrane
is involved here. As discussed in detall elsewhefe'(u)
1t is useful consider small elements of the solutidn
at different levels as separate homqgeneous micrbphases
which are part of a much larger constant volume
systeﬁ, Thus the proper condition for equilibrium |
between the individual elements or phases for én
infinltessimal exchange of heat or matter is

Fa®) = o (13)

‘ﬁherewz implies a sum over all phases, To analy:e
the eQuilibrium situation for the concentration,we are
1ntérested in the tptal.energy change assoclated with
the transfer of dny moles of a component from ppsition
ha to position hy,. The energy change 1s composed 'v

of two parts

dE1) = gy - Rypldny (14) -

dE(Z) = (Migha- Mighb)dni

~ For an arbitrary quantity of moles transferred we see that

the energy change can be zero only 1f‘

(Hih - Mgh) = constant (15)
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or in the terminology of Tanford (4)
dp, )total (16)
Differentiating Equationl5 with respect to h we obtain

dp, = Mgdh ‘ (17)
But '

dp,; =( Bpi/dXi)dXi +,(api/ap )dP

i (18)
=RTd.lnXi + V; p'gdh :

Combining FEquations 17 and 18 and substituting
for p' from Equation 11 we obtaln for the solvent in

a binary soclution

RTdInX, = [Ml - V l__)_(_l__l_\_/l 2_)__]gdh (19')
o (VIX +7,X,)
This same'result'was obtainéd by Guggenheim (8)'uéiqg‘
élslightly different approach, The importance of
Equation 19 is that it predicts that the concentration
will éhange ags the depth h changes. Guggenheim (8)
has integrated this equation for an ideal binary
solution and obtains the following expression for the

equilibrium distribution of species in a gravitational
field | |

4L RT o
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Implications of Gravitational Field Equilibrium with

Respect to Levensplel's Proposed Reverse-Osmotic Fountaln
It is immedlately apparant that the changlng

concentrétion will have an effect on the operation 6f

the proposed-fquntain discussed above. In particﬁlaf

if'we rearrange EQuation 19 as follows

- M, X,+M,X M o
-(RT/V,)dlnX, = (Fglx252— - Fl)g
VSt XX, V1% en
= p'g ~p'g

we see that the'osmotic pressure, as éXpressed by
Equation 8, is changing wiﬁh depth according to the
‘right hand side of Egquation 21,

Now let us consider that the membrane is at the
point h* where the solutlon pressure is identlcal to the
osmotic pressure, The pipe 1s still empty and P=0.
inside, Moving the pipe downward by an arbitrary
distance dh increases the osmetic pressure by an amount
glven by ﬁhé right side of Fgquation 21 multiplied by
dh. The pressure on the solution side of the membrane
has Been increased by an amount p'gdh., Thus the
pressﬁre difference aéross the membrane is éreater
than the osmotic pressure and'fresh water will flow
into the pipe. However 1t.w111 flow in on1y>until a
column of fresh water of height dh has been attalned
since this will exert the required pressure p''gdh to

reestablish equilibrium, If the pure water were to rise



12

in the pipe by any amount greater than the distance the
membrane was d1Sp1acod below h*, the condition AP W
would éxist, and water would flow ouﬁ of the pipe
until equilibrium was reestablished with the fresh
water level at h=h%. |

Thus; if we consider the ocean to be in equilibrium
in the earth's gravitational field, wé shouldvexpect
1h the 1dea1.case that if water enters thé pipé’at~all;
1t will always rise to the same distance below sea
level, h*, no matter how far down the plpe 1s pushed.
This situation,,as shown in Figure 4, clearly indicates
that Levenspiel's proposal is invalid, The gravitational
potential cannot be harnessed as he suggests since it acts
to redistribute the species in the solution, To cbtaln
the uniform coocentration situation for which the proposed
osmotic pump was seen to work, it would be neoessafy to
supply’energy to the system, for example by stifring'
as shown in Figure 5. This is the clearest pioture of
the way LevenSpiel's-proposal violated the second law,
He was simply tryilng to get more work out of a System
than was available, Therefore his proposed apparatus
‘must be considered to be yet another of the thermodynamic

enormities known as perpetual motion machines,
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Solvent Compressibilitx

It has been shown that Levenspiel's proposal 1s
invalid for an ideal solution with incompressible
solvent. How would solvent compressibility affect
the situation? Guggenheim has shown that osmotic |
vpreSsﬁre of a solution with a compressible solvent

is given by

: ke
T = -(RT/V;)InX, - (22)
where
=700 lx@ . -p ) V@w
Vl E Vl( T2 ( soln solv)
i _4 a7
“Inspection of Equation 23 shows that V; ¢V, and

therefore the osmotic pressure increases with depth for

‘& solution with a compressible solvent. Thus if the

pure solvent rosé in the pipe tgxgame height, h¥, for
allvpositions‘of the membrane, the pressure on the -
golution side/would be too great for'equilibrium, i. €,

the condition AP < would exist and some qf the
golvent would have to flow out of the ﬁipe for eguilibrium,
Thus for an 1deal solution with a compressiblé solvent

we have the situation shown in Figure €,

Consideration of Well-Mixed Polymer Solutions at the

Theta Temperature

Folymer solutions have much lower osmotic pressures

than conventlonal salt solutions of the same denslty;
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This 1s the case because osmotlic pressure 1s a colligative
property, depending only on the number of solute

particles in solution. Therefore it might be reasonable

b oty tp demonstrate Levenspiel's reverse-osmotic
fountain ugling a étlrred polymer solution; in this

~ case the critical height for the fountain to operate

ok
h = w/ap O (24)

would conceivably be attalnable 6n a laboratory:scale}
since the osmotic pressure is orders of magnitude
lower than that of sea water, |
_Poiymer solutions are not well described by the

ldeal solution formulations discussed above, However
it 1s well known that‘a certain temperature known
as the theta temperature a polymer solution éttains a
staté of ideality, The theta temﬁerature is a
,ohéracteristic of the particular polymer solutlon under
consideration, At T=0 we can write o

"=R8 p,0, @5)

Iwn A

where ¥, is the‘numbér average molecular weight of the
polyme:,and p and ¢ refer to the density and the
volume fraction of the solute (polymer) in the solution,

Assuming volumes are additive on mixing we obtain

Ap

Psoin” Psolv™P1 ¢1+p2¢2-p]
(26)
- balere) |
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Then the value of h** from Equation 24 becomes

Y - RO , r

W, T
Wwhere r =pz/pI.Thus we see that for a well mixed 7
polymer solution at i1%s theta temperature and with an
incompressible solvent, the necessary depth to demonstrate
the reverse-osmotic fountain decreases as Eh éndvr.
increase. Figure 7 'gives plots of h?*/ o aga;nst’,
r-1 on double logarithmeric coordinates. Several
different molecular weights were used as the para@étér.
If we assume that 8 is roughly 300°9K we fihd from
Figure 7 that a minimum height of about 1.2 meters
would be necessary for a polymer of one million
molecular weight and a polymer-solvent density ratio
df 1.25, These are very advéntageous choices of 1, and k
r, and‘therefore depths much greater thah 1.2 meters
should be expected for most real polymer solutions.
Thus even for well mixed polymer solutions at the theta
temperature a demonstration of the reverse-osmotic

fountain is not realistic.
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-l

brine fresh water

(a) osmosis, same pressure on both sides

AP =22 atm
brine - ' fresh water

(b)equilibrium, 22 atm excess IIJre's'sure
on brine :

AP D> 22 atm -
> a D e ) :
brine - , fresh water

(c)reverse osmosis, more than 22 atm'
excess pressure on brine

’Figure, l. Effect of Excess Pressure on the Flow
of Fresh Water. Excess Pressure =
AP = Pprine Pfresh water .
Arrow indicates direction of fresh water flow.
Semipermeable membrane separates the chambers.
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Figure 2.

Levenspiel's Proposed Fresh Water Fountain
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Figure 3.

Variation of the Chemical Potential of Water with
Distance Below the Surface for a Hypothetical Ideal
Solution of Uniform Concentration '
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Figure 4.

Situation Predicted by Pfoper Thermodynamic Analysis

Considering the Solution in Equilibrium in the Gravitational Field
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Figure 5.

Sclution is Stirred to Return to the Situation of Uniform
Concentration in the Gravitational Field

Indicates How the Second Law Was Violated in Fig. 2
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Figure 6.

- Situation Which Exixts For an Ideal Solution in Equilibrium in .

the Gravitational Field when the Solvent is Compressible
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Log(h ™/ 0)

Figure 7.

Estimate of the Depth Required to Shov;}
Fountain Effect for Well Stirred Polymer
Solutions at the Theta Temperature
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Addendum

Several months after Levenspiel first proposed his reverse-
osmotic fountain, he again wrote to Scientific American to comment
on his earlier contribution. Levenspiel was able to refute his earlier’

proposal in a single paragraph, a task which required several pages and

some time on the pa»r't of this author. Levenspiel wrote’

“When a pipe that is closed at the
bottom by a semipermeable membrane
is lowered into the ocean beyond the
critical depth of about 700 feet, fresh
water inside the pipe either rises higher
as the pipe goes deeper, or it rises only
to the critical depth. If the fresh water
were to rise higher as the pipe goes deep-
er, one could construct the machine I
have described [see illustration at right
on opposite page]. In this machine fresh
water would run downhill from one pipe
to the other through a turbine that

- would generate electricity. Simulta-
ncously the machine would partly unmix
the salty ocean. Brine near the inlet of
the deeper membrane would become in-
creasingly -salty; brine in the vicinity of
the shallower membrane would become
less salty. Clearly this action would vio-
Iatc the second law of thermodynamics,
which states in effect that natural events
proceed without exception in a pre-
ferred direction; that substances when
left to themselves may mix but will nev-
er unmiy; that man grows older, never
younger, and that a rolling stone even-
tually stops rolling,

The illustration which accompanied this paragraph is shown on the
following page. It is satisfying that the detailed thermodynamic analysis

presented earlier gave the same correct result concerning the operation

| DR ;
Scientific American, April 1972, page 110.



of the proposed fountain as described so succinctly here by Levenspiel.
It is also very clear that there are many ways to draw correct conclusions
using thermodynamic arguments, and some of these methods are likely

to be easier and much more efficient than others.
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PROPCSITICON 3

TRANSTTORY ASTIGMATISM - AN EXPLANATICN FOR SFECTACLE
i1

BRLURRING IN CONTACT LENS WEARERS

Abstract

The phenomenon of spectacle-blurring experienced
by many contact lens wearérs 1s discussed. 1t is proposed
that the conditionkcaﬂ be explained by a period of |
transitory astigmatism which results from & deformation-
recovery'process in the cornea. Two plausible deformation
mehcanisms aré ﬁiscussed which are consistentrwith‘the-
proposed explanatlion of spectacle-blurring and with_ali

of the cbservatiohs surrounding this visual phenomenon.



It 18 a common complaint of many contact lens
wearers that they experlence mildly blurred vision
when they remove thelr contact lenses and return to
conventicnal spectacles. This phenomenon, usually
 Jescribed as "spectécle—blurring" tends to disappear
after several hours, and the patient's vision witﬁ o
conventlonal spectacles then becomes as good as_hék.
eXperienced with hls contact lenses in place. Other
. conditions which are associated with "spectacle-biurring”
are the following. The blurred Vision 1s more pronounced
and lasts 1onger for longer Wearing periods of the
¢t lenses. Furthermore, the blurry vision does
riot arise at all when the patlient changes his Optical
:system in the opposite direction; i.e.the patientfs
'visioh remalns sharp and clear when he changes from
conventional spectacles to contact lenses. Finally,
. some contact lens wearers do not experience "spectacle-
blurring" even when their contact lens wearing peribds
become very long. |

The author, being a contact lens wearer himself,

has nevef been able to obtain a satisfactory explanation
of the phenomenon descrived above, either from‘persohal
communications with eye speclalists or from the literature.
Sinde both optical systems, the contact lenses and the

conventional spectacles, are adequate for correcting the



patient's vision in most cages, the phenomenon cannot

be explained simply by postulating that there may bLe
differences in the corrective power of the two systems.
Instead, the blurred vision experienced during the
relatively brief'transient period discussed above must
reflect some transient effects in the eye itself,
particularly in the cornea upon which the contact lenses
are placed. It should be noted that theAphenoménoh |
discussed here, "Spectacle?blurring", is guite differént
from the phenoménon of graduvual blurring of the viSioh
experienced by some patients during prolonged,cohtact

lens wearing pefiods; that problem has been discussed

at length in the literature(1l). Here an explanation

is proposed for the sudden change from sharp, clear

vision to mildly biurred vision when a patient ekchanges
one optical system for a second (aﬁd presumably eqﬁivaient)
syétemJ A proper explanation of this phenomenoh should be
consistent with all 6f.the other observatlions listed
above, in particular: (a) the transient natufe (b)- the
unidirectionality (1.e.;n the direction contacﬁ'lénses-
Spectacles but not the reverse) and {(c¢) the nonunlversallty

(all patients not affected) of the phenomenon.

The Optical Systems

Conventional spectacles and corntact lenses differ in
the way in which they correct visual deficiencies.

Spectacle lenses are positioned at a fixed distance from



the eye. The eye moves In its socket behind the fixed

lens so that different regions of the large lens may fall
within the 1line of sight. Contact lenses are placed
directly onto the eYe and rest upon the fluid layer wetting
the surface of the cornea. The small lens moves with the
eye, ahd therefore the iine of sight is always through

the central'region of the lens. 1In addition, the'comﬁon
spherical contact lens is capable of rotation on thé_cornea.
The rotation 1is caﬁsed by unbalanced forces Which may

be exerted on the lens as the eyelid passes o#er 1t,
Because of the freedom of rotation, theré is no preferredv
6r1entation of‘the lenses when they are inserted into |

- the eye, Speclal contacts known as toric éorneal lehses‘(l),
have been designed té resist the forces which tend to
‘rotate the lenses, These lenses must be 1nsertedv1n a
given'orientation, and they will maintain thishqr;entation
during use. The importance of these toric lenses will be
discussed later, | _

The corrective power of contact lenses depends upon
the optical properties of both the plastic lenses and the
tear fluid upon which they rest. The very important role.
of the tear fluid is essentially to neutralize most of
the refractive power of the cornea (1),‘ Therefore the
refraction characteristic of the contact lens-fluid
lens optical system is essentially that of the plastic lens

only. Thus the contact lens provides the eye with a new
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medium of sufficient refractive power to produce the
required focal conditions for clear vision. 1In addition to
the fluid layer that completely fills the space between the
contact lens and the cornea,.it is necessary that the front
glde of fhe_contact lens be uniformly wetted with a thin
1ayérvof ﬁear fiﬁid. Thus the plastic lens is essentlally

immersed in a flﬁid medium 1n_front qf the.corneé.

Astigmatism and Contadt Lens Correction

Astigmatism is a common visual disofder which‘results
from differences in the refractive power in different
meridians of.éhe eye. There are many physioldgical céuses
vfor astigmatism, but by far the most common is the
presence of ﬁniform but unequal curvature of the_meridians
- of the front surface of the cornea. Astigﬁatismvof this
variety 1s known as regular corneal astigmatism. Another
type of éstigmatlsm which will be mentioned in 1ater‘sections
is the'irregular corneal varieﬁy which arises due'to none
uniformities of curvature within a given meridian. |
Irregular astigmatism can result from an abraision injury
to the cornea (1,2).

As a result of the unequal curvature of the dornea,
the astigmatic eyes cannot focus the light emanating from
a point source into a sharp point'image. Conseqﬁently
the vision is blurry. (The word astigmatism comes from
Greek roots - a not + stigma point (2).) A schematic

diagram (téken. with caption, from Ref 2) showing the



effect of regular corneal astigmatism appears in Figure 1.

ms

/ me

3.9 Effect.of corneal astigmatism
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Fick (1879), *Dioptrik’. In Hermann’s Handbuch der Physiologic, Vol, 11t, Pt 1y > * (from

Figure 1

This type of astigmatism is easily corrected by introduc1ng |
’a cylindrical‘correction 1nto conventional épectacle 1enses
The,cyllndrical'correction compensates for the dlfferént
refractive powér in the wvarious meridians,and therefore
clear vision is restbred. In conventional speétacles.the
cylindrical correction can be combined easily withithe
spherical compodent of the lens whiéh corrects for

‘myopia (near-sightedness) or hyperopia ( far-sightedness)

This combination of cylindrical and spherical éorréction

i1s not possible in conventional contact 1ensesksin§e they
rotate 6n the cornea and most of the‘tlme would not be’
" in the proper orientation to cbrrect the patlient's
astigmatism, However, in most cases 6fjregular cérneal
astigmatism, a ¢ylindrical corréction is not neéded since

the fluid layer between the contact lens and the cornea



effectively compensates for the differences in refractive
power of the cornea. This "repalring" of corneal deflclencies
by the fluid layer between the contact lens and the cornea
is so good that 1t has been found to correct a type of
irregular asuigmatism which 1s uncorrectable by SpLLtaClv
namely ‘the  astigmatism associated with roughness of the
}cornea as discussed above (2). If, however, the patient'
astigmatism arises from some cause other than deformities
of the cornea surface'(l), then the tear fluid iayer cannot
compensate for the refractive differences,and'either
conventional spsctacles'cr torlc contacts are necessary

to correct the patient's vision,

A Proposed Fxplanation of Spectacle-Blurring-Transitory
Astigmatism '

Keeping the previous discussion in mind, consider
the following: During the period of contact 1ens wearing,
the presence of the plastle lens on the cornea may cause
the cornea to deform slowly. The slow deformapion'will~not
continue endlessly, but instead the cornea will evsntually
come to some new equilibrium shape definéd by thc forces
exerted by the lens. During the deformation process, of
course, the tear layer 1s constantly adjusting itself
to £111 the space betweén the lens and the cornea.

Now conslder how this might affect the vision of a
myopic or hyperopic patient who also suffers from regular

corneal astigmatism. The patlent 1s wearing his spectacles,




The spherical and cylindrical corrections of his spectacles
adequately correct his deficiencies and so his vislon 1is
vsharp and clear. The patient 1nserﬁs his contact lenses.
The contacts contain the same spherical correction so/that
the patient's myopla or hyperopia is overcome. In addition
_the‘téar fluid immediatily fills the space between the
contact lens and the cornea so that the astigmatiém is
also corrected adequately. Now the corneé beglins to deform
slowly under the influence of the plastic.lens,‘vHoweﬁer»
since the fluild layer is continuously adjusting 1£se1f to
fi1ll the space between lens and cornea, the astigmafiém
is always corrected and the‘paﬁients visioﬁ,remains~sharp
and clearvduriné the contact lens wearing period.

Next consider that the contact lenses have been in
the patient's eyes long enough for the cornea to aséume.
a new equilibrium shape; the deformation has stbpped.»
The patient removes his contact lenses. There are

‘three possibilities concerning the behavior of the cornea

when the lenses are removed. The cornea might 1nstantanecusly

"SpringV'back tb its original shape; it cou1d~réta1n its
deformed shape; or it could slowly return to its original
shape over a period of time, It will be shown‘in the
following paragraphs of this section that the third |
possibility, 1.e, the slow return of the cornea to its
original shape, explajins all of thé observations surrounding

- the phenomenon of "spectacle-blurring”, In the‘next_section




1t will be shown that there are realistic mechanlisms
which predict that the cornea should behave in the proposed
manner,

The patient has removed his contact lenses and replaced
them with his conventional spectacles. He finds that his
-vision 1s blurry. In view of the above discussion this
1s not surprising since his conventional spectaclés have
been ground to correct for corneal astigmatism arising from

corneal curvature differences as measured on the patients

undeformed cornea. Thus, while the patients vision 1s
lmmedilately corrected by his spectacles for the myopié or
hyperopic condition, it will take some time for the cornea
to return to its original shape so that the spectacles can
correct his normal astigmatic condition, During the perlod
of time when the cornea is returning to its original shape,
the cylindrical correction of the spectacles will not
correspond to the curvature of the cornea and the patient's
vision will be blurry as a result of the improperly corrected
astigmatic condition which exists, When the cornea,has,‘
after several hours, returned to its orignial shape, the
patient's visibn is again sharp and clear. Thus a condition
of "transitory astigmatism" is the cause of spectacle

blurring?®,

*There 1s a well known phenomenon known as transitory myopla
which can arise from such diverse causes as dletary changes
or trauma(1). The phenomenon discussed here is clearly

quite different. : :
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The proposed transitory astigmatism explains all of
the following conditions which are assoclated with
spectacle-blurring:

1, Unidirecétionality-The tear layer continuously

compensates for the astigmatism associated with corneal

- deformation when the contacts are in place. This is not
the case when the cornea 1s returning to its originél shape
when the spectacles are employed. Thus there is immediate
compensation for corneal irregularities whenever contacts
are employed, but proper astigmatism correction by the
spectacles can be expected only when the cornea is in an
undeformed state.

2., Non-universality-If a patient suffers only from

myopia on hyperopia but not from astigmatism, spectacle
blurring should not arise. During the contact lens wearing
period the uniform cornea will either remain undefcrmed or

be deformed uniformly. In either case there is no cylindrical
correction in the spectacles which, during the recovery perlod
of the deformed corﬁea, creates the blurry vislon due to
Improper astigmatic correction.

3. Transient nature-The period of blurry vision is

ocbviously limited to the time it takes for the cornea to
return to its original shape. Furthermdre, as the cornea
gradually approaches the shape for which the spectacle lenses
were prescribed, the patient's vision gradually becomes

clearer. Also the length of the pericd of blurry vision
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should depend somewhat upon‘the wearing time of the contact
lenses, Surely if the lenses are inserted for only a few
minutes, the corneal deformation, and therefore the length

of time of blurry vision when the contacts are removed, should
be small. However, there should be a maximum period of
spectacle blurring, corresponding to the time it takes for

the cornea to recover ffom the proposed equilibriﬁm‘shape

it assumes during long periods of contact lens Weafing,

Proposed Mechanisms for Corneal Deformation and Recovery

Before discussing mechansims by which the cornea can
_ ( |
slowly change shape and later return to its original shape,
it will be useful to have an idea of the composition of the

cornea (3,4). Figure 2 shows a stained section of a rabbit

‘cornea. (3)

o
% ey
A
Y
o8
N
. Y
K R TN
M i B
el Bl
etk e . -
L P, -
" ez i ~
- Rhaaigre™d -
St N
= -~
r// &3
) < Sang. M

FiG. 1

Section of a rabbit cornea on the 18th day of gestation. Note the well-orientated fibroblasts in
the posterior third and indications of the orientation of the collagen fibrils in that region. The
cells and thieir processes in the anterior two-thirds of the cornea are irregularly arranged. The
basement membrane underlying the corneal epithelium is visible. Descemet’s endothelium is
present, but not clearly differentiated from the stromal fibroblasts and no Descemet’s mem-
brane has yet appeared to separate them. A fragment of the lens epithelium is adherent to
the posterior corneal surface. Mallory’s connective tissue stain was used.

Figure 2
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The corneal tissué'br stroma is a gelantinous substance
containing around 20% collagen and around 80% fluid
similar to aqueous humor(3). The fluid contains various
organic soiutes including mucopolysaccharides. The collagen
is distributed Ainto bundles of fibrils arranged parallel |
to the cornea surface, It is difficult to separate the
collagen from the mucold (3),and therefore it is felt that
the mucopolysaccharides of the cornea are bound ﬁo the
collagen bundles by a kind of mucopolysaocharidg-pfotein
complex (3,4). '
Given this interconnected polymeric nature pf the
cornea, it 1s!not unreasonable to assume that the éornea _
deforms and returns to its original shape by the well known
creep and creep recovery process commonly observed in
synthetic polymers (5). Figure 3 shows thls process

schematically for a typlcal cross-linked polymer,
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The lower curve shbws that the stress is applied instantan-
eously at time 0 and 1s held at some constaht-value until
time £, at which point the stress is rapidly removed.

The upper curve shows the corresponding strain,(or
deformation) situation. From time O the material deforms
sléwly,approaching;an equilibrium deformation. .After

time to, when the stress have been removed, the matérial
slowly returns to its undeformed state. This is 1inexact
correspondence with the proposed situation for the cornea
under the 1nf1uénce of contact lenses. At time O the lenses
are inserted and the cornea experiences a constantly imposed
stress as long as the lenses remain in place. At time t,
the lenses are removed and the stress is reduced to zero.
Cne may wish to speculatevon whether the &tress éct as
"gethering" or "spreading" forces on the cornea; this
would seem to depedd upon the kind of fit provided by the
prescribing doctor. 1In either case the cornea deforms, or
creeps,duriné the contact lens wearing time, i, e, from

t=0 to t=t,. - As discussed above the tear layer
compensates adequately for the shape change.» It is during
the time period after t,, while the cornea returns to its
original shape, that spectacle blurring occurs, The tinme
scale of several hours for recovery is perfectly reasonable
based on experlience with synthetic polymers. Figure 3
also shows clearly. why the spectacle blurring is more

pronounced and lasts longer for longer contact lens
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wearing perlods. The dotted lines in Figure 2 indicate
the cresp-recovery process observed if the stress is
removed bhefore the equillibrium deformation is attained,

Tt is clear that the total deformation is smaller, and also
that the recovery time is shorter (Atq oty ). - Thus a
» creep;recbvery mechanism is perfectly consistent with the
transitory-astigmatism explanation for spectacle-blurring

| The true situatlion may be more complicated than simple
creep-recovery if the cornea swells during the ¢ontact lens
wearing period. It is well known that under certain
conditions the cornea will swell, and that most of the swell-
ing takes place in the mucoid material between the collagen
fiber bundles (3). At least one theoretical model has been
proposed to explain corneal swelling (4). The possibility
of corneal swelling during contact lens wearing 1s likely
if the plastic lenses interfere with the oxygen supply
necessary for the nérmal dehydration mechanisms or if they
cause changes, perhaps due to a stagnation effect; of the
isotonic molarity of the tear fluid, If appreciable
swelling takes place, this phenomenon could contribute to
the time dependent deformation and recovery of the cornea
during and after contact 1éns uge. In this casé a swelling-
deswelling mechanism must be added to the creep-recovery

mechanism discussed above.
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Summary and Concluslons

Tt has been shown that transitory astigmatism is a
reasonable explanation for the phenomenon of spectacile blurring
The required slow deformation and recovery of the correa |
has been described in terms of creep-recovery and Sweiling—
.deSWelling mechanisms. The occurrence of these particular
deformation processes appeared to be quite reasonablé
considering the structure of the cornes.

Very little 1s known concerning the time de@endent
mechanical properties aﬁd swelling characteristics of the
cornea. Yamada (6) has repqrted stress-strain déta for
human and animal cornea but no attentior was paid to tiﬁe
effects. It appears to this author that studies of the
time dependent mechanisms discussed above would be of great
‘help in finding a solution to the spectacle-blur problem.
Solutions to the problem could be of at least two typeé.

The first might be to find a way to increase the rate of
recovery, both mechanical recovery and deswelling,’so that

the period of transitory astigmatism is greatly reduced.

The second approach would attémpt to eliminate of at least
minimize the amount of deformation‘experienced by the cornea,
This would be accomplished by reducing the driving forces

for both the creep and swelling mechanisms. The latter
approach is clearly the more satisfactory one since it protects
the cornea from the trauma of a continuous deformation

recovery cycle throughout the patient's lifetime; In any
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case, golutions to the problems which give rise to
spectacle-blurring would certainly be welcomed by thousands

of contact lens wearers,
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