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FOREWORD

ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the
American Chemical Society as an outlet for symposia and col-
lections of data in special areas of topical interest that could
not be accommodated in the Society’s journals. It provides a
medium for symposia that would otherwise be fragmented,
their papers distributed among several journals or not pub-
lished at all. Papers are refereed critically according to ACS
editorial standards and receive the careful attention and proc-
essing characteristic of ACS publications. Papers published
in ADVANCES IN CHEMISTRY SERIES are original contributions
not published elsewhere in whole or major part and include
reports of research as well as reviews since symposia may em-
brace both types of presentation.

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.pr001

PREFACE

Materials composed of several components are replacing natural ma-
terials, metals, and homopolymers in increasing amounts. They are
used in the building, automotive, marine, aircraft, appliance, and elec-
trical industries. Fabricators are willing to change from a single material
to a multicomponent system if the latter is either better, more attractive,
less expensive, or easier to fabricate into a product. They look at a ma-
terial as a bundle of desirable properties and care little about its chemical
composition. Metallurgists define alloys as multicomponent systems. Poly-
mer chemists include polyblends, copolymers, and reinforced composites
under this term, as illustrated in Figure 1.

Manufacturers of multicomponent polymer systems are modifying
the properties of homopolymers to obtain superior materials. These ma-
terials are either stronger, tougher, more flexible, will withstand environ-
mental influences, or have other desirable characteristics.
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Figure 1. Multicomponent polymer systems
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Polyblends

Polyblends may be made from polymeric components by mixing and
compounding them together on mill rolls, in extruders, Banbury mixers,
or other thermoprocessing equipment.

Twenty-five years ago, T. A. Grotenhuis observed that a rubber of
superior flexibility and abrasion resistance could be obtained from a
heterogeneous polyblend of a hard unmasticated rubber as disperse phase
and an elastic rubber as continuous phase. It was recognized that a het-
erogeneous blend was also necessary for making tough and flexible
plastics. To obtain an impact-resistant polystyrene, butadiene and styrene
were polymerized separately in aqueous emulsion, and the two latices
were blended together, coagulated, and processed. In an analogous proc-
ess, an ABS polyblend was made. A nitrile rubber latex and a SAN latex
were made separately by emulsion polymerization, blended, coagulated,
and compounded together. Today, most rigid PVC is still produced by
polyblending. Vinyl chloride homopolymer is compounded with an elas-
tomer, such as chlorinated polyethylene, ABS, MBS, EVA, or others. In
1970 the domestic production of rigid PVC was expected to amount to
560 million pounds.

Blending high polymers consisting of long chain molecules is different
from mixing liquids. In the first chapter of this volume, A. J. Yu defines
the term compatibility between high polymers. True compatibility be-
tween different polymers is rare. It was observed in amorphous blends
of poly(vinylidene fluoride) with poly(methyl methacrylate) and poly-
(ethyl methacrylate) by J. S. Noland and co-workers. It was also found
in blends of PPO with polystyrene, as reported by F. E. Karasz, W. J.
MacKnight, and J. Stoelting. Incompatibility or partial compatibility is
more frequent.

To understand the mechanism of polyblending, experiments have
been carried out with polymeric solution. W. Borchard and G. Rehage
mixed two partially miscible polymer solutions, measured the tempera-
ture dependence of the viscosity, and determined the critical point of
precipitation. When two incompatible polymers, dissolved in a common
solvent, are intimately mixed, a polymeric oil-in-oil emulsion is formed.
Droplet size of the dispersed phase and its surface chemistry, along with
viscosity of the continuous phase, determine the stability of the emulsion.
Droplet deformation arising from agitation has been measured on a dis-
persion of a polyurethane solution with a polyacrylonitrile solution by
H. L. Doppert and W. S. Overdiep, who calculated the relationship
between viscosity and composition.

In a heterogeneous polyblend of two dissimilar elastomers, such as
chlorinated butyl rubber and polybutadiene, a certain interfacial bonding
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may exist. By using two different solvents—one which is a good solvent
for the first elastomer but a poor solvent for the second elastomer, and
one which is a good solvent for the second elastomer but a poor solvent
for the first one—R. L. Zapp was able to prove the evidence of interfacial
bonding between heterogeneous blends.

The stress needed to break a covalent C—C bond is about 2 million
psi. However, the tensile strength of commercial thermoplastics is only
in the order of 3000-17,000 psi owing to the presence of flaws and surface
cracks. Incorporating a dispersed rubber phase can significantly raise
impact toughness of brittle polymers. C. G. Bragaw explains this phe-
nomenon through broadening of the energy absorbing area and branching
of cracks and crazes dynamically along imbedded rubber particles.

Certain rigid polyblends of PVC with EVA elastomer were investi-
gated by B. Ranby and co-workers who observed an increase of hetero-
geneity with higher EVA contents. PVC may be added as a processing
aid to chlorinated PVC. G. P. Talamini and co-workers found that the
added PVC acts like a reinforcing agent in the continuous phase of chlo-
rinated PVC and that heterogeneity increases with higher chlorine content.

Copolymers

In polyblends the components adhere together through secondary
bond forces, either van der Waals forces, dipole interaction, or hydrogen
bonding. In copolymers the components are linked by strong covalent
bonds. We distinguish between random, graft, and block copolymers.
In random copolymerization, two or more monomers are present simul-
taneously in the reactor. In graft copolymerization, one polymer is pre-
pared, and one or two monomers are grafted onto this polymer. The final
product consists of a polymeric backbone with one or more side branches.
In block copolymerization, one monomer is polymerized, and another
monomer is polymerized on to the living ends of the polymeric chains.
The final block copolymer is a linear chain with a sequence of different
polymer segments.

Random Copolymers. Fifty years ago the first copolymer was pre-
pared from isoprene and dimethylbutadiene and evaluated as a possible
synthetic rubber. During the 1930’s systematic work on copolymerization
was started at Ludwigshafen, Germany. Styrene, vinyl chloride, vinyl
acetate, and acrylics were available for copolymerization.

From Ludwigshafen comes the first chapter of the second section of
this volume. It summarizes some of the theories and vast experiences
gathered there. It has been assumed that polymerization occurs only in
one direction. Compositions and molecular weights of random copoly-
mers had been calculated from the addition rates of the individual mono-
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mers during the propagation steps. Depolymerization, however, can
accompany polymerization, and a reaction equilibrium is reached. P.
Wittmer discusses copolymerization in the presence of depolymerization
reactions. In his experiments, he used a-methylstyrene as a monomer
which forms an equilibrium during polymerization, and methyl metha-
crylate and acrylonitrile as comonomers.

Heterogeneity, as in polyblends, has also been observed in random
copolymers. F. Kollinsky and G. Markert found phase separation in
binary mixtures of copolymers of methyl methacrylate and butyl acrylate.
C. Kraus and K. W. Rollmann discovered heterogeneity in blends of
random copolymers of butadiene and styrene if they differ by more than
20% in composition.

A terpolymer has been prepared from cyclopentene, sulfur dioxide,
and acrylonitrile by Y. Yamashita and co-workers. The mechanism was
recognized as a binary copolymerization between a cyclopentene/SO;
complex and free acrylonitrile.

Graft Copolymers. Although discovered in 1933, the term “graft
copolymer” was not defined until 1952, when the principle of grafting
was disclosed. It consists of placing one polymer into a reactor, adding
one or two monomers, and completing the copolymerization by free-
radical inijtiation. One portion of the added monomers polymerizes as a
side branch upon the polymeric backbone. The other portion undergoes
either homopolymerization or random copolymerization. It is difficult to
determine how much graft copolymer results and how much of the second
portion is present because some of the latter is occluded in the graft
copolymer particles. As in the polyblends, heterogeneity prevails.

Today, a large part of the more than one billion Ibs/year of impact
polystyrene and 500 million lbs/year of ABS produced domestically is
made by graft copolymerization. Impact polystyrene may be synthesized
by dissolving a diene rubber in styrene monomer, in the presence or ab-
sence of another solvent, prepolymerizing the solution, and completing
the polymerization in bulk, solution, or suspension. R. B. deJong describes
a process wherein he prepolymerizes in emulsion with styrene as the con-
tinuous phase and the water as the dispersed phase and completes poly-
merization in aqueous suspension.

Most ABS is made by emulsion polymerization. A polybutadiene or
nitrile rubber latex is prepared, and styrene plus acrylonitrile are grafted
upon the elastomer in emulsion. The effect of rubber particle size in ABS
graft copolymer on physical properties is the subject Chapter 22 by
C. F. Parsons and E. L. Suck. Methyl methacrylate was substituted for
acrylonitrile in ABS by R. D. Deanin and co-workers. They found a better
thermoprocessability, lighter color, and better ultraviolet light stability.
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Elastomeric graft copolymers of methyl methacrylate upon diene
and acrylic rubbers were prepared by R. G. Bauer and co-workers. These
elastomers are compatible with rigid methyl methacrylate—styrene co-
polymers of identical refractive index, yielding transparent polyblends.

Vinyl chloride graft copolymers are less available commercially than
the styrene graft copolymers. F. Severini discusses grafting vinyl chloride
upon an ethylene—propylene backbone in aqueous suspension. Using
PVC as the backbone and grafting various monomers upon it is the sub-
ject of the next two chapters. J. M. Michel reports on grafting of diene
and acrylate monomers upon PVC by irradiation and chemical initiation.
N. Gaylord and A. Takahashi grafted butadiene upon PVC with ionic
catalysts and discovered the graft copolymer as a thermal stabilizer for
vinyl chloride homopolymer. Monomers can be grafted upon natural
materials as well as synthetic backbones. J. C. Arthur discusses the im-
provement of cotton fibers through grafting with vinyl monomers.

Block Copolymers. The first block copolymers were prepared in
1960. While free radical initiation is generally used in graft copolymeriza-
tion, ionic catalysts are used in block copolymerization. They allow the
polymer formed to retain its ability to grow. In a second consecutive
step, this living polymer reacts with another monomer resulting in a
block copolymer. Ionic block copolymerization is used to manufacture
special diene and olefin rubbers. This process may be combined with
graft copolymerization also. The elastomeric block copolymer can be
used as backbone upon which acrylonitrile and/or styrene are grafted
when producing ABS or impact polystyrene.

An amorphous block copolymer of butadiene and styrene, made by
anionic polymerization at Leverkusen, was used as a model to study the
mechanism of aggregation and reaggregation. M. Hoffmann and co-
workers measured the critical concentration of phase separation and com-
pared it with that of polyblends. They also determined the shape and
the size of the aggregates. A block copolymer of styrene with car-
boxylated butadiene, made also by anionic polymerization, was evaluated
by G. E. Molau and E. H. Richardson as a dispersant for pigments. The
carboxylic groups in the butadiene sequence provided sites for selective
adsorption of pigments, such as TiO,. A terblock copolymer of styrene/
butadiene/styrene was analyzed by N. W. Tschoegl, and its thermal and
mechanical properties were compared with those of diblock copolymers.

In block copolymerization, the second step is also ionically catalyzed.
However, it is possible for the living homopolymer to react with a peroxide
initiator first and to complete the process by free-radical polymerization.
R. B. Seymour and co-workers carried out both steps by free-radical
polymerization. They obtained live polymers in free-radical solution poly-
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merization of styrene and maleic anhydride and used these to initate
further polymerization with selected monomers.

Block copolymers may also be made by condensation polymerization.
Elastomer fibers are produced in a three-step operation. A primary block
of a polyether or polyester of a molecular weight of 1000-3000 is pre-
pared, capped with an aromatic diisocyanate, and then expanded with
a diamine or dihydroxy compound to a multiblock copolymer of a molec-
ular weight of 20,000. The oxidative coupling of 2,6-disubstituted phenols
to PPO is also a condensation polymerization. G. D. Cooper and co-
workers report the manufacture of a block copolymer of 2,6-dimethyl-
phenol with 2,6-diphenylphenol. In the first step, a homopolymer of
diphenylphenol is preformed by copper—amine catalyst oxidation. In the
second step, oxidation of dimethylphenol in the presence of the first
polymer yields the block copolymer.

Composites

Reinforced Polymers. Strength and rigidity can be raised 10 to 100
times by reinforcement with glass fibers, glass mats, and glass cloth, as
shown by the comparative data of Table I. In 1970 the U.S. production
of glass-fiber reinforced polymers reached 1.2 billion Ibs and is expected
to pass the 3 billion b mark in 1975. Reinforced polyesters amount to
85% of the market, reinforced epoxies to 5%, and the remaining 10%
is shared by the reinforced thermoplastics. In reinforced polyesters and
epoxies, the average polymer content is 45% with 25% glass fibers and
30% fillers, such as kaolin, calcium carbonate, asbestos or talc. A review
of the potential properties of glass-fiber reinforcement thermosets and
thermoplastics is given by F. G. Krautz.

The market distribution of reinforced polymers is as follows:

boats and marine uses 26%
automobiles, trailers & other vehicles 22%
building industry 13%
corrosion resistant equipment 11%
electrical components 8%
aircraft and aerospace 4%
appliances 4%
consumer products & miscellaneous 12%

Today, 29% of the total number of boats built are constructed of
reinforced polymers. Water absorption represents an important property.
J. R. Griffith, A. Sands, and ]J. E. Cowling describe reduction of water
absorption through the use of halogenated epoxies in glass fiber reinforced
composites.
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Table I. Increase of Strength and Rigidity through Reinforcement

Tensile Modulus of
Strength, Elastuicity,

103 pst 10° pst
Unreinforced thermoplastics 3-12 1-6
Glass-fiber reinforced thermoplastics 7-30 8-10
Glass-fiber reinforced thermosets 4-30 8-55
Glass-cloth reinforced thermosets 20-70 13-250
Novel composites 100-200 170-500

Reinforced Elastomers. The U.S. rubber production amounts to 6.1
billion Ibs, of which 3.7 billion lbs are fabricated into tires. Active fillers
are used to reinforce tires against abrasion, tearing, cut growth, flex
cracking, and tensile failure. To understand the mechanism of reinforc-
ing rubber with carbon black or pigments, M. Morton carried out experi-
ments with well-defined particles of styrene-diene block copolymers as
model fillers. W. H. Gloor discusses inorganic fibrous reinforcements used
to obtain high strength composites. Modifying rubber with appropriate
resin formers to achieve better coupling between the tire yarn and rubber
is the subject of G. C. Derringer’s chapter. A. C. Soldatos and A. S.
Burnhans found that the toughness of epoxy composites can be signifi-
cantly improved by modifying them with elastomers.

Interfacial Bonding between Polymers and Other Materials. As
polymers can be reinforced by fillers, inorganic materials can be rein-
forced by polymers. M. Steinberg and co-workers found that monomers
can be soaked into concrete and polymerized in situ by either radiation
or thermal catalytic techniques. Increase in strength by as much as four
times of untreated concrete and reduction of water absorption and of
freeze cracking have been observed. Concrete—polymer significantly in-
creases the bond strength and flexural strength of steel-reinforced and
fiber-reinforced concrete.

In surface coating, it has been customary to coat metal with a primer
to effect better adhesion of a polymeric coating to the substrate. W. J.
Jackson and J. R. Caldwell report that a single coat is sufficient if car-
boxylated polyesters are added to the polymeric coating. These carbox-
ylated polyesters are soluble in volatile lacquer type solvents and improve
the adhesion of the common polymeric lacquers and varnishes.

It is also possible to reinforce polymers with metallic particles. D. T.
Turner and one of his students observed that good electrical conductivity
can be measured even at very low fillings, such as only 6% by volume.
Microscopic examinations showed that the metallic particles formed
continuous chains segregated around zones of unpenetrated polymer.
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Finally, it is possible to imbed luminescent substances in transparent
polymers. The interesting effect of scintillation of these composites has
been studied by R. Kosfeld and K. Masch.

The field of multicomponent systems has grown quickly, and these
materials will replace existing ones and be used in new engineering
applications. For the scientist and technologist, this volume should rep-
resent a source of helpful information and inspire him to build even
stronger and tougher polyblends, copolymers, and composites of higher
heat resistance, greater clarity, better endurance, or other desirable
properties.

Monsanto Co. NORBERT A. J. PLATZER
Indian Orchard, Mass.
August 1970
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1

The Concept of Compatibility in Polyblends

ARTHUR ]. YU
Stauffer Chemical Co., Dobbs Ferry, N. Y. 10522

When liquids are mixed to form a homogeneous and single-
phase mixture, they are said to be compatible. This mixing
is straightforward, and the result is easily observed; mixing
polymers is quite different. From thermodynamic, kinetic,
and mechanical considerations, a homogeneous single-phase
polyblend is highly improbable. No polyblend is compatible
if compatibility means homogeneity and single-phase mor-
phology. Conceptually, compatibility is a representation of
how close a polyblend can approach this ultimate state of
molecular mixing. Phenomenologically, it is a relative
measure of the degree of heterogeneity of the polyblend—
i.e, how fine one polymer is dispersed in another. Com-
patibility of a polyblend is subject to differences in experi-
mentation and interpretation of result. One should describe
it by giving the sample history and method and instrument
used to determine its degree of heterogeneity.

In studying polyblends, one is frequently involved with the “compati-

bility” of the polymeric components comprising the polyblends. A
survey of the polymer literature revealed that the word “compatible” is
used widely to describe certain morphology, solution property, or me-
chanical behavior of the system. However, there seems to be a lack of
consistency in what “compatibility” really means. As used in polyblends,
compatibility has its origin in the mixing of two liquids. When two
liquids on mixing give a single homogeneous phase, they are described
as compatible. Thus, compatibility signifies homogeneity and no phase
separation. Whereas the result of mixing two liquids can be determined
by visual observation and phase separation usually occurs quite notice-
ably, the mixing of two polymers is more complex. As shown later, com-
patibility as applied to polyblends cannot possibly mean the same as
when it is applied to the mixing of simple liquids. Mixing polymers to
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1. vu Compatibility in Polyblends 3

give a polyblend involves not only the thermodynamic consideration of
the components but also the thermal, mechanical, and kinetic aspects
associated with the attainment of equilibrium. Even when true equilib-
rium conditions have been reached, the determination of the degree of
heterogeneity of the mixture oftem is subject to variation in test methods
and interpreting the results. Thus, to state that a polyblend is compatible
without qualification conveys little useful information.

Perhaps another reason contributing to this imprecise use of the
term “compatibility” can be traced to the history of the development of
polyblends. Polyblend is still a new material. Although the first recorded
preparation occurred in 1912 (1), most exploratory work was done in
the late 1940’s by industrial laboratories. As in the case of most industrial
developments in the early stage, there was more art than science being
applied, and the proper choice of words was not diligently considered
and followed. The first commercial polyblend was introduced by Dow
Chemical in 1948. It was an impact-resistant polystyrene containing 5
wt % of a poly(butadiene—co-styrene) rubber. As more polyblend pat-
ents were issued and more polyblends became commercially successful,
more and more research into the nature of polyblends was started. Today,
a large body of information is available on compatibility, properties, and
performance of polyblend systems.

For this discussion, a polyblend is defined as a single entity of ma-
terial containing within its physical boundary at least two thoroughly
mixed polymers which are not linked covalently. Although in some liter-
ature sources (2) a polyblend is described simply as a physical mixture
of two or more polymers, such a broad definition is not practical. Con-
sider mixing polystyrene powder and polyethylene powder in a Waring
blender. Should the powdery product be called a polyblend? It will not
be useful to call such a mixture a polyblend because there is little one
can do with it without first forming it into a single piece. Now consider
the definition of alloy. A metallic alloy is not a mixture of two metals
or a metal and a non-metal but rather the fusion product thereof. Thus,
from these two considerations polyblend should be limited to a single
entity of material in its physical state. The size and shape of the single
entity is not important as long as within the boundary of that single piece
there are at least two thoroughly mixed polymers. Mixing will exclude
such unrelated systems as a laminate of two different materials and
painted plastic objects. Thorough mixing will ensure reproducible results
of experimentation. The condition that the components of a polyblend
should not be linked covalently will exclude such block copolymers of
the ABA type, some of which have two-phase morphology like most poly-
blends. This definition will restrict the consideration of compatibility

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch001

4 MULTICOMPONENT POLYMER SYSTEMS

to a more limited but more relevant set of multicomponent polymer sys-
tems. Take the previous example of polystyrene powder mixed with
polyethylene powder; the mixture is not a polyblend, according to this
definition, because the whole mixture is not a single entity but a collection
of many powdery particles. Within each single particle of this powdery
material, the polymer is either polystyrene or polyethylene, so each par-
ticle is not a polyblend. If one dissolves the mixture in a solvent and
precipitates it into a nonsolvent in a blender, the resulting powdery prod-
uct is not a polyblend because again the product is not a single entity.
Each single particle is a polyblend because it contains within its physical
boundary two well-mixed polymers. If these two powdery mixtures are
fused separately into a single piece, each of these two single pieces of
material is a polyblend. In fact, if the components are mixed thoroughly,
they will be indistinguishable.

Polyblends can be prepared by four methods: (1) mechanical mix-
ing on rubber mills or extruders, (2) polymerization of one monomer in
the presence of another polymer, (3) evaporation or precipitation from
mixture of polymer solutions, (4) coagulation of mixture of polymer
latices. Notice that the products from Methods 2, 3, and 4 are not poly-
blends according to the definition above. They may be in a thoroughly
mixed state and not covalently linked, but they have not been formed
into a single piece. The forming process, either through solution or
fusion, could result in demixing of the components. Frequently, the
components of a polyblend have such low affinity for each other that
their fusion product will readily break on gentle handling, such as re-
moving it from a press or mold. In the extreme cases a fusion product
cannot even be obtained by mixing the components on a hot roll-mill;
the two molten components will stay on separate rolls.

Mixing of Nonpolymeric Liquids

No attempt is made to review solution theory. For a thorough treat-
ment on this subject, numerous authoritative monographs (3, 4, 5, 6, 7)
are available. We discuss only those thermodynamic considerations which
have some bearing on the discussion of compatibility of polymer blends.

Homogeneous Liquid Mixtures. Although most compatible liquid
pairs give nearly random and complete mixing at the molecular level,
this condition is not a necessary requirement for compatibility. If liquids
with different mutual interaction are mixed—e.g., liquids capable of hy-
drogen bonding—various degrees of molecular association will occur.
As long as the association does not result in phase separation, the liquid
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1. vu Compatibility in Polyblends 5

mixture is compatible. Homogeneity is the only requirement for com-
patibility.

To understand what constitutes the condition leading to homoge-
neous liquid mixtures, it may be desirable to start with the fundamental
question: what determines whether a reaction, a process, or a change
will take place? If it does take place, to what extent will it proceed? In
our specific case, we want to know if N, moles of liquid A and Ny moles
of liquid B are mixed at room temperature and atmospheric pressure,
will a one-phase homogeneous mixture or a two-phase heterogeneous
mixture result? In the latter case what will be the composition and rela-
tive amount of the two phases? Thermodynamics has taught that if the
change in free energy AF of the reaction or process is negative, the proc-
ess will proceed spontaneously. It will proceed to the extent that maxi-
mum negative AF is obtained. At that point, any further change will
involve expenditure of free energy—i.e., positive AF, so the system will
remain at this equilibrium position.

In Figure 1, the free energy of N, moles of A and N moles of B
before mixing is at point 1. If the free energy for the homogeneous
mixture is at point 2, the reaction will proceed to give a compatible
mixture since AF — F, — F, is negative. If the free energy of the homo-
geneous mixture is at point 3, the mixing of N, moles of A and N moles
of B will proceed to point 2 giving a two-phase mixture consisting of two
liquid mixtures of A and B of different compositions in dynamic equi-
librium. For the system to go from point 2 to 3 (AF = F3 — F, is posi-
tive), the reaction will not proceed on its own without adding energy,
equal to F5 — F,, into the system. At point 2, the position of equilibrium,
the chemical potentials of either component in both phases are equal.

T

S

H

w AF=F3-Fp
(]

State of the System

Figure 1. Thermodynamic model for determining
compatibility
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There will be no net change in the relative amount and in the composi-
tion of the two phases in time. As to the exact composition of the two
phases and their relative amounts, one would need a phase diagram re-
lating temperature and mole fraction of the two liquids. Thus, AF deter-
mines whether or not a reaction will proceed. Thermodynamics has
further taught that AF — AH — TAS. AH is the change in heat content,
and AS is the change of entropy of the process. For our purpose, if we
know the magnitude of AH and AS of mixing and the temperature at
which mixing takes place, we can calculate AF and predict if a homo-
geneous mixture can be obtained. AH for mixing is a measure of the
attraction between the molecules to be mixed. A negative AH means that
heat is evolved during mixing and lost to the surroundings. Heat is
evolved on mixing if the molecules to be mixed attract each other more
than they attract their own kind. This naturally favors mixing, as shown
by the contribution of a negative AH to the negative AF. As shown later,
AS of mixing is always positive and, therefore, —TAS will always be
negative. Thus, the sign of AF will be determined by the sign of AH.
If it is negative or zero, AF will be negative. If it is positive, it must not
be larger than TAS for AF to be negative.

For a quantitative calculation of heat of mixing, the Scatchard-Hilde-
brand equation (8) gives:

AHy = Vy(3a — 38)2padn (1)

where Vy is the total volume of the mixture, ¢ is the volume fraction
of the liquids, and § is the so-called solubility parameter of the liquids.
The solubility parameter of a liquid is a measure of the cohesive energy
of the liquid—i.e., how strong the molecules attract themselves. It is
related to the heat of vaporization of the liquid. AHy depends on con-
centration. ¢,¢p has a maximum valve when ¢, = ¢ = 0.5 and ap-
proaches zero when the liquid mixture is infinitely dilute. Notice that
(84 — 8g)? is always positive when 8, = 8p, and AHy is zero when 8,
— 8p. A positive AHy will contribute to phase separation unless over-
come by a large TAS. If the force field of A is very different from B, one
may obtain a two-phase system. On the other hand, if A and B have
equal force fields, AHy will be zero to promote compatibility. Thus, the
rule of “like dissolves like” has its theoretical origin in §, — &g giving
AHy = 0. The equation is unable to explain a negative AHy—i.e., heat
is evolved on mixing. This is caused by the fact that some assumption
made in deriving Equation 1 was erroneous. A negative AHy will always
result in a homogeneous mixture. This explains why exothermic reactions
will proceed spontaneously.

The entropy of a system can be interpreted in various ways. For
mixing purposes, statistical mechanics provides the best conceptual under-
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standing. In statistical mechanics, entropy is a measure of the random-
ness or disorder of a system. High entropy is associated with disorder.
Since a spontaneous process goes from order to a random state, all spon-
taneous processes are accompanied by a gain in entropy. When N, moles
of A and Ng moles of B are mixed, the change in the entropy of mixing
is represented by Equation 2.

ASy = —R(NaIln Xa + NgIn X3) (2

where X, and Xj are the mole fractions of A and B in the mixture. Equa-
tion 2 represents the entropy change in a completely random mixing of
A and B. For the equation to hold, the molecules of A and B must have
similar size and shape. ASy is also known as the configurational entropy
change. We can now write, since AFy — AHy — TASy,

AFy = Vu(3x — 38)%a¢s + RT(NxIn Xs + Nz In Xp)

All terms on the right of the equal sign are either characteristic of the
liquids before mixing or related to the composition of the mixture. There-
fore, we can estimate, at least in principle, the sign and magnitude of AFy
when N, moles of A and Ng moles of B are mixed.

There are four kinds of solution behavior as shown in Figure 2.

AHy
zero non-zero
ideal ideal regular
AS“ - "
non-ideal athermal irregular

Figure 2. Diagram of the four kinds of solution behavior

An ideal solution is characterized by zero heat of mixing and ideal
entropy of mixing—i.e., random and complete mixing of the molecules at
the molecular level. Ideal solution requires the molecules of the liquids
to have the same size, the same shape, and the same force field. They
are compatible in all proportions at all temperatures and pressures.
Glasstone (9) has discussed how large deviations from ideal solution
behavior will lead to incomplete solubility of one liquid in another as
the temperature is changed. Systems showing deviation from ideal be-
havior are common. Glasstone stated that if the two liquid constituents
in force field of interaction, polarity, length of hydrocarbon chain of
molecule, and degree of association in liquid state, the mixture will show
nonideal solution behavior. Thus, even among simple liquids, compatible
mixtures in all composition and temperature ranges are exceptions rather
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than the rule. Therefore in describing a liquid mixture as compatible, it
is necessary to specify the composition and temperature of the mixture.

Metastable Homogeneous Liquid Mixtures. We need to appreciate
the importance of the history of a sample of liquid mixture and how
homogeneity is measured. We refer to Figure 1. Suppose point 1 repre-
sents the free energy state of a sample of oil and water before mixing,
point 2 represents the free energy state of oil and water at equilibrium
as a heterogeneous mixture, and point 3 represents the free energy state
of an emulsion of oil and water after the components are mixed in an
intensive mixer, homogenizer, or colloid mill. We choose to reach equi-
librium from points 1 through 3 to 2. That is, the mixture of oil and
water is mixed to a fine dispersion, with particle sizes smaller than the
wavelength of visible light, such that it gives a transparent appearance.
We know from thermodynamics that change in free energy depends only
on the initial and final states and is independent of the path from the
initial state to the final state. There is no question in this case that oil
and water form a two-phase incompatible system at equilibrium and the
oil-in-water emulsion is at a metastable state. If water and oil are simply
mixed—going from point 1 to 2 directly—one can ascertain that an in-
compatible two-phase mixture results. However, if the components of
the same mixture are homogenized first—going from point 1 to 3—one
may have to wait a long time before the system will separate into two
phases. If the sample history is known, and there is reason to suspect
that the apparent homogeneity may not be real, one may want to wait
a little longer before deciding if the mixture is indeed homogeneous, but,
how long should one wait? Alternatively, one may choose to use an in-
strument to detect the presence of a second phase. If an optical micro-
scope is used to examine a transparent oil-in-water emulsion, the small
oil droplets may not be visible. On the other hand, electron microscopy
or light scattering may show the heterogeneous nature of the emulsion.
Finally, mild agitation, shaking, or freezing can result in phase separation
of the metastable emulsion. These examples, which are not unlikely, show
that even for mixing simple nonpolymeric liquids like oil and water the
conclusion cannot always be clear cut. Whether a seemingly homoge-
neous liquid mixture from mixing of liquids can be considered and
concluded as truly homogeneous depends on:

(1) The time scale in determining homogeneity
(2) The size scale in determining homogeneity
(3) The amount of disturbance allowed to upset the homogeneity

To summarize, even mixing simple liquid molecules, one-phase, ho-
mogeneous, and compatible mixture is by no means prevalent, and the
demarkation of homogeneity and heterogeneity is not always unequivocal.
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Polyblends

To study the problem of compatibility of a polyblend, one can extend
the thermodynamic treatment of the mixing of liquids to systems involv-
ing two or more polymers. Since we should deal with systems at equi-
librium, we must consider first the problems involved in attaining the
equilibrium state of mixing. First consider the kinetic aspect of mixing.
How fast can a polymer diffuse through a highly viscous medium, even
with the application of heat and mechanical work? Short distance inter-
penetration involving segments of polymer chains is conceivable, but long
distance migration of a whole polymer molecule through the viscous
matrix within the duration of the mixing process intuitively is slow and
difficult. Consider next the mechanical problem. The mixing equipment
for polymer blends is large compared with the size of the molecules. It
is difficult to expect that individual polymer molecules are actually being
disentangled and separated during mixing. More likely, the volume ele-
ments in the blend which are being mixed involve clusters of polymer
containing many chains. This conclusion was drawn by Leigh-Dugmore
(10), based on his interpretation of the literature results. Eventually,
mixing will reach an equilibrium state at which any further mixing will
not reduce the degree of heterogeneity. At this point, we need to find
out if the polyblend has a two-phase heterogeneous structure or a one-
phase homogeneous structure. We must bear in mind that excessive
mechanical mixing may cause degradation, chain scission, block or graft
copolymer formation. All these side reactions will complicate the study
of polymer compatibility since new species are introduced into the sys-
tem. Thus, mixing of two polymers to reach an equilibrium state of dis-
tribution of one polymer in another is more complex than mixing of
liquids. If one can separate the chains of the polymers before mixing,
one may alleviate the kinetic and mechanical problems as discussed
above. This can be accomplished by dissolving the polymers in a single
solvent or solvent mixture and then mix the solutions. In the classic
experiment by Dobry and Boyer-Kawenoki (11) involving two polymers
and a solvent, it was found that even in dilute solutions of a few percent
concentration, most mixtures showed phase separation with each polymer
dissolved in the same common solvent occupying a separate phase. When
chains of two polymers are free to migrate, they do not want to intermix.

What does thermodynamics say on the mixing of polymers? The
equation AFy — AHy — TASy still applies. Since mixing polymers, as
compared with mixing simple liquids, involves a smaller number of mole-
cules, ASy will be very small. Thus, the sign of AFy is affected strongly
by AHy. Flory (12, 13) has proposed methods to calculate these terms.
In the case where calculations can be made, AFy was always positive
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(14). Even long before a method was developed to make possible such
calculations Flory (15) stated that:

Two high polymers are mutually compatible with one another only if
their free energy of interaction is favorable, i.e., negative. Since the mix-
ing of a pair of polymers, like the mixing of simple liquids, in the great
majority of cases, is endothermic, incompatibility of chemically dissimilar
polymers is observed to be the rule and compatibility is the exception.

Of course, Flory has not defined the criteria for compatibility. If
compatibility is to mean single homogeneous phase and is associated
with nearly complete mixing of the molecules at the molecular level, as
it does for simple liquids, no polyblends are known to be truly compatible.
So what does compatibility mean when applied to polyblends? A search
of the literature revealed that various methods have been used to deter-
mine compatibility of polyblends and each method has its own standard
and sensitivity.

Solution in Common Solvent. The method of Dobry and Boyer-
Kawenoki (11) showed that compatibility of a polymer pair can be de-
termined by its solution in a common solvent. If phase separation occurs,
the pair is incompatible. Since phase separation is affected by polymer
concentration and by temperature, this test is quite arbitrary and gives
only relative results.

Film Casting. Frequently films are cast from homogeneous dilute
solution of two polymers. An opaque and crumbly film indicates incom-
patibility, and a clear and self-supporting film suggests better compati-
bility. Since there is a continuous change in clarity and opacity and
transition from crumbly state to self-supporting is also gradual, it is diffi-
cult to judge where compatibility leaves off and incompatibility starts.

Appearance of Fused Product. From the fabrication point of view,
if two polymers give a “smooth band” on a two-roll mill, the polyblend
is said to be “compatible.” If the fused product is “cheezy,” it is said to
be “incompatible.” Frequently, the fused product is pressed into a flat
sheet. Transparency of the sheet signifies compatibility, whereas an
opaque appearance means incompatibility. Obviously, these criteria are
arbitrary and crude. They are subject to great variation owing to differ-
ence in individual judgement. In addition, they give no information on
the morphological feature of the system.

Glass Transition Temperature. If the glass transition temperatures
of the polymeric components are known and the glass transition tem-
perature of the polyblend is determined, one of two things can happen.
If the polyblend shows two distinct transitions corresponding to the par-
ent polymers, it is incompatible. If the polyblend shows one transition
only, the system is compatible. Since the glass transition temperature is
a measure of the segmental mobility of a polymer, it must be sensitive
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to the environment of the segments. If a polyblend shows glass tran-
sition temperatures similar to the parent components, the chains of the
parent polymers must be very much within its own kind. Normally, one
does not always get either a sharp single transition or two transitions.
These represent the extreme situations with the real results falling be-
tween these two. Thus, various degrees of “partial compatibility” were
proposed as an interpretation. Glass temperatures can be determined
in many ways, and many different methods were actually used to deter-
mine polyblend compatibility. Jenkel (16) described the use of refractive
index—temperature relationship to determine polyblend compatibility.
Bartenev (17) determined glass temperature by plotting specific volume
as a function of temperature. Again, when the results of the parent
components and the polyblend are compared, compatibility or the lack
of it is readily determined. Differential thermal analysis, differential
scanning calorimetry, and thermal mechanical analysis can also be used
to detect glass transition temperature; no new principle is involved.

Dynamic-Mechanical Measurement. This is a very sensitive tool and
has been used intensively by Nielsen (17) and by Takayanagi (I8).
When the damping curves from a torsion pendulum test are obtained for
the parent components and for the polyblend and the results are com-
pared, a compatible polyblend will show a damping maximum between
those of the parent polymers whereas the incompatible polyblend gives
two damping maxima at temperatures corresponding to those of the
parent components. Dynamic mechanical measurement can also give
information on the moduli of the parent polymer and the polyblend. It
can be shear modulus or tensile modulus. If the modulus—temperature
curve of a polyblend locates between those of the two parent polymers,
the polyblend is compatible. If the modulus—temperature curve shows
multiple transitions, the polyblend is incompatible.

Since dynamic mechanical tests measure the response of a material
to an applied stress at different temperature and frequency, they measure
the transition of the material from glassy to leathery to rubbery state. If
the frequency is kept constant and low (about one cycle/sec), the results
are related to measurements of transition by other techniques. Thus, some
cross-checking is possible.

Microscopy. This is a powerful tool for studying visually the dis-
tribution of the two phases in the polyblend. One can tell not only the
domain size of the dispersed phase but also which polymer forms the
dispersed phase from refractive index. A phase contrast light microscope
can detect heterogeneity at the 0.2-10 p level. If the sample can be
stained preferentially and sectioned with microtome, then under favor-
able conditions electron microscopy can show heterogeneity to a very
fine scale. In a study of PVC-poly(butadiene—co-acrylonitrile) blend,
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Matsuo, Nozaki, and Jyo (20) showed that heterogeneity at 100 A scale
and under can be detected readily. Thus, microscopy can offer a measure
of heterogeneity down to 001 u scale which is much smaller than the
domain size of most polyblends. Results of microscopy have established
convincingly that nearly all polyblends are heterogeneous two-phase sys-
tems. How does one describe the results? Obviously, heterogeneity as
revealed by microscopy is a relative property. If compatibility is used in
a qualitative sense, a polyblend with a finer domain size will be more
compatible than one with a larger size, provided equilibrium size dis-
tribution has been attained in both cases.

Of the methods listed, glass transition temperature, dynamic mechan-
ical measurement, and microscopy undoubtedly give the most useful in-
formation on the compatibility of polyblends. However, what is described
as compatible by one method may be incompatible by another. Thus
Stoelting, Karasz, and Macknight (21) found that blends of poly(2,6-
dimethyl-1,4-phenylene ether) with atactic polystyrene gave two relaxa-
tion peaks corresponding to the parent polymers in dynamic mechanical
measurement, indicating incompatibility by this method, and yet the same
polyblend gave only a single glass transition temperature by differential
scanining calorimetry, suggesting compatibility. Similarly, Matsuo (20)
found in the blend of poly(vinyl chloride) and poly ( butadiene—co-acrylo-
nitrile) (60/40 by mole) that whereas dynamic mechanical measurement
gave only one peak indicating a compatible system, a thin section of the
blend under an electron microscope showed heterogeneity clearly at the
100 A scale and under.

We may now conclude from both thermodynamic considerations and
experimental observations that when polymers of different chemical com-
positions are mixed, they will not intermix down to the molecular level
and will not give a homogeneous single-phase structure. This ultimate
state of molecular mixing, attainable by many liquid mixtures, can only
be approached by polyblends as a limit. Therefore, the criterion of
polyblend compatibility should not depend on the attainment of a single
phase homogeneous structure. Conceptually, compatibility can be a rep-
resentation of how close a polyblend approaches the ultimate state of
molecular mixing as a limit. Phenomenologically, compatibility can best
be described by the degree of homogeneity of the polyblend and meas-
ured and compared by the domain size of the dispersed phase. The finer
the size of the dispersed phase in the continuous phase, the better the
compatibility. Since the fineness of dispersion is relative, compatibility
will have to be a relative and not an absolute attribute of the polyblend
systems. Just like small molecules, if two polymers have a strong affinity
for each other owing to strong intermolecular interaction, they will mix
more intimately. In other words, compatibility is a relative measure of
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the affinity of two polymers for each other. Shultz (22) has reviewed
rigorously the thermodynamic nature of this interaction. We can say that
when two polymers show strong affinity for each other, they can be dis-
persed to small domain size. The smaller the domain size, the more com-
patible the system. Since compatibility as used in polyblends is a relative
property and no scale has been established for comparison, it cannot be
measured quantitatively as the degree of crystallinity of a crystalline
polymer or the purity of a chemical compound. To avoid confusion, it is
desirable to describe compatibility of a polyblend by giving: (1) the com-
position of the polyblend and the characterization of its components, (2)
the sample history as to method of preparation, (3) the method and
instrument used to determine compatibility, and (4) the experimental
results and conclusions. Merely to state that two polymers are compatible
is not sufficient to convey useful information.
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Compatible High Polymers: Poly(vinylidene
fluoride) Blends with Homopolymers of
Methyl and Ethyl Methacrylate

J. S. NOLAND, N. N.-C. HSU, R. SAXON, and J. M. SCHMITT

Plastics Division, American Cyanamid Co., Stamford, Conn. 06904

The homopolymers poly(methyl methacrylate) and poly-
(ethyl methacrylate) are compatible with poly(vinylidene
fluoride) when blended in the melt. True molecular com-
patibility is indicated by their transparency and a single,
intermediate glass transition temperature for the blends.
The T, results indicate plasticization of the glassy metha-
crylate polymers by amorphous poly(vinylidene fluoride).
The T, of PVdF is consistent with the variation of T, with
composition in both the PMMA-PVAF and PEMA-PVdF
blends when T, is plotted vs. volume fraction of each com-
ponent. PEMA/PVdF blends are stable, amorphous systems
up to at least 1 PVdF/1 PEMA on a weight basis. PMMA/
blends are subject to crystallization of the PVdF component
with more than 0.5 PVdF/1 PMMA by weight. This is an
unexpected result.

In the early 1960’s it was discovered in our laboratory (20) that poly-
(methyl methacrylate) (PMMA) and poly(vinylidene fluoride)
(PVAF) were compatible when blended in the melt. Similarly, com-
patibility was found for poly(ethyl methacrylate) (PEMA) with PVdF.
Blends of the fluorinated polymer with higher alkyl methacrylate poly-
mers, however, were nonhomogeneous.

At about the same time, Koblitz and co-workers (14) observed the
formation of a “homogeneous physical mixture of PVAF and a solid
PMMA resin,” although they placed primary emphasis upon minor
amounts of PMMA as a processing aid for PVdF. Our work, which is
described below, was chiefly concerned with PMMA-rich systems, in
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recognition of the possible technological advantages inherent in having
a light-stable, durable, polymeric plasticizer for PMMA (17).

Experimental

Materials. The PMMA used was Acrylite H-12 molding compound
(American Cyanamid Co.?. This material was available as pellets. PVdF
was Kynar 401 (Pennwalt Chemicals Co.), a powder of high but un-
specified molecular weight. PEMA was polymerized in bulk in the lab-
oratory from ethyl methacrylate (Rohm & Haas) by a laboratory scale
adaptation of the PMMA process (22).

Preparation of Blendé. Blends were most conveniently made by
fluxing a weighed amount of the acrylic component on a two-roll mill
at 165°-170°C, followed by the addition of the PVAF and working for a
few minutes until the blend was homogeneous. It was then removed
from the mill, cooled, granulated in a Cumberland chopper, and either
used in the form of irregular granules or passed through a small single- or
twin-screw extruder to provide pellets or thin film.

Differential Thermal Analysis (DTA) and Thermochemical Analysis
(TMA). Differential Thermal Analysis (DTA) measurements were car-
ried out on a du Pont model 900 differential thermal analyzer. Measure-
ments on PMMA-PVAF polyblend samples annealed at room temperature
were carried out by heating at 10°/minute over the range 25° to ca.
170°C. Samples of melt extruded PVdF, annealed several weeks at am-
bient temperature, exhibited no definitive changes characteristic of the
glass transition when heated at 10°/minute from —100° to 100°C, ap-
parently owing to the large portion of crystalline material. The samples
of PVAF were heated to 190°C (which is above the melting region
observed at 156°C) and quenched rapidly to —195°C. These quenched
samples were heated through the recorded range of —110° to 20°C. In
four heating cycles, transitions in the range —43° to —47°C were ob-
served. The average of —46°C was chosen as T,

A du Pont model 940 thermomechanical analyzer was employed for
the T, measurements on the PEMA/PVdF polyblends by the TMA tech-
nique. The sample specimens were cut from 30-mil, melt pressed sheets
of the respective blends and examined by heating from —60° to 100°C
at a rate of 5°C/minute. Sharp, unambiguous transitions were observed.

Dilatometry. Conventional dilatometric equipment was used (10),
] shaped with a 60 cm long, 1 mm diameter, graduated capillary, with
the specimen section in an inverted position to reduce hydrostatic pres-
sure on the sample. After introduction of the sample, the sample section
was sealed, and the dilatometer was evacuated to 0.01 mm Hg and heated
to 190°C at 1°-2°C/minute. It was removed from the bath and cooled
rapidly to the specified quench temperature, at which point the mercury
confining liquid was a](]lowed to flow into the evacuated dilatometer.
In cases where the quench temperature was lower than the freezing point
of mercury, ethanol was used as the confining liquid, and straight dila-
tometers of the same size were used. The dilatometric data for T,—i.e.,
the point of inflection of the resulting volume vs. temperature plots for
the PVAF-PMMA blends—are presented in Table 1.
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Table I. Dilatometric Data for PVdF/PMMA Blends

Run Quench Average
PVdF, 9, No. Temp., °C T,, °C T,, °C
15 a —-30 73.5
b -30 80.0
c —-30 80.0 78.1
d -30 75.0
e 26 82.0
35 a 26 61.0
b 46 66.8
c 26 53.0 62.0
d 50 67.0
e 26 62.0
50 a —-30 39.5
b —-30 38.0 40.2
c 26 43.0
70 a —-30 0.0
b —-30 5.0
c —-70 1.5 24
d -70 3.0

Ultraviolet Exposure. A combination fluorescent ultraviolet and
fluorescent blacklight lamp assembly (2) was used which yields an ultra-
violet spectrum similar to that of the ultraviolet portion of sunlight (9).

Light Transmission. This was determined on a GE recording spectro-
photometer using thin films, followed by integration of the transmission
over the visible range.

Mechanical Tests. These were determined on an Instron model TM
using thin films.

Discussion

Physical Properties of PMMA-PVJF and PEMA-PVdF Polyblends.
The compatibility of these pairs of homopolymers is illustrated both by
their clarity and by the fact that single glass transition temperatures,
intermediate between the two homopolymer values, are observed.

T, data for the blends are shown in Figure 1. Results obtained by
DTA on PMMA-PVAF blends which had been melt extruded and “an-
nealed” at room temperature appeared to be anomalous in terms of the
theory for glass transition of copolymers or compatible polymer blends
(6). These data indicated a limiting value for T, of ca. 40°—45°C. How-
ever, x-ray examination showed that samples with more than ca. 35%
PVdF exhibited a crystalline phase, indicating that some of the PVdF
had precipitated. When these systems were re-examined by dilatometry
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Figure 1. Glass transition temperature of
PMMA-PVAF blends

with rapid quenching from the melt to —30° or —70°C, a more con-
tinuous variation with composition was observed.

At least two different glass transition temperatures have been re-
ported for PVAF homopolymer. Owing to the large proportion of crys-
talline structure in this polymer and the rapid crystallization which occurs
while heating quenched amorphous samples, it is difficult experimentally
to obtain an unambiguous, well-defined second-order transition. Mandel-
kern, Martin, and Quinn (16) reported a value “below —40°C” based
upon an extrapolation of the T, data for vinylidene fluoride—chlorotri-
fluoroethylene copolymers in accordance with the Fox equation (6),

L_W W
7,~ T, T T,

where W, and W, are the weight fractions of the respective comonomers
in the copolymer. They arrived at a somewhat higher T,, —35° to
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—40°C, by dilatometric experiments on annealed PVdF. Peterlin and
Holbrook (18) have reported a value of 13°C. Our own data, established
by DTA on samples quenched rapidly from the melt, gave an average
value of —46°C, in agreement with the extrapolation of Mandelkern and
co-workers.

Using this experimental value for PVAF and the value of 95°C for
PMMA, and plotting the experimental T, data for the blends vs. wt %
composition, the observed values show large deviation from the behavior
which would be predicted by the Fox equation (Figure 2). It appeared

OBSERVED Tg

-50 I 1 1 N
0 20 40 60 80 100
% PVdF BY WEIGHT
O DETERMINED DILATOMETRICALLY
A DETERMINED BY DTA
— PREDICTED BY FOX EQUATION

Figure 2. Comparison of experimental T, values of PMMA-
PVAF blends with theoretical curve based on Fox equation

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch002

20 MULTICOMPONENT POLYMER SYSTEMS

ok ]

0F T\ -

S0 \ 1
30 \

Tg °C

lof- \ §
-10f \ -

-30f \ A

=50 1 1 1 1 !
0 0.2 0.4 0.6 0.8 1.0
VOLUME FRACTION, PVdF IN BLEND

I DETERMINED DILATOMETRICALLY
@ DETERMINED BY DTA

——CALCULATED BY MODIFIED KELLEY—BUECHE
EQUATION

Figure 3. Observed vs. calculated T, of PMMA-
PVdF blends

to us that the present situation involving a polymer blend might be de-
scribed more accurately by equations developed for polymer—diluent
systems and represented a special case of the Kelley-Bueche (13) equa-
tion:

vpT op(@; — ag) + vaTvana

T =
¢ vplar — @g) + vaaa

where v is the volume, « is the thermal expansion coefficient, the sub-
script p refers to the polymer, d to the diluent, I to liquid, and g to glass.
This equation is derived on the assumption that free volumes of the
polymer and diluent are additive and that the free volume has the same
critical value for polymer, diluent, and their mixtures at their respective
glass temperatures. [T. G. Fox has called the authors’ attention to a
publication of L. A. Wood (24), in which a generalized expression for
T, of polymer mixtures is presented, from which the Fox equation and
the modified Kelley-Bueche equations, below, can also be derived.]
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Since the diluent is itself a polymer, the same “standard” free volume
at T, would be assigned to both components, and a4 should be replaced
with (as — agy). Following Bueche’s precedent that («; — ) is a con-
stant for all polymers, we may write (a; — ay) = (aa — agy). The
Kelley-Bueche equation then reduces to

v,,T,,p + vaT'q,

T, = vp + va

or, since vy, + v¢ = 1, and p and d are simply two different polymers,
T, = T, + T,

Thus, T, should be a linear function of the volume fraction of each
component rather than the weight fraction as implied by the Fox equa-
tion. When the T, data are plotted vs. volume fraction, a reasonable fit
is obtained for the PMMA-PVAF polyblends (Figure 3) and excellent
agreement for PEMA-PVAF blends (Figure 4). [For these calculations,

-10

-30

-50

0 02 04 06 08 1.0
VOLUME FRACTION OF PVdF IN BLEND

A PEMA Tg FROM LITERATURE
® PVdF TgBY DTA
® DETERMINED BY THERMOMECHANICAL
ANALYSIS
—— CALCULATED BY MODIFIED KELLEY—BUECHE
EQUATION

Figure 4. Observed vs. calculated T, of PEMA-
PVdF blends

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch002

22 MULTICOMPONENT POLYMER SYSTEMS

100 T T T T T 1 J J v '

% TRANSMISSION

]

1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

WEIGHT % POLYVINYLIDENE FLUORIDE IN BLEND

Figure 5. Light transmission of PMMA-PVdF blends

the amorphous density of PVdF — 1.74, the density of PMMA = 1.19,
the density of PEMA — 1.12, and the T, of PEMA = 66°C, were all taken
from Lewis (15).]

Thus, the PVAF behaves as a homogeneous plasticizer for the metha-
crylate polymers. For the PMMA-PVJF system, the compositions with
more than 40 wt % PVdF, whose T,’s are below 50°C, permit crystalli-
zation of PVAF as a separate phase. Consequently, the T, is elevated
since the concentration of the diluent is effectively reduced in the amor-
phous phase. At ambient temperature, this produces the phenomenon
of limiting T, as observed in the original room temperature annealed
samples (Figure 1).

It is interesting that the PEMA-PVAF blends are amorphous up to
at least 50 wt % PVdAF even though the T, of the latter is 24°C. The
crystallization of PVAF observed in the analogous PMMA blend does
not occur under the same conditions with PEMA-PVdF. This suggests
that there is a specific interaction between the fluoropolymer and the
methacrylate polymer which is sufficient to “dissolve” PVAF in the PMMA
and PEMA, and that this specific interaction is superimposed on the con-
ventional diluent—crystalline polymer interactions. The complexity of
the rate processes involved with high molecular weight systems arising
from molecular mobility makes it impossible to elucidate the nature of
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such specific interaction without a considerably more detailed investi-
gation.

Other properties of the PMMA-PVAF system are consistent with the
amorphous—crystalline blend model. Thus, the light transmission of films
of these blends at room temperature (Figure 5) decreases fairly abruptly
as the the PVdF content increases, coincident with the appearance of a
crystalline phase.

The tensile properties at ambient temperatures are also consistent
with this view (Figure 6).

Ultraviolet Stability of PMMA-PVdF Polyblends. The potential
ultraviolet resistance of this polyblend was of considerable interest. Let
us first consider what is known of the photochemical stability of the
components.

The degradation of PMMA in the short wavelength ultraviolet region,
principally with the 2537-A mercury line, has been studied by several
investigators (4, 7, 8, 12, 21). In general, exposure to this high energy
radiation has caused molecular weight degradation by random chain
scissions, the quantum yield depending on the purity of the polymer and
the nature of the exposure (air or vacuum). This chain scission may be
accompanied by fragmentation of the ester group and chain unzipping;
the latter also depends upon the temperature of the exposure.

For practical purposes the resistance of PMMA to near ultraviolet
is more important since it is the region which is responsible for the

TENSILE STRENGTH (103 psi),

TENSILE MODULUS (106 psi) OR
ELONGATION (%)

- N W H NN O N o O

10 30 50 70 90
WT % PVdF

O TENSILE STRENGTH AT RUPTURE, @ AT YIELD
& ELONGATION (%) AT RUPTURE, & AT YIELD
m TENSILE MODULUS

Figure 6. Mechanical properties of flms of PMMA-
PVdF blends
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Figure 7. M, degradation of PMMA
by ultraviolet exposure

photochemical deterioration of plastics in exposure to weather. In ter-
restrial sunlight more than 99% of the ultraviolet energy occurs at wave-
lengths longer than 3000 A. Therefore, we have carried out exposure
tests in a device (2) which combines fluorescent ultraviolet and fluores-
cent blacklight lamps to yield a spectrum similar to the ultraviolet spec-
trum of sunlight (9). These experiments have established that the same
kind of molecular weight degradation occurs in PMMA with ultraviolet
energy above 3000 A as in the 2537-A region but at a slower rate and
with no observable by-products. The color retention and general appear-
ance of the acrylic polymer samples depended upon the purity—i.e.,
freedom from ultraviolet-absorbent species such as aromatic residues,
peroxides, etc.—but the samples also undergo molecular weight degrada-
tion at a slow rate which is nearly constant with exposure time.

The rate of polymer degradation was determined by measuring the
intrinsic viscosity of the initial and exposed samples in chloroform. The
molecular weight (M,,) was calculated from the equation (3):

[1] = 4.3 X 105 Mo-%0

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch002

2. NOLAND ET AL. Compatible High Polymers 25

for which the constants had been obtained from log-log plots of intrinsic
viscosity vs. M, determined by light scattering.

It was established, in unpublished results, that the PMMA poly-
merization process yielded a random, most probable distribution of
molecular weights, and therefore it was assumed that the relationship

M, =2M,
was valid.
The degree of polymerization X, was calculated from the relationship

i, _M,
monomer molecular weight ~ 100

X, =

It is well known (11) that for degradation by random chain scission,
the following relationship is valid:

NE SR S
Xn.t Xn.o

Hence a graph of _X—:—t vs. t should produce a linear plot.

A series of four samples of different initial M,, but prepared by
analogous procedures, were subjected to near-ultraviolet degradation
(Figure 7). The expected family of straight, parallel lines is obtained.
Therefore, we could predict an ultimate tensile failure for PMMA when
the molecular weight M,, had degraded beyond a certain threshold—ca.
70,000. This behavior was indeed observed (Figure 8).
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Figure 8. Tensile strength and M,, of PMMA as functions of dura-
tion of fluorescent ultraviolet irradiation
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The ultraviolet degradation of PVAF has been studied much less
extensively. We observed, in studies with the same energy sources as
mentioned above, that PVdF homopolymer exhibits an initial increase in
M,, but eventually becomes insoluble. This appears to be consistent with
a published report (23) that PVAF increases in tensile strength and de-
creases in elongation when exposed to irradiation with electrons. These
results suggest that PVAF undergoes both a crosslinking and a chain
scission mechanism. Our data are summarized in Figure 9, along with an
analogous plot of strength vs. electron irradiation dose.

The performance of polyblends is quite consistent with that of the
two components alone. This might be expected owing to the high degree
of ultraviolet transparency of each of the component’s polymers (Figure
10). Their retention of tensile strength and elongation is limited by the
M,, of the PMMA portion, which is the more ultraviolet-sensitive of the
two polymers. The PVAF portion also crosslinks, though at a slightly
reduced rate compared with PVdF homopolymer alone. (The crosslinking
is deduced from the fact that the PVdF fraction in the blend retains its
solubility after longer exposure than does PVdF exposed alone.)

In practical terms, very good durability can be achieved by increas-
ing the M,, of the PMMA component. Since PVdF plasticizes the PMMA,
the melt viscosity of the blend was not appreciably changed by increasing
the M,, of the PMMA component from 100,000 to 200,000. This change
did, however, effectively double the exposure lifetime through which the
maximum tensile properties of the polyblend were maintained.

Conclusions

Mixtures of poly(vinylidene fluoride) with poly(methyl methacryl-
ate) and with poly(ethyl methacrylate) form compatible blends. As
evidence of compatibility, single glass transition temperatures are ob-
served for the mixtures, and transparency is observed over a broad range
of composition. These criteria, in combination, are acceptable evidence
for true molecular intermixing (I, 19). These systems are particularly
interesting in view of Bohn’s (1) review, in which he concludes that a
“compatible mixture of one crystalline polymer with any other polymer
is unlikely except in the remotely possible case of mixed crystal forma-
tion.” In the present case, the crystalline PVAF is effectively dissolved
into the amorphous methacrylate polymer melt, and the dissolved, now
amorphous, PVAF behaves as a plasticizer for the glassy methacrylate
polymers.

This unusual compatibility between homopolymers which can be
readily characterized opens the way for studying the criteria of polymer
compatibility in more detail. Other aspects, such as the observed melting
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point depression for crystalline PVAF upon dilution with PMMA and
crystallization isotherms for PVdF-rich systems will be reported later.
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Physical Properties of the System:
Poly(2,6-dimethylphenylene
oxide)-Polystyrene

W. J. MAacKNIGHT, J. STOELTING,' and F. E. KARASZ

Polymer Science and Engineering Program and Department of Chemistry,
University of Massachusetts, Amherst, Mass. 01002

The dielectric relaxation of bulk mixtures of poly(2,6-di-
methylphenylene oxide) and atactic polystyrene has been
measured as a function of sample composition, frequency,
and temperature. The results are compared with earlier
dynamic mechanical and (differential scanning) calorimetric
studies of the same samples. It is concluded that the poly-
mers are miscible but probably not at a segmental level. A
detailed analysis suggests that the particular samples investi-
gated may be considered in terms of a continuous phase-
dispersed phase concept, in which the former is a PS-rich
and the latter a PPO-rich material, except for the sample
containing 75% PPO-25% PS in which the converse is
postulated.

Several criteria have been used to examine the miscibility or compati-

bility of two or more polymers in the bulk phase (2). These include
the presence in the mixture of mechanical integrity, optical transparency,
a single glass transition temperature (1, 12), and homogeneity on a sub-
microscopic level as revealed by electron microscopy. In each case the
presence of the property listed has been taken as evidence for compati-
bility. However, it is by no means clear that if a system satisfied any
given criterion, it would satisfy one or more of the other criteria, nor, in
most cases, is it obvious to what extent the mixing of two polymers would
have to be carried to satisfy any of these criteria. One may visualize a
spectrum of miscibility ranging from the most intimate, at the polymer

! Present address: BASF, Ludwigshafen-am-Rhein, Germany.

29

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch003

30 MULTICOMPONENT POLYMER SYSTEMS

segment (monomer unit) level, to the comparatively coarse in which the
placement of the individual polymer molecules themselves is randomized.
At a still coarser level, of course, one obtains segregation into clusters
of polymer molecules, and microphase separation occurs at various di-
mensional levels. In the latter event, however, the rather diffuse bound-
ary between compatibility and incompatibility probably has been crossed,
and we shall not consider this case further. For a pair of polymers to
exhibit thermodynamic compatibility as the term is presently understood,
therefore, AG,, < 0 for some value of s. AG,, is the free energy of mixing
per unit mass; s is a parameter representing the level of mixing in terms
of the average normalized size of the segmental clusters in the system.
If the latter corresponds to the polymer molecule itself, s = 1; if alterna-
tively mixing should occur at a segmental level, then s = 1/N ~ 0, where
N is the degree of polymerization. The condition s >> 1 corresponds
to phase separation. AG,, will clearly be negative for all values of s if the
heat of mixing AH,, < 0, but the size of the average cluster, sN, will de-
pend also on the relative contribution of AS,,, the entropy of mixing per
segment. The latter factor will also determine whether miscibility occurs
at all in the more prevalent situation, AH,, > 0. In the latter case, AG,,
can still become negative, with a minimum for 0 < s < 1, if AH,, is not
too large. This occurs because as s decreases, AS,, at first increases as a
result of the greater number of segment configurations available. How-
ever, AS,, eventually declines because of the increasing restrictions in the
number of possible configurations imposed by the condition of contiguity
of polymer segments. If we restrict ourselves, therefore, to the discussion
of compatibility at levels between the mixing of individual polymer
molecules (crudely approximated, perhaps, by considering these as soft
spheres) and the most intimate segmental mixing, several questions arise.
The most obvious is, can we determine what miscibility level we have in
a particular system? It seems probable that in favorable circumstances
this might be accomplished by direct electron microscopic observation,
but for an indirect miscibility criterion such as the presence of a single
T,, we cannot specify the size of the average compositional fluctuation
because it is not known at present how large a particular homogeneous
region may have to be to display a glass transition. In the case of the
single T, criterion, also, it may be possible that this in itself is not enough
to specify the level of miscibility because the glass transition can be ob-
served by various experimental techniques which may differ in their
sensitivities to heterogeneity. In the present paper we present evidence
for this latter effect.

The question of compatibility in polymers, therefore, is much more
complicated than the corresponding problem in low molecular weight
systems. In addition, the kinetics of mixing must inevitably be considered.
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It cannot be assumed a priori that an apparently compatible mixture is
in thermodynamic equilibrium (13).

In the present paper we examine the behavior of mixtures of poly(2,6-
dimethyl-1,4-phenylene oxide) (PPO) and atactic polystyrene (PS) with
some of the above points in mind; in particular, we are concerned with
a comparison of the dielectric and dynamic mechanical relaxation spectra.
This system satisfies many of the criteria discussed above—the mixture
forms a strong and optically transparent polyblend which in calorimetric
studies displays a single glass transition at a temperature corresponding
approximately to the weighted mean of the T,’s of the constituents, 208°C
(PPO) and 90°C (PS) (3). Earlier work indicates, however, that in
dynamical mechanical measurements this loss peak, corresponding to the
glass transition, is partially resolvable, at least for certain compositions
and thermal histories (11). This is taken as evidence for the presence
in these samples of two distinct phases, one rich in PPO and the other
in PS. However, it was also shown that the same samples which displayed
the resolvable loss peak in dynamical mechanical studies showed only a
single T, in DSC measurements; this latter agreed generally with the
lower T,, corresponding to the PS-rich phase, of the mechanical data.
In this paper, therefore, we discuss dielectric relaxation studies of these
samples as a function of composition, measurement frequency, and tem-
perature and compare the results with the earlier DSC and dynamic
mechanical measurements.

Experimental

Materials. High molecular weight, additive-free PPO was obtained
from the General Electric Co. (courtesy of A. Katchman). The atactic
polystyrene was also an additive-free resin manufactured by the Monsanto
Co. These polymers had number average molecular weight of 5.8 X 10*
and 17.3 X 10% respectively.

Measurements. Dielectric relaxation measurements were made using
a General Radio 1620-A bridge at 100, 500, 1000, 5000, and 10,000 Hz
over the temperature range —180° to 200°C. A Balsbaugh LD-3 dielec-
tric cell and a specially designed stainless steel high temperature cell
were used in these experiments. The data were reduced in the customary
fashion to yield ¢ and ¢”, the real and imaginary components of the
complex dielectric constant ¢*, and the ratio ¢’/¢ — tan 8. The data at
the higher temperatures were corrected for contributions from dc con-
ductivity.

The dynamical mechanical measurements were made using a Vibron
dynamic viscoelastomer, model DDV II (Toyo Instrument Co.) at two
frequencies, 3.5 and 110 Hz, over the temperature range —180° to 240°C.

Calorimetric measurements were made using a Perkin-Elmer DSC-1B
differential scanning calorimeter. A uniform heating rate of 10°C per
minute was employed for all measurements.
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Figure 1. Dielectric loss of PPO as a function of temperature and frequency
16°F

£ 16°

164 1 1 1 1 J
-180 -100 -20 60 140 220 300

T.%C

Figure 2. Dielectric loss of pure PS as a function of temperature and frequency
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Sample Preparations. Three different blends were prepared by melt-
ing appropriate quantities of the solid polymers together and then com-
pression molding into film suitable for dynamic mechanical and dielectric
testing. A variety of mixing times and temperatures and annealing con-
ditions were investigated. The thermal treatments finally adopted were
such that further annealing did not produce any changes in the relaxa-
tfti(ﬁxal or calorimetric results. The details of these treatments are as

ollows:

(1) 75 PS—25 PPO: the mixture was heated to 300°C, maintained
at this temperature for 6 minutes, compression molded into a film, and
cooled slowly to room temperature in the press.

(2) 50 PS-50 PPO: the mixture was heated to 300°C, maintained
at this temperature for 10 minutes, compression molded into a film, and
cooled slowly to room temperature in the press. The film was then an-
nealed at 180°C for 12 hours.

(3) 25 PS—75 PPO: the mixture was treated in an identical fashion
to the 75 PS-25 PPO blend.

Results and Discussion

Results of the dielectric relaxation measurements of the pure con-
stituents and of the polyblends in terms of ¢”” as a function of temperature

162

—
-
-

10°

1 ] | 1 | 1
-180 =100 -20 60 140

T.C

1 |
220 300

Figure 3. Dielectric loss of 75 PPO-25 PS mixture as a function of temperature
and frequency
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at 0.1, 1, and 10 kHz are shown in Figures 1-5. The result for PS is in
good agreement with those of other workers and is included here merely
for reference, while a detailed analysis of dielectric relaxation in pure
PPO is presented elsewhere (6). Hence in this paper we are concerned
mainly with the PPO-PS mixtures. Figure 6 shows dynamical mechanical
relaxation spectra at 110 Hz for the three mixtures studied. The dielec-
tric and mechanical data both show relatively strong « relaxations corre-
sponding to the glass transition and low temperature vy loss peaks, but
whereas the latter are very weak in the mechanical spectra, they are
roughly comparable in intensity to the « relaxation in the dielectric
measurements. A more detailed analysis elicits additional points, and
for convenience we discuss the « and y loss peaks separately.

52,

10F
i ® 10 KHz
L v 1 KHz
L ® O1 KHz

EII

ouny

1()4 1 1 1 1 1 1 | 1 1 1 1 ]
-180 -100 -20 60 140 220 300

Figure 4. Dielectric loss of 50 PPO-50 PS mixture as functions of temperature
and frequency

The a Relaxation. One of the principal findings in the earlier study
of the PPO-PS mixtures (11) was that samples which appeared to be
homogeneous when studied calorimetrically, inasmuch as they indicated
only a single T, showed a dynamical mechanical « relaxation which could
be resolved into two components. These were interpreted in terms of
PS-rich (lower T,) and PPO-rich (upper T,) phases. It is clear from
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Figure 5. Dielectric loss of 25 PPO-75 PPO mixture as functions of tempera-
ture and frequency

Figures 3-5 that the dielectric relaxation again reveals only a single «
relaxation for the mixtures. These are, however, noticeably broader than
the « relaxation of the pure polymers. The temperatures of the loss
maxima, when plotted (Figure 7) as a function of w;,, the weight fraction
of PPO in the mixtures, do not display the smooth monotonic increase
in T, vs. w; that was shown by both the Vibron and the DSC results.
Instead, there is a pronounced increase in T, above w; = 0.5 to give a
sigmoid curve for this relation. Some reservations should be attached to
this observation inasmuch as data for only three polyblend compositions
are available; nevertheless a qualitatively similar phenomenon is observed
in the analysis of the intensity of the y peak (below). Further, if only
the stronger maxima in the dynamical mechanical data are considered—
i.e., if the secondary peaks and shoulders which led to the identification
of two phases are omitted—then a similar sigmoid curve is found. The
significance of this observation is discussed later.

The dielectric and mechanical relaxation data together span approxi-
mately 3.5 decades of frequency. Arrhenius plots (Figure 8) are linear
and show that the two sets of data are mutually consistent; apparent «
relaxation energies for the mixtures as well as the pure polymers lie in
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Figure 6. Dynamical mechanical loss at 110 Hz for three PPO-PS mixtures

as a function of temperature

the range 80-150 kcal/mole. These values are typical for « loss mecha-
nisms in this frequency range (8) we would expect; however, significant
departures from linearity will be observed when data for a wider fre-
quency range become available.

The y Relaxation. In common with many other polymers (8) both
PPO and PS display significant loss maxima below room temperature at
the frequencies under consideration. Whereas the process responsible
for the a loss is at least qualitatively understood in terms of a main chain
relaxation associated with the glass transition, y losses can often only
tentatively be attributed to specific mechanisms. In PPO, for example,
it does not seem unreasonable to propose that the 7y loss is associated
with librations in the two pendant methyl groups; this view is somewhat
reinforced by the observation that in the dielectric measurements the
relaxational strengths of the v and o loss processes are comparable. As
the latter can be well interpreted (6) in terms of a dipolar relaxation of
the main chain in which the entire dipolar contributions arise from the
methyl groupings, it seems plausible to assume that the same dipoles are
responsible for the vy loss mechanism. In polystyrene there is a similar
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Figure 7. Glass transition of PPO-PS mixtures meas-
ured by different techniques.

The upper and lower curves for the dynamical mechanical
data (110 Hz) correspond to the maxima in the resolvable
loss curves. Dielectric data at 100 Hz.
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Figure 8. Loss maxima as a function of reciprocal temperature for dynamical
mechanical [open squares] and dielectric loss [filled circles] measurements of
a and y peaks. The numbers correspond to the composition, wt % of PPO, in

the PPO-PS mixtures.
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lack of a definite assignment of the process responsible for the vy loss,
though several mechanisms have been put forward (7).

The present dielectric results show that for corresponding frequen-
cies the temperatures of the y loss maxima for pure PPO and PS are
extremely close. At 100 Hz, for example, these occur at —116° and
—119°C, respectively. Further, the temperature but not intensity of the
PPO y peak is somewhat sensitive to sample preparation and could be
shifted upwards by 5°-10° by increasing the annealing temperature
from 180° to 210°C. Even though annealing was conducted in vacuo,
this indicates the possibility of the y peak’s arising at least in part from
polar species introduced as a result of oxidation. As has already been
observed, the dynamic mechanical y loss peaks are uniformly weak, but
as far as can be observed, the peak temperatures again are consistent
with the dielectric data.

Because the y loss maxima of the constituent polymers are so close
in temperature, we would not expect to find any change in this parameter
in the mixtures, and indeed none was observed. The maxima in pure
PPO are somewhat stronger than in PS; at 1 kHz, the ¢”max are 2.5 X 107
and 9 X 10, respectively. Consequently, it is not unexpected also to
find a uniform change in the ¢’max values for the mixtures roughly pro-
portional to the respective compositions. More information, however, can
be obtained by considering the relaxational strengths themselves—i.e.,
of the areas under the loss peaks. The values of ez — ey were obtained
from the following equation (10):

o — =" [eraqu/T) M

In Equation 1, ez and ¢y refer to the relaxed (low frequency) and unre-
laxed (high frequency) dielectric constants, and AH is the measured
activation energy for the y process. The latter was nearly independent of
blend composition; an average value of 8.7 kcal/mole was used. The
integral in Equation 1 was found to be approximately independent of
frequency in the range studied. The loss peak in absolute terms is rather
weak, and values of ¢z — ey were of the order of 1072 and less. From
these values, it was also possible to calculate the apparent dipolar density,
Np?, using the Onsager relation (9):

2
Nu? = 3i€”T (2:33:; ev) <2 j eU) (er — €v) (2)

N and p are the number of dipolar groups per unit volume and the dipole
moment of each, respectively. Equation 2 can be used only when orienta-
tional correlation between the dipoles is not present or has been corrected
for. Although, in the present case, neither the nature of the dipoles in-
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Figure 9. Apparent dipolar density calculated from the y
loss peak as a function of composition

volved in the relaxation nor the appropriate correlation factor is known,
it is still valid to calculate an “effective” Nu2. Figure 9 shows a plot of
this (for the 10-kHz measurements) as a function of polyblend compo-
sition. Within the limits of the available data, a sigmoid relation is again
observed. Since it is generally believed that the motions responsible for
low temperature losses are comparatively localized and hence relatively
unaffected by longer range environmental fluctuations, this result is quite
unexpected. In other words, if mixing in our samples of PPO-PS occurs
at a level consistent with the observations of two phases in the dynamical
mechanical measurements and with the appearance of a sigmoid ¢ vs.
composition curve for the « process, it would nevertheless be expected
that for the supposedly localized y relaxation an approximately linear
relation between Ny? and composition would be found. Such a linear
relation for the y relaxation has actually been observed in dynamical
mechanical studies of compatible blends of poly(vinyl chloride) and
ethylene vinyl acetate copolymers (4). Our finding suggests that longer
range correlations may be involved and that the length of polymer chains
involved in the a and vy relaxational losses may even be roughly com-
parable.

Such an analysis, of course, still does not explain why such a relation
should be obtained at all. One hypothesis, based on a consideration of

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch003

40 MULTICOMPONENT POLYMER SYSTEMS

the sample preparation, is the following. Since the T,’s of the parent
polymers are more than 100°C apart, under typical sample preparation
temperatures used (280° to 330°C) PS is a much more mobile fluid than
the PPO. Hence, it may be possible that in most of the mixtures studied,
the PS forms first what is essentially a continuous phase while the PPO
is in a dispersed phase. Mixing then occurs by interdiffusion to some
particular level, but upon cooling there remains a residual PPO-rich
phase dispersed in a PS-rich matrix. For the 75% PPO-25% PS mixture,
however, the PPO is present to such an excess that it in turn forms the
basis for the “continuous phase.” It must then be further supposed that
the correlations responsible for the various loss mechanisms can be ob-
tained only in the continuous phase—the polymer clusters constituting the
dispersed phase being too small to contribute effectively to the losses, at
least for those kinds of measurements in which the sigmoid curve was
obtained. This description envisages that the compositional fluctuations
in the mixtures correspond to a much finer “particle size” than normally
implied when the continuous-dispersed phase descriptive terminology is
used. If this were not so, no mixing by any criterion would be observed,
and each mixture, regardless of composition, would show the two T,’s
characteristic of the constituent polymers.

Conclusions

The study of what may be assumed to be a prototype of an appar-
ently compatible polymer pair, PPO and PS, has revealed considerable
complexity. It seems fairly certain that mixing does not occur at the
segmental level, at least for the particular samples studied, and there-
fore that PPO- and PS-rich phases are present. Nevertheless, the mixing
is “fine” enough so that the T,’s characteristic of the constituents are not
seen. By utilizing the observation that different types of measurements
appear to vary in their sensitivity for detecting compositional heteroge-
neity, it may be possible to clarify basic questions pertinent not only to
the study of mixtures but to single component systems also. These would
include, for example, the problem of what is the minimum size of a
polymer aggregation necessary to display a glass transition.
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Critical Phenomena in Multicomponent

Polymer Solutions

W. BORCHARD and G. REHAGE

Physikalisch-Chemisches Institut der Technischen Universitit
Clausthal, Germany

The maximum (or minimum) precipitation temperature of
a partially miscible polymer solution cannot be identified
with the critical point. These macromolecular solutions must
be treated as multicomponent systems. Thus, the thermody-
namic properties can be described in the critical region. The
critical point can be determined by measuring phase—vol-
ume ratios as a function of concentration at temperatures
near the cloud point. Light scattering measurements on the
system polystyrene—cyclohexane show that the maximum
dissymmetry of the scattering envelope arising from the
critical opalescence lies at polymer concentrations lower
than the critical point. The scattered intensities exhibit a
typical function by which the cloud points can be deter-
mined. Concentration fluctuations persisting over large dis-
tances near the critical point lead to anomalous behavior of
the transport coefficients.

In the critical region of mixtures of two or more components some
physical properties such as light scattering, ultrasonic absorption, heat
capacity, and viscosity show anomalous behavior. At the critical con-
centration of a binary system the sound absorption (13, 26), dissymmetry
ratio of scattered light (2, 4-7, 11, 12, 23), temperature coefficient of
the viscosity (8, 14, 15, 18), and the heat capacity (15) show a maximum
at the critical temperature, whereas the diffusion coefficient (27, 28)
tends to a minimum. Starting from the fluctuation theory and the basic
considerations of Ornstein and Zernike (25), Debye (3) made the as-
sumption that near the critical point, the work which is necessary to
establish a composition fluctuation depends not only on the average
square of the amplitude but also on the average square of the local
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gradient of the fluctuation. Fixman considers the existence of an intense
spectrum of long wavelength composition variations as the basis of a
theory of critical viscosities that relies on macroscopic transport equa-
tions to describe the interaction of a velocity gradient with composition
fluctuations. As far as the above-mentioned theories were applied to
binary low molecular compounds, comparisons with experiments were
completely conclusive. However, applying the theoretical predictions
to solutions of a solvent and a polymer the maximum in the dissymmetry
ratio was at a different polymer concentration than the maximum of the
relative temperature coefficient of the viscosity (8). This paper reports
measurements of light scattering and viscosity of the system polystyrene—
cyclohexane, which has a miscibility gap with an upper critical point.

Critical Opalescence of Polystyrene in Cyclobexane

According to the fluctuation theory of Einstein (10), the additional
amount of light scattered by a solution compared with that scattered by
a pure solvent is given by the mean square of the concentration fluctua-
tions in small volume elements. Derivations for the scattered light of
a polydisperse polymer in a solution were given by Brinkman and
Hermans (1) and soon afterwards by Kirkwood and Goldberg (19) and
by Stockmayer (33). Zimm and Doty (35) found that the weight aver-
age molecular weight can be obtained from light scattering measurements.

Near a critical point strong scattering, called the critical opalescence,
is observed. This scattering phenomenon can be described only if the
influence of the concentration gradients is taken into consideration. The
intensity of light scattered at an angle 6 between the secondary and
primary beam at large distances R from the scattering volume V has
been formulated by Debye and others (6, 9, 24):

Iy 472 Va K P(6)
L Rx 5 (T, 16x%2H 6 (1)
— Tt . gIn? —
¢: 3¢2(kT> T T g

I, is the intensity of the scattered light at angle 6, I, is the intensity of
the primary light beam, A is the wavelength of light in the medium, ¢ is
the volume fraction of the polymer, II is the osmotic pressure. For un-
1 + cos?

—

The optical constant K is a function of the refractive index and the
refractive index increment, and P () is the particle scattering function
which depends on internal interference. This function is influenced by
the particle shape and is less than 1 for molecules large compared with

polarized light « is given by
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the wavelength of light. The quantity H depends on the interaction en-
ergies between the different molecules and the range of molecular forces.
Comparing the derivation given by Debye with the well known Flory-
Huggins (16, 17) treatment one can conclude that H depends on con-
centration if the Flory-Huggins interaction parameter is a function of
the polymer concentration.

If the incident beam is polarized at right angles to the plane of
observation, according to the formula of Debye, the reciprocal scattered
intensity is proportional to A2? sin? (/2) at the spinodial composition.
When scattering intensities are extrapolated to zero angle at low con-
centrations of not too large molecules, Einstein’s formula is obtained.
An equation for the light scattered by a polydisperse system in the critical
region has not yet been derived. From the above mentioned considera-
tions it follows that in the case of Debye scattering, however, the scatter-
ing intensities extrapolated to zero angle depend in the same way on
the concentration fluctuations as in Rayleigh scattering, so that the
theories for polydisperse polymer solutions can be used (32).

Experimental

The light scattering measurements were performed with a Sofica
photogoniometer. The temperature was controlled by a special bath,
which was mounted around the index vat, in which benzene was stirred
to achieve a good temperature uniformity in the measuring cell. By means
of a heated head-piece, which was kept at bath temperature, the tem-
perature remained constant to 0.01°C.

The solutions from a sample of anionic polystyrene (courtesy of
BASF, Ludwigshafen) and the solvent were prepared by weighing. Poly-
styrene is characterized by the data in Table I. [The average molecular
weights were determined in the Central Laboratory of the N.V. Staats-
mijnen/DSM (Geleen, The Netherlands).]

Solutions of polystyrene and purified cyclohexane after filtration still
exhibited appreciabf; dissymmetry of scattered intensities at high tem-
peratures where the influence of the critical opalescence was precluded.
Therefore all solutions were freed from dust by centrifugation. After a

Table I. Properties of Polystyrene Sample Investigated

M, = (44 £ 0.2) X 10° grams mole™!

M, = (4.7 & 0.2) X 10° grams mole™!

M, 6.5 X 10° grams mole™!

Mw _ . M, _ . M,+ 1 _
- 1.07 & 0.07 ; 7 14 ; M- 1.6

T. = 27.63°C [ws, = 8.5 wt %
T = 28.43°C [wonr = 2.0 Wt %
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run of 1 hour in a centrifugal field of 17000 g no dissymmetry could be
observed. When the light scattering measurements were finished, the
concentration of each solution was checked by weighing a small portion
before and after evaporation of the solvent or by measuring the refrac-
tive index at several temperatures.

The phase separation temperatures T, were measured in two ways.
Solutions of various concentrations in sealped glass tubes were placed in
a water bath. In the previously roughly determined temperature range
the temperature was lowered in steps about 0.1°C. Phases which sepa-
rated out became clear within several hours. The highest phase-separa-
tion temperature was considered to be the cloud point. The second
method is described below.

o

To

L
{// “
36

10 {/
26

i/
16

. e—— 2856°C

01 02 03 04 05 06 07 08 09

Figure 1. 1,,/1, vs. sin® (6 /2) for a solution

of 8.5 wt % polystyrene in cyclohexane at

ifferent temperatures. Cloud-point temper-
ature is indicated by an arrow.

The critical concentration was obtained from measurements of the
phase-volume ratio of coexisting phases near the critical temperature.
At an over-all concentration of 8.5 wt % this ratio was unity. According
to the lever rule this concentration is the critical one.
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Results and Discussion

Figures 1-3 show the observed reciprocal excess intensities of scat-
tered light multiplied by sin 6 (to correct for the irradiated volume
observed at each angle) plotted against sin? (§/2) at constant polymer
concentration for several temperatures above the phase-separation tem-
perature. To give a clearer presentation the intensities are expressed
in relation to intensities at the scattering angle § = 90°, as was also
done by Eskin and Nesterow (11). In accord with the Debye theory,
the plots give straight lines and can be represented by

I,'= A + B sinzg )

The temperature at which phase separation occurs is marked by an
arrow. All the plots show pronounced deviations from a straight line
when phase separation has begun. All straight lines were calculated by
the method of least squares. Figure 4 shows a plot of A/B vs. tempera-
ture. The plots are presented only for a small temperature range above

1'9_0'
lg

10 {/._/ 2&43:'c
L__.__,./

01 02 03 04 05 06 07 08 09

Figure 2. Same as Figure 1 for 10 wt %
polystyrene

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch004

4. BORCHARD AND REHAGE Critical Phenomena 47

lag®
I IQOO 2852°C
10 / 46
34
/ 2%
10

15

62 Library

01 02 03 04 05 06 07 08 0S8

Figure 3. Same as Figure 1 for 7 wt %
polystyrene

the cloud-point curve. In every curve there is a typical break at the
cloud-point temperature. Arrows mark the phase-separation tempera-
tures determined visually as described above. Since the scattered light
immediately registers the beginning of the formation of the new phase,
the determination of the break is a rapid method for detecting phase
separation even in highly viscous solutions. We mention that this is the
only method applicable for determining the cloud points at very high
and very small concentrations of polystyrene in cyclohexane.

According to the Debye equation extrapolating A/B to zero for the
critical concentration (8.5 wt % ) should give the critical temperature
T.. Figure 4 shows that for this polymer the function should at least be
of the form A/B — f, (conc.) + f» (T — T.). Even at greater distances
from the critical temperature there did not exist a straight line portion
for the function A/B vs. T which could give the critical temperature.
Therefore, no attempts were made to calculate molecular parameters from
the data.

Figure 5 shows the dissymmetries z plotted against the concentration
of polystyrene for several temperatures. At a temperature 8.6°C above
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Figure 4. Plot of A/B vs. temperature. Cloud points are indi-
cated by arrows.
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Fi§ure 5. Dissymmetry ratio 1,5/1,55 vs. concentration of
polystyrene in cyclohexane at different temperatures above

the phase-separation temperature

the phase-separation temperature no dissymmetry from the solutions in
the polished measuring cells could be observed (z =~ 1.01). For three
unpolished cells a slight dissymmetry was measured. At all concentra-
tions z increases if the temperature is lowered. The maximum of the
curves lies at a lower concentration than the critical and shifts to lower
concentrations for smaller values of T — T,
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The cloud-point curve is shown in Figure 6. It is typical for the
demixing of polydisperse polymer in a low molecular solvent. The values
in Table I show that the critical point lies at a higher concentration of
the polymer (w..) and lower temperature (T.) than the maximum of
the cloud-point curve (waes, Tir), called by Tompa the precipitation
threshold. These phenomena have been treated for the system poly-
styrene—cyclohexane (28-31) and for the system polyethylene—diphenyl
ether (20, 21). Although the ratio of the weight average to the number
average molecular weight is 1.07, the temperature difference between
the temperatures of the precipitation threshold and the critical point is
Tur — T, — 0.8°C, and the concentration difference w,, — womy —
6.5% by weight. Recently the different values of the above mentioned
coordinates of the precipitation threshold and the critical point were
shown to be a sensitive criterion for polydispersity (31).

<]
°c
280
275{ i « T
270
concentration of polystyrene (% by weight)
5 10 15

Figure 6. Cloud-point curve for polystyrene in cyclo-

hexane (@) determined from light scattering and (B)

determined visually. The arrows indicate (from left to

right): maximum of the cloud-point curve, maximum of
the dissymmetry ratio, critical point.

The maximum of the dissymmetry lies at 56 wt % of the polymer
near the quasi-binary spinodial. All maxima are indicated by arrows in
Figure 6. In our opinion polydispersity is the main reason that the maxi-
mum of critical opalescence is not found at the critical point. In a system
consisting of a polydisperse polymer and a solvent the shape of the
spinodial surface may be such that highly unsymmetrical fluctuations
may occur in the critical region and give rise to the above mentioned
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anomalous behavior. These fluctuations are not expected to be described
by the Debye theory. McIntyre and co-workers (23) conclude that
strong deviations from straight lines in the plot of Is™ vs. sin® (6/2) are
caused by polydispersity or by higher order correlations in monodisperse
polymer solution. Further work will be required to decide whether
polydispersity is the only reason.

Viscosity Measurements of the Critical Mixtures

A solution at a high concentration of the polystyrene sample was
diluted in steps with cyclohexane after viscosity determinations at sev-

! 7.5
15 \
[} 6.7
| 6.1
10 T‘..,__._LA . S.Gﬁ_
1
\
3 \
' 2,7
po—s .
T
0 T
28 30 32 34 36 38 —

Figure 7. Kinematic viscosity vs. tempera-
ture of polystyrene in cyclohexane. Numbers
indicate wt % polystyrene.

eral temperatures. In an Ostwald viscosimeter, calibrated with pure
solvents, the time of the flow could be measured within £0.01 sec auto-
matically. Temperatures were controlled to =+0.005°C. We assumed
that in the concentration range up to 9 wt % of polymer the solutions
were Newtonian. Very close to the phase separation temperature the
viscosity cannot be expected to be independent of shear gradient. Plots
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of kinematic viscosity vs. temperature at several concentrations are shown
in Figure 7.

All curves end at the dashed curve which corresponds to the
cloud-point curve. Phase separation in the diluted solutions could be
detected by a rapid decrease in the viscosity. Under certain conditions
the cloud points could be obtained by extrapolating the viscosities in
the homogeneous and heterogeneous phase regions. At low concentra-
tions the temperature coefficient of the viscosity is low and increases
with polymer concentration. The increase near the cloud point is strong-
est for a polymer concentration of 6.7 wt %. The relative temperature
coefficient of the kinematic viscosity, which is only slightly different
from the temperature coefficient of the dynamic viscosity, is plotted vs.
the composition of the solution in Figure 8. Up to 2°C above the phase-
separation temperature no anomalous phenomena could be observed. At
a temperature T — T, + 0.2°C a maximum is found which shifts for
T = T, + 0.02°C to lower polymer concentration. The maximum lies
between 6.2 and 7%. Like the maximum of the dissymmetry, this maxi-
mum is at a smaller concentration than the critical one. We think that
both maxima are caused by the above mentioned fluctuations near the
maximum of the quasi-binary spinodial. With the formula given by
Koningsveld (22) for the spinodial of a multicomponent system and the
concentration and temperature function for the Flory-Huggins parameter

1 ay
0201] - vV aT *
015
0'10‘; + + T o
! p+002°C
i &,*/ .
+ a— aTp+020°C
/‘ /N Na—" o Tp +2.00 °C
0,05 ¥/ o Tp+10.0 °C
& [ g
o/°/°/
n:g:n-—-“——‘ﬂ —a—
2 4 6 8 10

concentration of polystyrene (% by weight)

Figure 8. Relative temperature coefficient of kinematic

Av

AT Vs concentration of polystyrene in cyclo-

hexane at different temperatures above the phase-separation
temperature

1
viscosity, 5
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in that paper we calculated a maximum spinodial composition of 6.4 wt %
of the polymer. This seems to be in a qualitative agreement with the
observed phenomena in the critical region.
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Viscosity of a Solution of Two Mutually
Incompatible Polymers

H. L. DOPPERT and W. S. OVERDIEP
AKZO Research and Engineering N.V., Arnhem, Netherlands

The viscosity of emulsions obtained from two mutually in-
compatible polymers dissolved in a common solvent was
studied by a falling ball viscometer, a cone-plate viscometer,
and a capillary viscometer. The two polymers are poly-
acrylonitrile and polyurethane, and the solvent is N-methyl-
pyrrolidone. The measurements are compared with theory,
and a model is proposed for the development of a stationary
pressure flow of an emulsion in a capillary.

In the last decades many attempts have been made to obtain attractive

materials by intimate mixing of two polymers with opposite or com-
plementary properties. For example, the impact resistance of brittle poly-
styrene is increased by mixing with a rubber; the wettability of poly-
acrylonitrile fiber is increased by mixing with hydrophilic saponified
cellulose acetate, and the inconvenient flat-spotting of nylon-reinforced
tires is suppressed by mixing stiffer polyester fibrils into the nylon fibers.
In practically all cases these products acquire their final shape via the
liquid state. Thus, the viscous properties of these liquid mixtures are
important.

At present, with a few exceptions concentrated solutions of two
polymers contain two liquid phases as a result of the positive free energy
of mixing (4, 6). These two phases can be mixed intimately by stirring
to form a so-called polymeric oil-in-oil emulsion, which is stable compared
with the classical oil-in-water emulsions. A characteristic difference be-
tween an oil-in-oil emulsion and an oil-in-water (detergent-free) emul-
sion is the relatively low interfacial tension (ca. 0.1 dyne/cm) of the
former compared with that of the latter (ca. 40 dynes/cm). Owing to
the low interfacial tension in the emulsions considered here, in many
cases gentle stirring is enough to obtain a stable emulsion. After pro-
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longed stirring, an equilibrium between breaking and coalescence of the
dispersed drops is reached.

Since both components are generally non-Newtonian liquids and the
droplet shape of the dispersed phase depends on shear stress, the rheo-
logical properties of these emulsions must be rather complicated. Con-
sequently, the shear—stress dependence of the viscosity of the emulsions
is caused not only by the characteristic properties of the macromolecular
substances but also by the behavior of the dispersed phase in a shear field.

In two regions the influence of droplet shape is not important:

(1) The region of very low shear stresses, where the shape of the
droplets remains spherical.

(2) The region of high shear stresses, where the droplets are de-
formed into very long streaks.

In this paper we present experimental data demonstrating the exist-
ence of these two regions and their viscous properties. A model is derived
for pressure flow through a cylindrical tube, and the calculated results
are compared with experimental results.

Experimental

The emulsions were prepared from two different polymers dissolved
in a common solvent. Because of its good solvent properties and high
boiling point (204°C: no evaporation during experiments) N-methyl-
pyrrolidone (from BASF) was chosen as solvent. The two polymers were
polyurethane (PU) from Goodrich Chemical Co. (Estane 5707 F1)
and polyacrylonitrile (PAN) supplied by Cyanenka. The viscosity aver-
age molecular weights were 48,400 and 60,300, respectively. Twe solu-
tions were prepared, each containing 15 wt % of either polymer.

On top of the PU solution the same quantity of PAN solution was
poured with great care to prevent emulsification at the liquid interface.
Thermodynamic equilibrium between the two phases was unlikely. . After
three days the volume of the PU phase had decreased by about 5%.
After the solution had stood for eight days, the two layers were sepa-
rated, and the different emulsions were prepared by vigorous stirring of
different proportions of the two liquids. The emulsions thus obtained
were stable for at least one day.

To obtain information on droplet deformation in shear flow, the
following experiment was carried out. One of the polymer solutions was
poured into the annular space between two concentric glass beakers of
different diameters. The large beaker could be rotated; the smaller beaker
within the larger one was stationary. A droplet of the other polymer
solution (blackened by a small amount of carbon black to make it visible)
was injected with a syringe into the first solution near the core of the
annulus. When the beaker started rotating, a shear flow was created in
the liquid, filling the annulus. The droplets were photographed at differ-
ent shear rates in the liquid (Figure 1).
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Figure 1. Difference in deformability between a PAN droplet
in a PU solution (A, C) and a PU droplet in a PAN solution (B, D)
at corresponding shear rates

Shear Stress, Shear Rate,
dynes/cm? sec!
A: 2.7 6.8 X 102
B: 10 6.8 X 102
C: 86 2.15
D: 350 2.15

Viscosity measurements on emulsions were carried out with three
types of viscometers. Figure 2 shows the flow curves of emulsions with
different volume ratios of the two solutions, as measured with a Ferranti-
Shirley cone-plate viscometer. The ratio between the viscosities of the
two pure polymer solutions is about 3 at low shear rates but only 2 at the
highest shear rates.

To obtain a larger range in viscosities determined with a capillary
viscometer, polymers from different batches were used to prepare the
emulsions. The results obtained with the capillary viscometer are given
in Figure 3. The ratio between the viscosities of the two components of
the emulsions is about 10.

Figures 4 and 5 represent the viscosities of the emulsions measured
with a falling-ball viscometer. When one ball is used (a steel ball 0.8 mm
in diameter ), only one value of the viscosity is measured for each emul-
sion and not a flow curve. The emulsions in Figure 4 are rich in PU
solutien, and those in Figure 5 are rich in PAN solution.
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Cone and plate viscometer. Temperature 25°C

4.
Shear stress |
dynes/cm?2 g7
24 Volume fraction of PAN
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Figure 2. Flow curves of emulsions of different compositions and the
pure components as measured with a cone-plate viscometer

Capillary viscometer. Temperature 20°C

70000
Shear 61 ) )
stress s Volume fraction of PAN-solot;tslo:‘
dyne/cm? _ | 0 os o o 85 0B J$2 M0
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Figure 3. Flow curves of emulsions of different compositions and the
pure components as measured with a capillary viscometer
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FALLING-BALL VISCOMETER
2.0
M
Ueu
1.84
164
] Taylor's formula for
emulsions
1.4 cupdl+2.5 Mpan + 04up, F
p=pedl+2. MPAN+ MPY )
124
10 — 77
0 01 02 03 0.4 05

——— = F, volume fraction of pan-solution

Figure 4. Measurements with a falling-ball viscometer.
Ratio between viscosities of emulsions and matrix vs. vol-
ume fraction of dispersed PAN solutions.

FALLING-BALL VISCOMETER

1.6 1
.
Hean 1
14 4
124
Taylor’s formula
b for emulsions
Mpy+04ppay ¢
10 4 i pm.(uzs U aPAN
084 [
<
0 01 02 03 04 05

————————== F, volume fraction of pu-solution

Figure 5. Measurements with a falling-ball vis-
cometer. Ratio between viscosities of emulsions and
matrix vs. volume fraction of dispersed PU solution.
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Discussion

Falling-Ball Viscometer. Taylor (5) has developed a formula for
the viscosity of emulsions:

: 0.4y,
u=uo(1+2.5“‘;ﬁﬁ') ¢

where w, = viscosity of the continuous phase
m = viscosity of the dispersed phase
F = volume fraction of the dispersed phase

For this formula to be valid, the dispersed droplets must remain spherical
during the measurement. The measurements on the dispersed PAN solu-
tion (Figure 4) obey Taylor’s law, whereas those on the emulsions of
dispersed PU solution (Figure 5) do not. The gravity force and the
viscous force acting on the sinking steel ball cancel when the sinking
velocity becomes constant. The viscous force on the ball is the shear stress
on the ball surface integrated over the ball surface. Hence,

s
1/6xd®*(pp — pm)g = f‘rds (2)
0
where d — diameter of the ball
p» — density of the ball
¢m = density of the medium
g = acceleration of gravity
T shear stress on the ball surface
s surface area of the ball

Taking for the average shear stress the total force divided by the
surface area, we get

Tave = l/ﬁd(Pb - Pm)g (3)

For a steel ball 0.8 mm in diameter this average shear stress is about
100 dynes/cm?. Referring to Figure 1 we see that at this shear stress
PAN droplets in a PU solution are spherical and that PU droplets in a
PAN solution are highly deformed into oblong bodies. Thus, it may be
expected that only the dispersed PAN emulsions will conform to Taylor’s
law (Figure 4) and not the dispersed PU emulsions (Figure 5). Our
observations confirmed this.

Cone-Plate Viscometer. Measurements with the cone-plate viscom-
eter were made between 500 and 30,000 dynes/cm? Evidently, the PU
droplets in the emulsions are deformed into long streaks during the ex-
periments at these high stresses. To understand the measured results, the
Taylor model for the emulsions must be replaced by another model. For
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V|
N ’ o , —
N“l;, I = J - - =
Y l /

Velocity

Figure 6. The alternating layers model

a bicomponent system, as considered here, Heitmiller, Naar, and Zabusky
(1) proposed a model consisting of alternating layers of the two liquids
(Figure 6). For couette flow this model leads to a simple expression
for the viscosity of the mixture as a function of the viscosity of the com-
ponents and their volume ratio. Stress equilibrium leads to

% _, 4)

in stationary flow. In the jth layer the flow velocity is

Yoy

V=Va+ 3y

dy =
Yi1

Vi—1+fy;dy=

Yjm 77

Vi + — (y — im0
s
When j = 0 V; = 0. Thus, the velocity at y = H is

N

< XY — Y
Ve = 2—.(%‘— Yic) = T2 BT
T=1 Wj ] .

=1 )

Since the effective shear rate in the system is Vg, the reciprocal effective
H
viscosity & is

N1 oy — g
=S LY Y= 5
iz-:n w H ©)
The ratio between the volume of the jth layer and the total volume is
yi — y;-1/H.
If this layer is occupied by component A, the sum of y; — y;.1/H over
all the layers occupied by component A equals F,, the volume fraction of
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component A. Consequently, the same summation for component B leads
to 1 — F,. Equation 5 then becomes:

b =P, F, +Pp(1 — Fa) (6)
According to this model
_® — &y
Fa=5,—3, @

Equation 7 gives a simple linear relation between the fluidity  and
F. It is not valid if ®, and @5 depend on F, and this is the case if A and
B are non-Newtonian. Hence, we apply Equation 7 only to values for &,
®,, and &5 measured at the same shear stress.

In Figure 7

& — d,.
q>PAN - (ppu

is plotted against the volume fraction of PAN solution at different shear
stresses. At these high shear stresses the measurements deviate strongly
from Taylor’s law but roughly follow Equation 7.

12
i} eq.
104 FERRANTI CONE-PLATE
Q_éw VISCOMETER
L
as-
06
04
x: 2.10: dynes/cm?
4 0:5.10 “ "
a2 o: 10¢ " "
0 v J LJ \J L] \J L] \J T \J
0 0.2 0.4 0.6 08 10

F, volume fraction of pan-solution

F igure 7. Measurements with a cone-plate viscometer:
reduced fluidity of the emulsions vs. their composition
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Capillary wall

ANNUL! OCCUPIED BY THE FLUID COMPONENTS
IN AN ALTERNATING MANNER

Figure 8. The alternating annuli model

Capillary Viscometer. The end products from the liquid mixtures
are usually obtained by extruding the liquid mass through narrow tubes
or slits (e.g., spinning of fibers, injection molding, or film extrusion).
Therefore, the pressure flow through a capillary is of technological inter-
est. Hence, we analyzed the flow of a liquid mixture through a capillary
with circular cross-section and compared the results of theory and meas-
urement.

The measurements were obtained in a stress range between about
10* and 4 X 10* dynes/cm? (Figure 3)—i.e., the stress at the capillary
wall was of this order of magnitude. In stationary flow the stress de-
creases linearly with the radius, reaching zero at the capillary center.
In general, then, we must use Taylor’s model for emulsions near the
center of the capillary and the layer model in the outer part. However,
because of the extremely high stresses at the wall compared with the
stresses at which Taylor’s formula is valid, we neglect the fact that we
should use this formula for the capillary center.

The alternate layers in the capillary are considered to be concentric
tubes (see Figure 8). This picture of flow of a two-liquid system through
a capillary was also the basis for the analysis of Heitmiller et al. (I).
However, our analysis differs fundamentally from theirs in two respects:

(1) Heitmiller et al. assume that all the layers of a given fluid com-
ponent have the same cross-sectional area. We hold that all the layers
of a given fluid component have the same thickness. Moreover we as-
sume that the tubular layers of the component corresponding to the
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dispersed phase in the real mixture have a thickness of the same order
of magnitude as the diameter of the dispersed droplets in the real mixture.

(2) Heitmiller et al. (1) assume that the basis for their analysis
as given in point 1 is valid in the capillary where the flow is fully devel-
oped into a stationary flow. In the following analysis, however, we
assume that the supposition given in point 1 holds only at the capillary
entrance, where the velocity profile is Hat (Figure 10). [A more detailed
elucidation of this figure is given later.] The idea underlying this assump-
tion is that the mixture entering the capillary is homogeneous but that
the distribution of the two liquids in the developed flow is a result of the
rheological properties of the emulsion. Figure 10 shows that the layer
thicknesses in the capillary differ from those at the entrance. This redis-
tribution of the layer thicknesses over the cross-section depends on the
developed velocity profile.

The number N of concentric layers having thickness d at the entrance
and corresponding to the fluid with volume fraction F is

_FR

N=

7]

(8)

where R is the capillary radius, and 8 is the reduced layer thickness. It
follows from Equation 8 that the reduced thickness e of the layers corre-
sponding to the other fluid component is

e=1—;—” )

provided that N is large compared with 1. Knowing the layer thick-
nesses, we can calculate any radius r;° of the interfaces between the layers
at the capillary entrance. The volume rate of flow of a tubular layer is:

Qi = =(ry* — rin°HV,

The total volume rate of flow is

Q ==R*V,
So the reduced volume rate of flow
¢ = Qi/Q = o — pinn”? (10)

of any tubular layer can be calculated.

In the capillary, where the flow is stationary, the shear stress at the
capillary wall is

Tw = Wapp Tnw
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where

.4y,
Tnw = R

is the apparent shear rate at the wall and equal to the true shear rate
if the liquid were Newtonian, and p,,, is the apparent viscosity. Hence,
the apparent viscosity of the liquid mixture, which will be calculated, is

R,
teapp = 1 ;70 (11)

At distance r from the capillary center the shear stress is

T=—(J.E'

where p is the viscosity of the liquid at distance r. It follows that

R v
= 2 12
v, ¢ Jdp (12)
\%
where v — v,
From Equation 12 it follows:
R 2
Vi+1—Vi=7f ‘IdP
 Pit1
_ Tk f Yoy
Vo ©.
Pi+1
(By stress equilibrium — = p).
Tw
2]
= 4itapp f £ de (13)
Pi+1 e
The volume rate of flow of an annulus is
r
Q; = f ’ v2xrdr
Tit1
Consequently the reduced rate of flow is
Pi Pi 3y
g = 2 f vedp = vjp;2 — vippia® — f "5 dp
. . 4
Pit1 Pi+1
Pi 43
= vjp;? — Vippi® + 4app f e (14)
Pi+1
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Combining Equations 13 and 14 gives

(2] P A3
vi = v (e — e + 4tapp (Pm’ ./ € do + ./ %d9> (15)

Pi+1 Pi+1

By using Eyring’s equation, for example,

(1 + k<) (16)

T

1
o
and the condition for stress equilibrium

T_P
Tw

Equations 13 and 15 can be rewritten as:

vin = i+ 2‘:;" (P; — Py + keo? (P2 — Ppa®)  (17)

o

and
AP',‘+13+P,‘+12—BP,‘+1+C=O (18)
where
P; = o
N
A= 3 kty

B = v; % 4 2P;

Wapp

C = - kt,?P? + P2 + (v;P; — ¢5)

Wi

o
*app

At the capillary wall (j = 1) holds:

vy =0

Pi=1
At the capillary center (j = 2N ) holds:

P,y =0

Starting with an arbitrary value for pag,, every P; and v; can now be
calculated by Equations 10, 17, and 18 at a given shear stress at the wall.
By an iterative procedure the correct value for pep, can now be ap-
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proached by approximating Pay to zero. To calculate yap, the following
constants describing the rheological behavior of the components were
used:

PU solution PAN solution
Wo 12.6 222
k 0 2.5 X 10~

Microscopic examination revealed that phase inversion of the emul-
sions occurred at a volume fraction of ca. 0.5 and that the average size
of the dispersed droplets was about 5 microns.

There are two ways to calculate papp. First, decide which fluid com-
ponent occupies the layer adjoining the capillary wall. Carrying out the
calculations for the two cases we obtain two values of papp. The most
probable will be the average of the two.

The calculations were carried out for a shear stress at the wall of
2 X 10* dynes/cm?. The two values for papp and their average were
plotted together with the results from the measurements (Figure 3)
against the volume fraction of the PAN solution in Figure 9. The calcu-
lated mean viscosity line coincides with the measurements on the emul-
sions that are rich in PU solution. On the other hand, for PAN rich

120
Mapp 100
poises
pan-solution /
80- at the wall
] /
/
60 -
40 -
-
204 pu-solution
at the wall
1
0 ' 02 04 06 08 10

F, volume fraction of pan-solution

Figure 9. Measurements with a capillary viscom-
eter: viscosity of the emulsions vs. their composition
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g VELOCITY PROFILES
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Figure 10. Calculated velocity profiles for 90 vol % PAN
solutions

solutions the measurements show a better fit with the line calculated for
PAN solution at the wall.

Figure 10 gives the calculated velocity profile for a volume fraction of
PAN solution of 0.9 and the same solution adjoining the capillary wall.
For clarity not all the velocities at the interfaces are represented. The
cross-sectional area of a tubular layer increases as the average velocity of
this layer in the capillary becomes smaller and vice versa.

Conclusions

The measurements presented here on emulsions of polyurethane and
polyacrylonitrile dissolved in N-methylpyrrolidone can be explained well
by theory. However, in the literature certain examples of comparable
systems are given (e.g., polyacrylonitrile and cellulose—acetate dissolved
in dimethylformamide (2)), which show a much more complicated be-
havior. These emulsions have even lower viscosities than that of the
least viscous component. Thus, the viscosity—composition curves have
minima. Such behavior cannot be explained by any of the models dis-
cussed above. It seems that the basic assumptions used in our analysis
are not valid for such systems.
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These assumptions are: continuity of stress and velocity across the
interfaces; since stress discontinuities owing to high interfacial tensions
increase the viscosity (3), to explain the unexpected low viscosities we
must doubt the validity of the velocity condition at the interfaces. This
is supported by the fact that the two polymers are incompatible, which
implies a relatively low concentration or even complete absence of en-
tanglements at the interface. A very thin layer of solute-free solvent
around the droplets would result. Such a low viscosity layer might be
the cause of the anomalous behavior.
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Interfacial Bonding between Different
Elastomer Phases

R. L. ZAPP

Enjay Polymer Laboratories, Esso Research and Engineering Co.,
Linden, N. J. 07036

A differential solvent-swelling technique was used to study
the ability of different elastomers in a binary blend to co-
vulcanize. The technique required that the two elastomer
phases have sufficiently different solvent parameters so that
one phase would be highly swollen while the other, below
theta temperature conditions, would be lightly swollen. If
interfacial bonds were present, a lightly swollen dispersed
.phase would restrict the swelling of a highly swollen con-
tinuous phase in a manner analogous to the restriction of
swelling by reinforcing pigments. If interfacial bonds were
absent, no restriction in swelling was observed. The pres-
ence or absence of interfacial bonds between chlorinated
butyl rubber and polydiene rubbers depended on the type
of curatives and crosslinking agents used. This suggested
that certain types of chemical bonds as well as relative
vulcanization rates were controlling factors.

From thermodynamic considerations (2) supported by microscopic ob-
servations (5), two different high molecular weight polymers when
blended exist in a heterogeneous state. In the case of elastomers capable
of crosslinking these separate phases may crosslink in the presence of
one another. However, the question arises, does bonding exist across
the interfaces?

Many studies of vulcanized elastomer blends have revealed discon-
tinuities in physical property trends attributable to poor interfacial bond-
ing. Recently Rehner and Wei (5) have observed discontinuities in the
swelling of blended crosslinked networks swollen in a common solvent.
This departure from an averaged swelling behavior, based upon com-
positional ratios and the swelling behavior of the two homophases, re-
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flected peculiar changes in over-all crosslink concentration at specific
ratios. These authors did not mention the absence of interfacial bonding as
an explanation of the discontinuities although their vulcanized systems
were well crosslinked on the basis of low extractable content.

The present study addressed itself to the subject of interfacial bonds
between the phases of blended elastomeric networks. For the most part
these investigations have emphasized systems of chlorinated butyl rubber
and polydiene elastomers. Chlorinated butyl rubber (1) possesses allylic
chlorine atoms that allow this elastomer to be crosslinked by the agency
of zinc oxide and the elimination of chlorine, independent of conven-
tional sulfur vulcanization. Thus, this low functionality polymer chain
molecule will crosslink in the presence of highly unsaturated rubbers
contrary to experience with strictly low unsaturated elastomers. Other
elastomer systems have been investigated briefly to add support to the
diagnostic solvent-swelling techniques, which is the subject of this dis-
cussion. These techniques are based upon solvent-swelling observations
in a pair of solvents defined as differential swelling solvents.

Adbesion Analysis in Swollen Elastomer Blended Networks

In searching for solvent-swelling techniques that might provide more
positive evidence of bonding between elastomer phases, attention was
drawn toward elastomer networks containing reinforcing fillers such as
carbon black as well as systems with non-reinforcing mineral pigments.
The phenomenon of carbon black restriction of elastomer network swell-
ing was observed in a qualitative and graphical way quite a few years
ago (7). Mineral fillers displayed much less restriction to network swell-
ing. More recently Kraus (4) has placed a mathematical interpretation
upon the restriction of network swelling by reinforcing fillers based upon
the presence of an elastomer—particle bond that remains intact during
swelling. Agreement between experiment and theory was satisfactory.

Development of Solvent Pairs. The restriction of elastomer network
swelling by a reinforcing filler imbedded in the network is pictorially
represented in Figure 1. In deriving an equation relating swelling re-
striction to filler loading, Kraus postulated that the elastomer network
attached to the surface of the particle would remain unswollen and that
swelling would increase as the distance from the particle increased. The
over-all effect would be to reduce the amount of solvent imbibed in a
filled system as compared with an unfilled elastomer network. The re-
striction in swelling expressed by the ratio of volume fractions of gel in
the unfilled and filled (restricted) case was related to a function of the
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SOLVENT

Vro = VOL. FRACTION OF
POLYMER IN SWOLLEN
GEL (NO FILLER REIN-
FORCEMENT)

Vr = VOL. FRACTION OF
POLYMER IN RESTRICTED
SWOLLEN GEL (WITH
FILLER REINFORCEMENT)

Journal of Applied Polymer Science

Figure 1. Restriction of network swelling (4). V. /V, =
I—m(¢/1—¢)
1 I I
Cac0, IN
L5 GBIV a NO RESTRIC- |
: TION
A
(NON-BONDING)
2z / .
g 1o ° ° SWELL RE
> o =
T~ STRICTION
0.9 L CARBON T~/ (ADHESION)
-9 FBLACK IN BUTYL
| | ]
085 2 4 .6

Figure 2. Filler adhesion analysis. Function ¢/1 — ¢
(¢ = volume fraction of filler).

filler concentration by the equation shown in Figure 1. Volume fraction
of polymer in the swollen gel, V, is related to swelling volume increase by:

_ 100
" 100 + (9 vol increase)

v,

If pigment-polymer adhesion were restricting swelling, the linear plot
would have a negative slope, and if no adhesion were present, a zero or
positive slope would be observed. The positive slope could be associated
with the presence of voids that would be filled with imbibed liquid, thus
producing an abnormally high swell. A representation of the two cases,
one with pigment-polymer adhesion, in this case carbon black, and the
other with a mineral filler where no adhesion exists is shown in Figure 2.

In the filler-polymer adhesion analysis, the filler particles do not
imbibe solvent during the swelling process, so the problem in attempting
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to adapt this concept to swollen elastomer blends would be to restrict
the swellipg of one elastomer phase to make it appear as a slightly
swollen particle. If the other elastomer phase is highly swollen, con-
siderable interfacial restriction to swelling of this phase would exist if
interfacial bonding were present. Such a differential swelling condition
can be found for certain pairs of elastomers, and for this study, the tech-
nique has been given the term “swelling in differential solvents.”

Organic solvents exist in a wide range of solubility parameters based
upon their cohesive energy densities, which are related to molar heats
of vaporization (6). Elastomers and polymeric materials capable of
crosslinked network formation and of being swollen will have an indi-
rectly determined solubility parameter equivalent to the parameter of
the solvent in which the polymer swells to the highest extent. If the two
elastomers have sufficiently different solubility parameters (v/CED —
square root of the cohesive energy density), it is possible to select solvent
pairs which will swell the two phases differentially. If one superimposes
reduced temperatures on the elastomer—solvent systems so that one elas-
tomer phase is well below its “theta” temperature (3), a condition ap-
proaching the system of a filler in a swollen network can be obtained.
When an elastomer—solvent system is well below its “theta” temperature,
the polymer chains are coiled tightly, and the low degree of swelling has
no relation to an extent of network crosslinked density. Thus, the elas-
tomer phase that is “well below its theta temperature” can be considered
to be a slightly swollen pigment or filler particle.

Table I lists the final results of solvent-swelling conditions which
resulted in selecting 2,2 4-trimethylpentane and styrene at —25°C for
a differential solvent pair. The table also includes the published values
for the solubility parameters (v/CED) of the elastomers and the sol-
vents. This table indicates that for the elastomer systems Cl-butyl—cis-
polybutadiene or Cl-butyl-SBR excellent differentiation can be obtained.

Table I. Swelling of Various Elastomer Crosslinked
Networks in Differential Solvents at —25°C

Elastomer 2,2,4-Trimethyl-

Network \/CED*  pentane \/CED = 6.9 Styrene \/CED = 9.3
Cl-butyl 7.8 315 73
Natural rubber 8.1 210 465
cis-

Polybutadiene 8.4 65 310
SBR (1502) 8.3 60 420
L-300 Vistanex 7.8 soluble 72

(not crosslinked) (0.99, Ext.)

e CED = cohesive energy density.
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On the one hand, at —25°C trimethylpentane swells a chlorobutyl net-
work to a high degree while limiting the swell of the two polydiene
rubbers. Styrene at —25°C, on the other hand, highly swells the two
polydiene rubber vulcanized networks but limits the swell of the chloro-
butyl. To show that an elastomer network swelling in a solvent well
below a “theta” temperature is essentially independent of the extent of
crosslinking, a high molecular weight polyisobutylene (which cannot be
vulcanized) swells to the same low level in styrene at —25°C as the
chlorobutyl vulcanized system. Equilibrium swelling at these low tem-
peratures was ensured by contacting 0.025-inch thick specimens with
solvent for 3 days in a constant temperature cold box. The polyiso-
butylene was soluble in trimethylpentane at —25°C.

The system Cl-butyl-natural rubber (or cis-polyisoprene) could not
be resolved by differential solvent techniques because the polymeric
solubility parameters were too similar. At one end of the spectrum—i.e.,
with styrene at —25°C—natural rubber could be highly swollen while
restricting the chlorobutyl swell, but the reverse was not possible, as
indicated by the swelling volumes in the trimethylpentane. As displayed
in Table II, attempts to use a highly symmetrically branched hydrocarbon
with a very low solubility parameter, served only to reduce both the
swelling of natural rubber and chlorobutyl. (Neopentane is a gas above
10°C and a solid below —20°C). Therefore, for this report the use of
differential solvents in the study of interfacial bonding in blends was
limited to systems of Cl-butyl and cis-polybutadiene or SBR.

Table II. Swelling of Cl-Butyl and Polyisoprene Crosslinked
Systems in Neopentane at —10°C

Elastomer 9%, Volume Increase in
Network /' CED* Neopentane /' CED = 6.1
Cl-butyl 7.8 120
Polyisoprene 8.1 91

(Shell)

e CED = cohesive energy density.

Evidence of Interfacial Bonding. In these experiments compounded
blends were composed of two elastomer phases that were first mixed
with curative ingredients before blending in various ratios. This pro-
cedure was adapted to ensure proper initial distribution of the ingre-
dients between the two phases. Blending was accomplished, with one
exception, by mill mixing on a small laboratory two-roll mill. After blend-
ing, cured specimens in the form of small 0.025-inch thick pads were
swollen in a common solvent to observe the over-all state of network
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formation. Only those blended systems which displayed satisfactorily
low levels of extractables were subject to differential solvent swelling.

Such a series of blends swollen in a common solvent, cyclohexane,
is shown in Figure 3. This system, blends of Cl-butyl and cis-polybuta-
diene, was composed of the following compounded phases: [Cl-butyl
100, zinc oxide 5, sulfur 1, TMTDS 1: and cis-polybutadiene 100, zinc
oxide 5, sulfur 2.5, TMTDS 0.5] (TMTDS = tetramethylthiuram di-
sulfide). All numbers represent parts by weight. In Figure 3, the sepa-
rate homophases as well as all intermediate blends are well crosslinked
by swelling standards. Attention is also drawn to the level of extractables;
these are very similar and at an acceptably low level throughout the
range of blend ratios.

600 .
J CYCLOHEXANE AT ROOM TEMPERATURE.
\
g so0 — (THIURAM CURE)
(&}
Z 400
2 300l
g
v % EXTRACTABLE
200 } U 4 4
Bo 4. 1, 2.6 3.2 %4 3.0
100 1 1 i L 0
C1-B 100
CIS PB 0 % POLYMER COMPOSITION 100

Figure 3. Swelling in a common solvent system, Cl-butyl,
cis-PB

When this same system of blends cured in the same manner was
subject to swelling in differential solvents at —25°C, plots of swelling vs.
composition produced the two curves of Figure 4. The two curves des-
cend sharply from high swell to nominal swell as the phase subject to
theta temperature swelling conditions increases and then becomes pre-
dominant. In these specific curves the swelling of the blends is below
an additive line which represents a restriction in volume swell of one
phase (the highly swollen phase) by the lightly swollen phase, and is
indicative of some degree of interfacial bonding. To analyze further the
swelling data, on the basis that one phase is a lightly swollen pigment,
it is assumed that solvent inhibition of this phase (below theta tempera-
ture conditions) does not depend on any cure state and is related only
to the amount of this phase present in the blend. This is represented
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graphically by the two crossed straight lines near the bottom of the figure.
The numbers (i.e., 11.6; 23.2, etc.) near the lines are estimated volume
percentages of solvent imbibed by the lightly swollen phase and must be
subtracted from the total swelling directly above them to determine the
swelling of the highly swollen phase. In the analysis of the data (anal-
ogous to the polymer—pigment adhesion concept of Kraus) two regions,
one of cis-polybutadiene jin chlorobutyl and the other of chlorobutyl in
cis-polybutadiene, are considered.

500 - A - =B = -
Region Cis-PB Region Cl-B
in Cl-B in Cis-PB

400 T

' ®
Styreny
/
/TMIP
300 C\ / /
~

25!OQ -~ 7

200 201 ‘p§(‘/ -
i o\\\o
o)

% Volume Increase

/ L4 RS
100 | ~ ./ —~ 4
\ -
_ -
11.6 23.2\_’, —— 2% 12
_ g
1> 1 1 1 X g n I\L
100 80 60 40 20 0 Cl-Butyl
0 20 40 60 80 100 Cis-PB

% Composition

Figure 4. Blended systems of Figure 2 swollen in differential solvents
at —25°C. Cure 30 minutes at 300°F.

Representative calculations are shown in Table III, and % volume
increase for the homophases and the blends is converted to volume frac-
tion of the highly swollen polymer in the gel by the relationships shown
for V,, and V,.

Finaliy, the corresponding ratios of V,,/V, are plotted as a function
of the volume fraction of the dispersed lightly swollen phase ¢/1 — ¢ as
shown in Figure 5. In this case both lines have descending slopes, re-
flecting the restriction of swelling of the highly swollen phase by the
lightly swollen phase which can now be associated with an interfacial
bonding.
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Table III. Calculations for Interfacial Adhesion Analysis
Shown in Figure 4
Comp. Calc. of Vo and 'V, Vio/ Vi
A-Region, cis-PB in CI-B
100
1009, CI-B Ve = —— = 247 1
100 4+ 305
85 CIB 85
VvV, = = .259 .95
15 cis-PB 85 + (255 — 11.6)
70 CIB 70
VvV, = = .282 .88
30 cis-PB 70 + (201 — 23.2)
B-Region, CI-B in cis-PB
100
1009, cis-PB Ve = — = .190 1
100 + 425
85 cts-PB 85
vV, = = .203 .94
15 CIB 85 + (346 — 12)
70 cis-PB 70
vV, = = .233 .82
30 CIB 70 + (253 — 24)
Composition Ratio
100 85/15 70/30
°/(1 — ¢) = — -— —
0 176 0.429

2 ¢ = Volume fraction of dispersed phase.

75

The question immediately raised is: “would this technique portray
an opposite or negative adhesion response if applied to a polymer blended
system where no interfacial bonding could be present?” Such a system
would be cis-polybutadiene and high molecular weight polyisobutylene
restricted to that portion of the blend system where polyisobutylene is
the minor dispersed phase in cis-polybutadiene. A high molecular weight
polyisobutylene [L-300 Vistanex (Enjay Chemical Co.)] was com-
pounded with zinc oxide, sulfur, and TMTDS and then dissolved in
hexane. cis-Polybutadiene (Phillips Chemical Co.) was also mixed with

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch006

76 MULTICOMPONENT POLYMER SYSTEMS

the same compounding ingredients and separately dissolved in hexane.
The two polymer phases were then solution blended on a solids content
basis of 15 and 30 wt direct polyisobutylene in 85 and 70% cis-polybuta-
diene. The blended solutions were poured onto Teflon surfaces for quick
evaporation followed by high vacuum drying at 40°C. The homophases
were also evaporated and dried in the same manner. The two blended

T | | T

SYSTEM CI-BUTYL, CisPB
1.06x THIURAM CURE -

\. CisPB IN CI-B

s ° (TMP - 25°C)
g / /
> 0.9 -
CI-B IN CisPB .
(STY - 25°C)
(o]
| 1 | |
083 2 3 4 .5

.1 . . .
é/1-¢ (¢=VOL. FRACT. DISP. PHASE)

Figure 5. Adhesion analysis of blends swollen

in differential solvents
500
No Restriction
of Swelling
400 - -
£ 4
o i
]
s 300 | 7 .
5 /
g
@
g 200
3 -
»e
//
o =~ - -
7
o4 PR S
lj.Q — % Extractable — , 1.4 '1.6 3.2
0
100 % PIB 40 20 0
0 % Cis-PB 60 80 100

Figure 6. High molecular weiiht polyisobutylene in cis-
polybutadiene. Differential swelling in styrene at —25°C.
Blends cured 30 minutes at 300°F.
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ratios and the separate homophases were swollen in styrene at —25°C
since only systems involving polyisobutylene in polybutadiene were con-
sidered. (Unvulcanizable polyisobutylene cannot be a continuous highly
swollen phase in trimethylpentane since it is soluble.) Samples were
cured 30 minutes at 300°F.

Swelling results in styrene at —25°C are shown in Figure 6, wherein
there is no restriction in swelling below an average additive line even
though polyisobutylene is swollen only lightly and is not soluble in sty-
rene at this low temperature. Proceeding with an adhesion analysis as
described under Figure 4, the subsequent plot in Figure 7 of the ratio
of V,,/V, vs. the function of lightly swollen polyisobutylene content in
cis-polybutadiene has a positive upward slope indicative of an absence of
interfacial bonding.

1.1 oo Absence of Interfacial bonds
[ ]
Vro /
Vr 1'0./ ‘
0.9 1 1 1
.2 4 .6

@/ (1-@) where @ is the volume fraction
of the dispersed phase (PIB)

Figure 7. Adhesion analysis after swelling in styrene

The System Cl-Butyl—cis-Polybutadiene

The system Cl-butyl-cis-polybutadiene has been studied in some
detail because it was suitable for the developed differential swelling
technique and because this system of blends vulcanized with zinc oxide,
sulfur, and thiuram disulfide first revealed the presence of interfacial
bonds. This curative system has the feature of a “fat cure”—i.e., the two
homophases are vulcanized rapidly, and the crosslinked density does not
increase radically as vulcanization time is prolonged. This is observed
in Table IV by swelling and extractable levels of a series of crosslinked
networks cured at increasing times and swollen in a common solvent,
cyclohexane.

All crosslinked networks in the form of 0.025-inch thick sheets had
acceptably low levels of extractable contents that were relatively con-
stant regardless of the time of vulcanization. Although states of cross-
linking of the homophases changed little with prolonged vulcanization
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Table IV. Swelling Volumes and Extractable Contents of Networks of
Cl-Butyl and cis-Polybutadiene-Vulcanized at 300°F—Sulfur,
Zinc Oxide, TMTDS

% Vol. Increase 9% Ezxtractables
Network Cured 10 min. 30 min. 60 min. 10 min. 30 min. 60 min.

1009, Cl-Butyl 570 560 550 2.9 2.9 2.6

85 CI-B 510 470 440 3.2 2.4 2.1
15 czs-PB

70 CI-B 459 420 417 3.0 2.9 2.3
30 cis-PB

50 CI-B 430 380 360 3.5 2.6 2.5
50 cts-PB

30 CI-B 418 340 330 3.7 3.2 2.9
70 cts-PB

15 CI-B 395 350 355 3.6 3.4 3.4
85 cts-PB

1009, cis-PB 342 330 350 3.1 3.4 3.6

time, the possibility existed that the effect of time upon interfacial bond
development would be different.

Effect of Vulcanization Time. The Cl-butyl—cis-polybutadiene
blended systems discussed earlier with reference to Figures 4 and 5 were
vulcanized for 10, 30, and 60 minutes at 300°F and subject to differential
solvent swelling as shown in Figure 8. It is obvious that the 10 minute
cure has a markedly different swelling response in styrene at —25°C
than the other longer cures. The marked difference occurs in the region
where Cl-butyl is the minor phase in cis-polybutadiene, and in this region
swelling is not restricted at this short cure time. As cure time is pro-
longed, the swelling curve loses its S-shaped pattern, and swelling restric-
tions begin to appear. The other blended region of cis-polybutadiene in
chlorobutyl is not as sensitive; restrictions of swell in trimethylpentane
at —25°C are observed early in the curing cycle.

Adhesion analysis based on the differential solvent swelling is shown
in Figure 9 where the 10-minute cures of blends of small amounts of Cl-
butyl in cis-polybutadiene reveal the lack of interfacial bonding. As cure
time is prolonged the plots of the ratios of network swelling (expressed as
volume fractions of polymer) change to a descending slope pattern in-
dicative of interfacial bonding. In the less sensitive blend area of cis-
polybutadiene in chlorobutyl the adhesion analysis from differential swell
in TMP at —25°C shows descending slope patterns for all cures with
small increases in slope steepness as cure time progresses. Interfacial
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Figure 8. Changing conditions at the interface as cure time increases. Blended
networks swollen in differential solvents at —25°C.
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Figure 9. The changing condition at the interface
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bonding occurs earlier in the cure cycle, in this blend area, and increases
modestly with time.

Sensitivity toward Vulcanization Ingredients. The zinc oxide-in-
duced crosslinking is fundamental for elastomers containing active com-
bined chlorine. Other ingredients are most often added to enhance the
crosslink density or accelerate the rate. One class of materials is repre-
sented by polyhydroxy aromatic compounds such as catechol or resorcinol.
Polyhydroxy aromatic compounds have been used (3) to enhance the
ZnO cure of Cl-butyl. The mechanism proposed is based upon an alkyla-
tion type reaction catalyzed by ZnCl, (from the reaction of ZnO with
the chlorine of the polymer). This type of vulcanization system is un-
related to an accelerated sulfur system, so one would not anticipate a
co-cure between elastomer phases that contained these two systems in
the separate phases. To test this assumption a Cl-butyl phase and a
polybutadiene phase were prepared as follows. Cl-butyl 100: zinc oxide
5, di-o-tolylguanidine salt of dicatechol borate [Permalux (Dupont)] 2;
cis-polybutadiene 100, zinc oxide 5, sulfur 2.5, TMTDS 0.5. These sepa-
rately compounded elastomer phases were mixed and vulcanized in a
range of ratios and subjected to differential solvent swelling. Results of
an adhesion analysis from differential solvent swelling are shown in Fig-
ure 10. The upward trends of the adhesion analysis plot reflect lack of

CisPB in Cl-Butyl Cl-Butyl in CisPB
TMP-25°C) (Styrene-25°C)
1.1 ~ 1.1
‘\
© ®
Vro L/o/ Vro
ve 1.0 Vr 1.0
A B
0.9 L 1 —1 0.9 1 1 1
0 2 4 6 0 2 N 6

@/(1-@) where @ = Vol, fraction dispersed phase

Figure 10. Adhesion analysis after differential solvent swelling at —25°C
Critical curing ingredients:

System
Cl-butyl 1066 100 cis-PB 100
zinc oxide 5 zinc oxide 5

Permalux 2 sulfur 2.5
thiuram (TMTDS) 0.5
Permalux — di-o-tolylguanidine salt of dicatechol borate (duPont)

Increasing the state of cure of chlorobutyl by an independent accelerator does not
promote interfacial bonding. Blends mill mixed and cured at 300°F for 60 minutes
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interfacial bonds whether Cl-butyl or cis-polybutadiene is the continuous
phase.

A general pattern of vulcanization ingredients that promote inter-
facial bonds has emerged. This pattern appears to be based upon the use
of thiuram di- or polysulfides as accelerators in both elastomer phases.
For example, when a thiazole-type accelerator is substituted for the
thiuram disulfide in the polybutadiene phase, there is lack of evidence
for interfacial bonding with Cl-butyl. The adhesion analysis from dif-
ferential solvent swelling for such a blended vulcanized system is shown
in Figure 11. Compare the essentially horizontal plots of this figure with
the descending slopes of the plots in Figure 5.

The System Cl-Butyl-Styrene—Butadiene Rubber

In blended systems of Cl-butyl and styrene-butadiene-rubber evi-
dence of interfacial bonds has been more difficult to obtain when com-

CisPB in Cl-B Cl-B in CisPB
1.1 (TMP-25°C) 1.1 (Styrene=-25°C)
1. (¢] o 1. o -@
Iro Vro
Vr 0.9 Vr 0.9
0.8 1 1 [ ] 0.8 1 1 A 1 -
0 .1 .2 .3 4 .5 0 .1 .2 .3 4 .5

@/1-¢ (where @ = Vol. fraction dispersed phase)

Figure 11. Compounding variations in blended elastomer phases (Cl-butyl-
cis-polybutadiene). A thiazole in cis-PB phase impairs adhesion.

pared with the system Cl-butyl—cis-polybutadiene. Positive evidence of
interfacial bonding by differential solvent swelling has been demonstrated
most successfully with a thiuram sulfur donor-type of vulcanization ac-
celerator. An example of a Cl-butyl-SBR blend system that displays an
absence of interfacial bonds contains a thiuram monosulfide which is not
a sulfur donor. Elemental sulfur must be added to produce crosslinks in
the SBR phase. This system is shown in Figure 12. Blended vulcanized
systems were swollen in the pair of differential solvents, and no restric-
tion in swell below an additive average line is noted for the critical re-
gions. This swelling pattern results in adhesion analysis plots that are
horizontal, reflecting an absence of interfacial bonding.

In contrast, blended systems of Cl-butyl and SBR vulcanized with a
thiuram sulfur donor, dipentamethylenethiuram tetrasulfide-DMTTS, in
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System
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2 300 ™ i and
& \ “ SBR 1502 100
& > _ Zn0 5
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Vro Vro
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0.8 ! { J 0.8 ] { )
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@¢/1-9 where @ = Vol. fraction dispersed phase
Figure 12. Swelling in differential solvents at —25°C for the system SBR 1502,

Cl-butyl tetramethylthiuram monosulfide formulation

both phases reflects positive evidence of interfacial bonds. In Figure 13,
the compounded system given adjacent to panel A, produced volume
swell restrictions in differential solvents. The 30 and 60 minute vulcaniza-
tion times are almost exact duplicates in this regard. The restrictions in
differential solvent swelling generate the descending slopes of the ad-
hesion analysis plots shown in panels B and C.

Acrylonitrile Butadiene Rubber (NBR) with SBR

From practical compounding experience, we would predict that a
butadiene—acrylonitrile rubber will co-vulcanize across an interface with
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a styrene-butadiene rubber. They both have comparable quantities and
types of butadiene polymerized structures, but the acrylonitrile units im-
part vastly different polymeric solubility parameters to the molecular
chain. Whereas an SBR hydrocarbon elastomer has a solubility parameter
of 8.3 the nitrile rubber of 25% acrylonitrile has a value of 9.4 (6). Be-
cause of this difference and level of solubility parameters another differ-
ential solvent pair was selected for co-vulcanizing analysis. The solvent

500 " System
® 30' - Cure - 300°F Cl-Butyl 100
© 60' - Cure - 300°F Zno >
. 4 DMTTS 2
Y 400 | -
s fgf% SBR 1502 100
’g Y ® Zn0 5
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"5’ 300 L -25°C -
4 ‘ ©
- -
2 — //
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\;:::T\\\//// s
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| i —4
———— —
—’_:-‘T:=—f— _
O beer—"v" ¢t 1 ) [ el =
/00 So O (Cl-Butyl
o K14 /00 SBR
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SBR in Cl-B Cl-B in SBR
Swollen in TMP-25°C Swollen in Styrene=25°C
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Figure 13. Swelling in differential solvents for the system Cl-butyl, SBR 1502
dipentamethylenethiuram tetrasulfide accelerator. Sulfur donor is DMTTS.
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pair of cyclohexane and acetone at room temperature was entirely ade-
quate as the swelling volume results shown below will testify.

9% Vol Increase in: SBR-1502 NBR (259, Acrylonitrile)

Cyclohexane 308 35
Acetone 16 257

Blends of the following formulated systems were mill mixed and cured
at 300°F:

SBR-1502 100, ZnO 5, S 2, TMTDS 0.5
NBR-100, ZnO 5, S 2, TMTDS 0.5

and then swollen in cyclohexane and in acetone at room temperature.

T T T — T T T
SWOLLEN IN DIFFERENTIAL SOLVENT SYSTEM
L 1| ACETONE AND CYCLOHEXANE | | |
' NBR IN SBR ' SBR IN NBR
(300°F. CURE)
_ 1.08= o 1.0 -
ST I 2 IT]e 30’
3 S 60" g
0.9k ~ 0.9 o -
‘ %50 ' 60°
0.8 0.8\ -
CYCLOHEXANE R.T. ACETONE R.T.
R B L1
0 1 .2 3 4 5 0 1 .2 3 .4 .5

?#/1-¢ (¢ =VOL. FRAC. DISP. PHASE)

Figure 14. Blends of SBR and NBR swollen in differential
solvent system acetone and cyclohexane

Adhesion analysis from this differential swelling is shown in Figure 14
wherein the descending pattern of the plots of 30 or 60-minute cure time
indicates the presence of interfacial bonds.

Summary

Although two dissimilar elastomers—e.g., chlorinated butyl rubber
and polybutadiene—may crosslink when in contact with one another, does
bonding exist between the two interfaces? Based upon thermodynamic
theory as well as microscopic observations, we know that two such elas-
tomers are not molecularly dispersed in a blend, so the diagnostic problem
is one of considering two dispersed phases.
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By using swelling techniques and especially swelling in differential
solvents evidence of interfacial bonding has been observed under certain
conditions of vulcanization. A differential solvent is defined as one which
is a good solvent (or swellent) for one phase and essentially a theta
solvent (or poor swellent) for the other phase under well-defined tem-
perature conditions. In recent studies styrene (solvent parameter 9.3)
at —25°C will highly swell a polydiene rubber network while having
very little swelling power for a butyl rubber network. Conversely, 2,2,4-
trimethylpentane (solvent parameter 6.9) at —25°C will highly swell a
butyl network while possessing very little swelling power for some poly-
diene elastomer backbones. Thus, one phase, if it is the dispersed phase,
can be considered a lightly swollen pigment or filler, and a type of filler
adhesion analysis based upon restrictions of solvent volume swelling can
be applied. Techniques of this kind have shown that under selected
conditions one elastomer phase will restrict the volume swell of another
in a manner analogous to reinforcing carbon black fillers. This restric-
tion of swelling of the continuous elastomer phase by the dispersed phase,
in the presence of differential swelling solvents, is considered to be evi-
dence of interfacial bonds. The acquisition of interfacial bonds depends
upon the type of co-vulcanization agents used to promote crosslinking.
This suggests that relative crosslinking rates of the two phases and the
chemical nature of the crosslinks are the factors that control the formation
of interfacial bonds.
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The Theory of Rubber Toughening
of Brittle Polymers

C. G. BRAGAW
Plastics Department, E. I. du Pont de Nemours & Co., Wilmington, Del.

The technology of ABS and impact polystyrene resins shows
that incorporation of a dispersed rubber phase of appropri-
ate properties can raise impact toughness by an order of
magnitude, apparently by increasing the energy-absorbing
volume in the resin. Principal existing theories of the tough-
ening of brittle plastics by rubber dispersion are considered;
all appear quite limited in ability to explain known phe-
nomena and have substantial difficulties. 1t is proposed that
the mechanism whereby rubber dispersions greatly increase
energy-absorbing volume is by causing cracks and/or crazes
to branch dynamically at rubber sites through the Yoffe
mechanism (35). The theory explains anomalous morpho-
logical evidence and is supported by evidence from a
variety of physical measurements.

Polymers such as poly(methyl methacrylate) (PMMA) and polysty-
rene are brittle on a macro scale, but on a micro scale they are enor-
mously tough. Crack propagation in these materials requires 3 X 10° to
2 X 108 ergs/cm? of new crack surface (5), far more than the theoretical
value of ~450 ergs/cm? (5) calculated assuming that fracture involves
breakage of molecules oriented perpendicular to the crack surface. The
formation of interference colors at the crack surface indicates the pres-
ence of a low density oriented (crazed) layer at the crack surface (6,
18), and this layer is commonly thought to have absorbed the energy
measured. Assuming 2u as the upper limit of layer thickness (I8), it is
calculated that the deforming layer in the plastic absorbs 5 X 10°
ergs/gram. This is about half the average specific energy dissipation in
a tough, ductile steel (yield stress 48,000 psi, ultimate elongation 31% ).

The apparent brittleness of PMMA, polystyrene, and styrene/acrylo-
nitrile copolymer (S/AN) arises because energy absorption is confined
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to thin _layers of the order of a micron (18). In the case of rubber-
toughened PMMA, polystyrene, S/AN, and PVC, deformation occurs in
millimeter-thick layers, and macro energy absorption is usefully high.
This layer is most readily marked by blushing. Evidence of large defor-
mations in matrix material in ABS-type resins is (a) tensile bars elongate
and neck permanently—this permanence requires permanent deformation
of the S/AN matrix since it is the only continuous phase and constitutes
~T15% of total sample volume, (b) electron micrographs (Figure 1)
show regions where rubber spheres have been distorted into 2:1 or 3:1
ellipsoids. Independent work by Mann, Bird, and Rooney (23) also
reaches the same conclusion.

The extremely high energy dissipation in the craze layer, 5 X 108
ergs/gram, would lead to an adiabatic temperature rise of about 24°C
during crack/craze propagation, which is insufficient to cause most
matrix polymers to pass through their T, at usual environmental tem-
peratures. Introduction of rubber particles can only lower this tempera-
ture rise since rubber secant modulus is very low and rubber deformation
does not exceed the 300% or so of the deformed matrix.

The relationship between craze initiation and propagation, and crack
initiation and propagation, is not well understood (31). Crazing clearly
precedes formation of unstable cracking. For example, in tensile tests
on Lustran A-21 S/AN, crazing occurred at 1.8-2.0% elongation, whereas

; A,I‘& J
J!l‘{x? Jl/f lf/

Polymer

Figure 1. Craze traces in an ABS resin (25)
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catastrophic crack propagation occurred at 2.3-2.4% elongation. The
role of craze in crack initiation is completely obscure at this time.

Cracks grow slowly after initiation until the crack length reaches the
Griffith crack length (29). Then rapid acceleration occurs, the crack
finally reaching a limiting speed of about half the transverse wave velocity
(32). At this speed, the crack surface becomes rough because of branch-
ing (9). The critical crack length is given by Griffith’s relation

T = ‘/@ )

TC

where T — tensile strength, E — Young’s modulus, y = energy required
to produce a unit area of new crack, and ¢ — critical crack length. The
relation is applicable to systems which are brittle or where ductile flow
regions are small compared with c¢. For a resin like polystyrene or
PMMA, T ~5 X 10® dynes/cm?, E ~3 X 10" dynes/cm?, y ~2 X
10% ergs/cm?. Thus, one calculates a Griffith crack length of 50 or 100p.
As noted above, ductile effects are limited to layers of 1 or 2, so the
Griffith relation is applicable (29). By breaking S/AN bars, it is experi-
mentally observed that crack roughening begins when ¢ reaches 250,
which is entirely compatible with the calculation of 50 or 100 Griffith
crack length. The difference between the two numbers represents crack
acceleration distance.

Almost all ABS resins turn white (blush) when deformed beyond
the yield stress, even at the extremely high deformation rates character-
istic of the notched Izod test. The relatively high energy absorption
properties are thought to be caused by energy dissipation in the blush
region. Electron micrographs of Haward and Mann (17) and Mann,
Bird, and Rooney (23) show gross matrix deformation in the blush area.
Blush density is lower than matrix density (0.91 vs. 1.01 for blushed and
unblushed Cycolac H ABS resin), and blush disappears when the mate-
rial is compressed; thus, voids appear to be present in blushed material.
Haward and Mann (17) and Newman and Strella (28), report that
much deformation beyond the yield point is recoverable upon heating
the material above the glass transition temperature (T,) of the glassy
matrix; thus, molecular orientation is believed to exist in the continuous
phase. Merz, Claver, and Baer (27) and Schmitt and Keskkula (33)
concluded that blushed material consisted of networks of cracks, whereas
Matsuo (25) and Bucknall and Smith (7) conclude that craze networks
make up the blushed material. Bucknall and Smith used light microscopy
and saw no voids in blush; their conclusion that no cracks exist, however,
must be interpreted to mean no cracks or voids with smallest dimensions
larger than the wavelength of light. Kambour indicates that craze mate-
rial is 40-50% voids of 20 to 200 A in size (21). Matsuo’s electron
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Figure 2. Effect of AB% content in toughening PVC
24)

micrographs show lines << 0.1x wide in craze layers, which can be
interpreted to be cracks.

Existing Theories of Toughening

Rubber Energy Absorption. The earliest ideas concerning the tough-
ening effect on a brittle resin of incorporating rubber were quite direct:
the rubber absorbs energy in impact as it stretches across cracks in the
brittle matrix (27). Not yet discarded by all (2, 24), the theory has a
number of difficulties. Calculations by Newman and Strella (28) show
that the stretching mechanism cannot account for more than a small
fraction (~1/10) of the energy absorption in a toughened resin. The
theory ignores the high local energy absorption and high elongation
actually observed around fractures in all brittle matrix resins. Actually,
the impact strength of a rubber-toughened resin can depend greatly on
matrix properties; the case of rubber-toughened PVC (toughened by
incorporation of a high-rubber ABS resin of the Blendex type) is shown
in Figure 2.

Further, electron micrographs such as those of Matsuo (25) indicate
that matrix craze bands are as wide as rubber particle diameter. Thus,
energy absorption in the rubber during the important craze phase is
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Table I. Hydrostatic Tension Calculated
from Goodier’s Equations (14)

Angle, 6 Value of Hydrostatic Tension at Interface
we =0 pe = 0.1y P = @
(void) (““rubber’’) (hard inclusion)
0° —0.45T —-0.32T +1.2T
90° +0.73T +0.67T -0.1T7

much less than that in the matrix since rubber secant modulus is much
less than that of the matrix, and total stretch is the same for both phases.

Dilatation Theory of Yielding. Newman and Strella (28), recog-
nizing the inadequacy of the direct energy absorption theory, proposed
that the rubber particles generated a hydrostatic tensile stress state in
the adjacent matrix polymer; hydrostatic tension generates dilatation—
i.e., an increase in free volume, and the increase in free volume facilitates
yielding, which occurs instead of brittle fracture. In the original paper
(28) the source of the hydrostatic pressure was the differential lateral
shrinkage expected because the Poisson’s ratio of the rubber (1/2) is
greater than that of the matrix (1/3). In a later paper, however, Strella
(34) based the theory on Goodier’s analysis (14) of stresses in a system
under simple tension composed of an elastic sphere embedded in an
elastic matrix.

With an elementary elaboration, Goodier’s solutions for matrix
stresses can be expressed as:

_T[, _5a® (14 &) (1 + 3cos26) (i1 — wa)
HT =3 [1 28 X T = Bo) w + 8 — 1007) w2 ] 2)

where HT — hydrostatic tensile stress, T — simple tensile stress applied
at r = oo, r = distance from sphere center, a — sphere radius, § — angle
between radius vector r and the direction of T, u, and g, are shear moduli
of matrix and sphere, respectively, and o, is the Poisson’s ratio of matrix.

We note that ., the Poisson’s ratio of the sphere, does not appear at
all, so that differential Poisson’s contraction does not exist (that is, HT
is independent of ¢,). For a homogeneous material, HT — 0.33 T. The
magnitude of HT depends on the relationship between g, and g, and on
angle 6. Equation 2 has been solved for a number of interesting cases,
with results shown in Table I. Table I shows that the elastic inclusion
does increase the hydrostatic tension maximum above the 0.33 T level
in a homogeneous material, that a void increases hydrostatic tension more
than a rubber particle, and that a hard inclusion increases hydrostatic
tension more than a void. These results assume adhesion of sphere to
matrix.
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Recognizing that the extensive art in rubber toughening teaches that
only adherent rubbers toughen (nonadherent rubber particles act like
voids), we nevertheless tested the above conclusions of the dilatation
theory by attempting to toughen styrene acrylonitrile copolymer (S/AN)
with dispersions of voids and with dispersions of hard particles.

In a first series of experiments, S/AN (Lustran A20) was foamed
under compression using azobisformamide (Celogen AZ) as the foaming
agent. Densities obtained ranged from 0.98 to 0.73, and microscopic
examination showed a good dispersion of 20-33u diameter bubbles,
typically spaced about 20u apart (note that Equation 2 implies that no
particular void size is required). Izod tests on these void-filled bars
showed that impact strength divided by density decreased as void content
increased. Secondly, an equivalent “void” experiment using a dispersion
of 20 wt % of 0.2-0.3x fluorocarbon particles (a Teflon T6C dispersion),
which are nonadherent, in poly(vinyl chloride) produced no toughening
either. Electron microscopy indicated that an excellent dispersion had
been obtained.

Table II. Izod Impact Strength of TiO.-Filled S/AN*

T70, Content, Izod,
vol 9, Jtib/in

0 0.24

4 0.20

10 0.23

17 0.25

¢ ASTM: D256: 23°C.

By milling, completely satisfactory dispersions of 0.3 TiO, pigment
particles (Ti-Pure 610) in S/AN (Lustran A21) were made. Electron
micrographs show an excellent dispersion with a close resemblance to
an ABS resin. This system is ideally suited to testing the dilatation
theory. Particle size and distribution (1-3u between particles) closely
approximated an ABS; hence, size effects were well simulated. Since
TiO, has a very high modulus (~107 psi), a high hydrostatic tension
would be produced if the particles were adherent at high levels of inter-
facial tension. This point is experimentally inaccessible, so the experi-
ments described below may represent either the hard inclusion case or
the void case of Table I. In either case, the hydrostatic tension produced
is calculated to be higher than in the case of a rubber particle. Bars
molded from the TiO, dispersions were brittle in hand bending and were
found to be untoughened as measured by Izod impact strength, Table II.
Tensile specimens were tested at various temperatures with the results
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Table III. Tensile Yield and Ultimate Strength of TiO:-Filled S/AN
Temperature, °C Behavior, S/AN Alone S/AN + 179, (vol) TiO,

23 Brittle fracture @ Brittle fracture @
9300 psig 8600 psig
60 Yielded @ 7140 psig Brittle fracture @
6700 psig
70 Yielded @ 6400 psig Brittle fracture @
7000 psig
80 Yielded @ 4880 psig Yielded @ 6250 psig

shown in Table III; inclusion of hard particles raised yield stress and
decreased ductility. These effects are the opposite of those predicted by
the theory.

If differential Poisson’s shrinkage does not account for the enhanced
hydrostatic tension, what does? In this case, the increased hydrostatic
tension arises because the elastic sphere is, in fact, a kind of a notch
(crack), and notches (abrupt changes in cross section) generate hydro-
static tension partly by a stress concentration effect and partly by in-
hibited matrix Poisson’s contraction arising because of matrix cross section
change (29). It is appropriate to ask if a rubber particle can generate
enough extra dilatation to allow a matrix polymer with a glass transition
temperature of, say, 90°C to yield instead of break in a brittle manner
at temperatures of 23° to —40°C. In a homogeneous bar of S/AN, Tax
(breaking stress) is commonly ~9500 psi, and the hydrostatic tension
is ~3167 psi. In an ABS resin, Tp,; (yield stress) is ~6000 = 1000 psi,
and the corresponding hydrostatic tensile stress is ~4400 psi (assuming
pe — O as a first approximation). The bulk modulus of S/AN is ca. 4 X
10° psi, so the two dilatations are 0.8 and 1.1%, respectively. Since the
cubic coefficient of thermal expansion of S/AN is about 25 X 107%/°C
(26), we calculate that the extra dilatation arising from the presence of
the rubber spheres is equivalent to the dilatation which would arise by
raising the temperature by 12°C. This extra dilatation appears to be too
little to account for ABS toughness at room temperature, much less at
—40°C. The above difficulties, together with the muteness of the theory
in regard to such important features in toughening art as particle size and
interphase adhesion effects, prompted search for a more satisfactory
theory of toughening.

Craze Nucleation Theory. In various ways it has been suggested
that the role of the rubber particles is that of stress concentrators. Thus,
Schmitt and Keskkula (33) believe that the multiplicity of stress concen-
trators (i.e., a multitude of weak points) produce a large number of
small cracks rather than a few large ones; more energy is needed to
propagate a large number of small cracks, and stress fields of the various
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cracks interfere with one another in a favorable way. Matsuo (25)
visualizes the rubber particles “as voids or stress-concentrators, thus
presenting a site for craze formation under stress.” Orowan suggests
that the particles nucleate a mass of tiny cracks ahead of the main crack
and so produce a “statistical branching” effect (30).

The actual stress distribution around a rubber particle has been
calculated for the case of a rubber particle embedded in a rigid matrix,
following Goodier (14). Assuming the shear modulus of the matrix, g,
is much greater than the shear modulus of the rubber, p,, we find:

ceo:T[%+%+g—(%+%+]—3>cos20] (3)

where o6 is normal stress in the 4 direction, T is the simple tensile stress
applied to the system, 4 is the angle between radius vector r and T, and
A, B, C, D are constants. The equation is valid where r = a, where a is
the radius of the rubber particle.

Thermal shrinkage stresses must be superposed on the stress of
Equation 3. Assuming an elastic sphere embedded in an infinite elastic
matrix, the complete analytical solution for thermal stress is obtained:

- - AT
Orr = — 2099 = — 204y = 1(a2 la;)- " (4)
38, T 28,

where r, 6, and y are the usual spherical coordinates, ¢ is tensile stress in
the matrix at the sphere surface r — @, « is linear coefficient of thermal
expansion, B is bulk modulus, E is Young’s modulus, v is Poisson’s ratio,
and AT is temperature change from a reference state. Subscript 1 is for
matrix phase and, 2 is for rubber phase. Assuming AT = —70°C (e.g.,
matrix becomes rigid at 90°C, and stresses develop as it cools to 20°C),
a; =~ 83 X 107 (°C)™, oy =~ 22 X 107 (°C)!, B, ~ 485,000 psi (26),
E, =~ 500,000 psi, v, ~ 0.3 (28), we calculate that o, the tensile stress
across the interface, equals 44500 psi. The rubber droplet is subjected to
hydrostatic tension of 44500 psi. These stresses are higher than inter-
phase adhesion levels measured in tension, Table IV. Adhesion measure-
ments of Table IV were made on compression-molded sandwiches of
rubber films between sheets of S/AN copolymer. Further, Gent and
Lindley (13) found internal fracture in rubbers at critical values of
hydrostatic tension ranging from 200 psi for a GRS rubber (Polysar S)
to 720 psig for a carbon black-reinforced natural rubber. Clearly, dif-
ferential thermal contraction in cooling 70°C would produce either
partial interphase adhesive failure or rubber fracture or both.
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Table IV. Tensile Adhesion
Tensile Adhesion Stress, psig

Rubber Interlayers 23°C —40°C
Butadiene (coagulated 90 158
Pliolite latex)
Nitrile (extract of 405 (cohesive failure) 1400-> 1700
commercial ABS)
S/AN-graft-butadiene 650 >1200

(extract of commercial ABS)
¢ Matrix layers are Lustran A20 S/AN copolymer.

Journal of Applied Polymer Science

Figure 3. Craze traces in a toughened polystyrene resin
(ca. 1100 X) (33)
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If we assume that the above processes limit the thermal shrinkage
stressc o, to 1000 psig and if we superpose thermal stresses on the me-
chanical stresses obtained by inserting appropriate boundary conditions
in Equation 3, we obtain at r = a:

gee = T (0.68 — 1.36 cos 26) — 500 psig 5)

Since T is of the order of 6000 psig during the yielding of an ABS resin,
the 500-psig thermal shrinkage stress is negligible compared with the
maxima in oee.

Because of the 26 function in Equation 5, tensile stress in the matrix
resin at the phase boundary is a sharp function of angle, stress falling to
zero on planes inclined at only at 30> angle to the maximum stress plane,
then going into the compression region. This is an important point since
no sharp dependence of cracking or crazing can be seen in micrographs
of rubber-toughened resins (Figures 1 and 3); indeed, crazes are seen
on the zero-stress and compression planes, which is unlikely to occur in
the quasistatic propagation case.

Further, the Goodier equations predict that hard particles and voids
produce higher stress concentrations (i.e., stronger craze nucleation)
than rubbers, and thus hard particles and voids should toughen even
better than rubbers if nucleation were the operative mechanism. This is
not observed experimentally. The nucleation theory is thus seen to have
substantial drawbacks.

Craze/Crack Branching Theory of Toughening

As discussed above, even “brittle” glassy polymers exhibit great duc-
tility and high energy absorption in thin layers. The central question in
rubber toughening is why the energy-absorbing volume, a consequence
of crack and/or craze proliferation, is so large. The theory is advanced
that the mechanism for crack/craze proliferation is dynamic branching
at the rubber particles by means of the Yoffe effect (35).

Crack/Craze Dynamics. The displacement relationships for par-
ticles in a crazed solid are essentially the same as in a cracked solid in
the region outside the discontinuity itself except perhaps for details of
tip shape (19, 22), and, hence, the spatial distribution of elastically stored
potential energy around the two types of discontinuity is the same.
Apparent surface energy for a crack is essentially that for the preceding
craze deformation process (19) which is thought to be the origin of
oriented low-density surface layers at crack surfaces. Crazes may propa-
gate without simultaneous crack formation, of course; in tensile tests on
S/AN bars (Lustran A-21), extensive crazing occurred at 1.8-2.0%
elongation, whereas catastrophic cracking occurs at 2.4-2.5% elongation.
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The energetic relations for growing crazes are much like those for growing
cracks since the additional energy required to produce free surface is
small compared with energy absorbed during the crazing phase (5).

A dynamic theory of crack propagation has been developed in detail
by Griffith (15, 16), Roberts and Wells (32), Cotterell (10), and Yoffe
(35). The basic works of Griffith and Yoffe refer to crack propagation
but are directly applicable to craze propagation because the strain energy
pattern in elastically deformed matrix material is essentially the same in
both cases; differences in tip configuration such as those discussed by
Kambour (18) do not change the analyses substantially. The Griffith
theory of strength (15, 16) teaches that in a homogeneous solid, cracks
become unstable and accelerate when crack length exceeds the critical
length defined by Equation 1. The crack then accelerates to a limiting
velocity which is in the neighborhood of half the shear wave velocity
(8, 10, 32). As cracks approach their limiting speed, crack surface be-
comes rough, and crack branching occurs. This was explained in 1951
by Yoffe (35), who calculated stresses ahead of a moving crack and found
that maximum stress swings out of the plane of the crack at high speeds.
Her calculations are summarized in Figure 4. Tensile stress maxima
exist in two planes ahead of a rapidly moving crack, so the crack
deviates onto one or both (branching) of the newly preferred planes.

NORMAL STRESS

| ]
0 30 60 90
ANGLE 8, DEGREES

The Philosophical Magazine

Figure 4. Effect of crack/craze speed on
stress distribution (35)
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Cotterell (10) showed that the planes of maximum tensile stress were
also principal stress planes and that crack propagation along these planes
releases maximum strain energy (i.e., is probabilistically favored).

In an isotropic medium, cracks do not move faster than half the
shear wave velocity V,, so the implications of the 0.8V, curve in Figure 4
were not explored. In the two-phase ABS system, however, one can
imagine cracks or crazes propagating rapidly in the matrix (V./2 ~620
meters/sec), and thence into the rubber particle [at 23°C, polybutadiene
(V+/2 ~29 meters/sec)] where violent branching would occur.

It is appropriate to ask how far a crack in the matrix resin must
propagate before it accelerates to a speed permitting branching in the
rubber phase. Dulaney and Brace (1I) and Berry (4) have developed
the following expression for crack velocity V:

2zE _Co Co

where E — Young’s modulus, d — density, k — constant, Co = Griffith
crack length, C — crack length at speed V, n — 2 % where T, is critical
Griffith stress and T; — observed fracture stress. We note that V.= 0
when C = Co, and T, — T; (T, = T; for unnotched specimens—i.e.,
those containing only the intrinsic Griffith cracks). However, V = V,/2

when C — o« and T, — T;. Thus, Equation 6 becomes V = —‘é—‘

(1 —% , as the crack starts to accelerate. If we rewrite C = Co + A,

where A is the acceleration distance, we obtain:

A 2

ﬁ):_vt—
(7) 2

If V, ~ 1240 meters/sec in the matrix and branching will occur in the
rubber at 29 meters/sec, we calculate A/Co — 0.047. Thus, branching
can occur after a matrix crack acceleration distance of only 2 to Su
(assuming a Griffith crack length of 50-100u); hence, ample room for
the development of “fast” cracks or “fast” crazes exists in the ABS struc-
ture. Note that the expressions for craze instability, acceleration, and
speed (Equations 1, 6, 7) show that the macro strain rate of the speci-
men is irrelevant—“fast” cracks and crazes propagate in specimens
strained even at slow creep rates.

In addition to the rapid propagation of mature crazes discussed
above, there is a period of extremely rapid propagation at craze initiation,
as discussed by Knight (22).

()
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Experimental Evidence. MorpHOLOGY. Figure 3 (33) shows in
phase contrast microscopy the development of crack or craze patterns
around rubber particles in a toughened polystyrene. The lack of de-
pendence of crack inclination on direction of stress is especially marked
in this micrograph, and can be explained only by reference to dynamic
branching rather than to crack or craze nucleation by stress raisers.
Schmitt and Keskkula refer to the lines as “craze cracks” and “cracks.”

Figure 1 shows electron micrographs of toughened polystyrene and
ABS resins (25). Crack or craze branching at rubber particles is readily
apparent. Matsuo refers to the traces as “branched crazes.” Once again,
crazes can be seen to have propagated on planes which are stress free in
the static case. Matsuo comments, “in contrast with the straight crazes
observed in PS and PMMA” (20), however ,“branching” is noted “in the
toughened PS and ABS.”

STRAIN AND STRAIN RATE BEHAVIOR. It is clear from the theories of
toughening hitherto proposed that thinking started from consideration
of the ABS yield stress, which is lower than the S/AN ultimate strength.
The consideration of strain is informative. Bars of S/AN (injection-molded
Lustran A21) were pulled in tension at room temperature; crazing began
at 1.8-2.0% elongation, and fracture occurred at 2.3-2.4% elongation.
Bars of an ABS (injection-molded Cycolac CG: 41% insolubles in
acetone, 29% butadiene), were strained similarly; the onset of yielding
was seen at 2.5% strain, and blushing was observed to occur at an
elongation between 2 and 2.5%. No change in the slope of the stress—
strain curve was noted in the 1.8-2.0% region of the ABS o—e curve. Thus,
the blush and yield onset in the ABS were found at an elongation greater
than that (29) which initiates crazing in unmodified S/AN.

Notching is known to raise yield stress through lateral constraint
effects (29); thus theories of toughening which are based on mechanisms
whereby matrix resin yield stress is lowered would predict that notching
should suppress the blushing which marks yielding of toughened resins.
No such effect would be predicted by the branching theory of toughening.
Tensile experiments on ABS bars (Cycolac H ABS resin), made with
notches cut by sharp razor edges, showed intensive blushing right to the
edge of the razor cut, indicating that blushing is insensitive to sharp
notching.

Sonic Mopuwrus. If crack or craze branching is the operative mech-
nism in toughening, toughness should be directly related to the difference
in sonic speeds in matrix and dispersed phases. Experiments to confirm
this effect were undertaken using three commercial ABS resins. These
were selected to represent the three main rubber types encountered com-
mercially: an acrylonitrile/butadiene copolymer rubber, a butadiene rub-
ber with grafted styrene/acrylonitrile copolymer, and a block polymer of

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch007

7. BRAGAW Rubber Toughening of Polymers 99

! T T

S\ S/AN MATRx

2000

meters
sec

ft -Ibs
in

120D,

1000

T

LONGITUDINAL WAVE SPEED,

0 1 | |
-40 -20 0 20
TEMPERATURE,°C

Figure 5. Relation between wave speeds and tough-
ening by a nitrile rubber

butadiene and styrene/acrylonitrile copolymer. Izod impact strengths
were measured at various temperatures on molded bars. Sonic speed—
temperature data were measured on commercial styrene/acrylonitrile co-
polymers closely approximating typical ABS matrix copolymer, and on
rubber-phase material isolated from the three ABS resins by dissolving
the matrix resin in acetone. “Rubber” contents of the three resins were
assigned by percentage insoluble in acetone.

The sonic speed used was longitudinal wave speed, measured using
a pulse propagation meter (Model 4, H. M. Morgan Co., Cambridge,
Mass.). Pulse frequency was 8-10 kHz. Transverse wave velocity was
calculated from longitudinal wave velocity using the approximation

1¢=VT;=|/ 1
Ve E 2(1+v)
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where V is wave velocity, G is shear modulus, E is Young’s (tensile)
modulus, v — Poisson’s ratio. Since v for polymers ranges from 0.3 in the
glassy state to 0.48 in the rubbery state, V,/V. = 0.6 = 0.02.

Test results, plotted in Figures 5, 6, and 7, show that impact strengths
vary with difference in sonic speed in the way predicted by the crack/
craze branching theory.
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Figure 6. Relation between wave speeds and toughen-
ing by a grafted butadiene rubber

RuBBER PARTICLE S1zE AND SHAPE. If rubber particles act as crack
or craze branch points along an advancing crack in matrix polymer, im-
pact strength should depend on the frequency with which branch points
are encountered. If C — rubber phase volume fraction, N = number of
dispersed particles, and d — average particle diameter, N ~ C + d®
N is maximized as C increases or d decreases. The probability of an
advancing crack hitting a particle as it advances an incremental distance
is proportional to cross sectional area Nd?, which equals C/d. Again, C
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Figure 7. Relation between wave speeds and toughen-
ing by a SAN /butadiene block copolymer rubber

should be large and d small. It is difficult to set a lower limit on d on
d priori grounds. A separate phase of rubber is needed because branching
is a consequence of dynamic elastic wave propagation through a finite
space—one molecule won’t do—so d must be > 1000 A, say. Now,
toughened S/AN art teaches that the preferred rubber particle size is
0.1—1.0x (3), whereas in toughened polystyrene, the preferred particle
size is 1-25 [Angier et al. state that commercial materials seem to utilize
1-10y particles in general (1)]. How can this be understood in view of
the similarities between polystyrene and S/AN in modulus, strength,
elongation, specific heat, etc.? Kambour (18) has measured depth of
“craze” material at crack surfaces by interferometric techniques. He
finds that the disturbed depth was ~0.7u in S/AN (Tyril 767, 30% AN)
and 0.9-2.8y in polystyrene. We found 0.5-0.6u crazes in Lustran A20
S/AN, and ~2u crazes in Styron 678 polystyrene. The crude correspond-
ence of craze layer thickness and preferred rubber particle size may be
explained as follows. If rubber particle size is small compared with
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thickness of the craze layer [which may or may not be followed closely
by a crack (19)] or craze tip radius, the perturbation in the elastic strain
field introduced by the particle is too small to cause deviation of the craze.
Thus, minimum effective particle size should be of the same order as
the craze thickness characteristic of the matrix polymer. Experimental
evidence on this point indicates that there is indeed a very sharp transi-
tion in impact strength at this limit. In Lustran A20 polystyrene/acrylo-
nitrile, we find craze thicknesses of 0.5-0.6x. By appropriate choice of
mixing process conditions (shear rate, etc.), dispersions of 20% poly-
butadiene/acrylonitrile rubber (Hycar 1043) in poly S/AN (Lustran
A20) can be produced aith rubber particle sizes just above and below
the 0.5-0.6s. level. Impact data on injection-molded bars (Table V)
show that there is a sharp transition in behavior at the predicted level.
Further, the data of Table V pertinent to samples having elongated rub-
ber particles indicate that in these samples, toughening occurred when-
ever one particle dimension typically exceeded 0.6.. Elongated particles
gave rise to substantial scatter in impact strength.

Table V. Effect of Rubber Particle Size and Shape in Impact:
Poly S/AN -+ 20 wt % Poly B/AN

Izod Impact Strength

Rubber Particles Average Std. Deviation Range
ftib/in ftib/in ftib/in
Spheroidal, 0.5-3.0p. 3.0 0.2 3.5-2.8
Spheroidal, 0.3-0.5u 0.5 0.1
Spheroidal, 0.5y 0.5 0.1 _
Elongated, 0.2 X 1.0p 0.9 0.6 2.0-04
Very Elongated, 1.0 X >3.0u 3.3 1.5 5.3-1.5.
Elongated, 0.3 X 1.0p 2.2 1.6 4.8-0.6
Elongated, 0.1 X 1.0pn 1.1 0.7 2.2-0.6

Profusion of branching should be proportional to number of rubber
particles greater in size than the minimum discussed above. At a given
rubber content, the number of rubber particles varies as the reciprocal
of the third power of particle diameter. Thus, number of particles drops
rapidly as particle size climbs above the effective minimum. Laboratory
tests show that stiffness properties depend on total rubber content irre-
spective of particle size (provided the specimen dimensions are large
compared with particle dimensions); hence, narrow particle size distri-
bution is essential if maximum toughness is to be combined with mini-
mum loss in stiffness properties (modulus, creep).

INTERPHASE ApHESION. Adhesion between phases must be excellent
if a crack or craze traveling in the matrix is to propagate into the dis-
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persed phase instead of traveling around the particle as though a void
were present. It is felt that the poor adhesion between S/AN and un-
grafted polybutadiene rubber (Table IV) explains the poor toughening
obtained using this rubber (12). On the other hand, nitrile rubber and
S/AN-grafted butadiene rubber exhibit excellent adhesion, and toughen
well (Figures 5 and 6).

~— L

Figure 8. Craze branching model

RuBBer CoNTENT. In the theories of toughening where the role of
rubber particles is (a) to absorb energy directly or (b) to induce matrix
yielding through stress concentration or hydrostatic tension effects, energy
absorption should increase linearly with the number of rubber particles
(proportional to rubber content if particle size is invariant). On the other
hand, if dynamic craze/crack branching is the operative mechanism,
evidence of an exponential law may be expected. The exponential form
of the law may be derived as follows.
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Assume a regular, three-dimensional network of rubber particles,
spaced on planes which are L, distance apart (Figure 8), where

N, being number of rubber particles along an X-axis and L being speci-

men thickness. Total number of rubber balls = N,N,N,. The number

of cracks leaving each plane = 2", where n = plane number. In a two-

dimensional situation, the total number of cracks across the specimen is
Nz—1
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Figure 9. Effect of rubber content on toughness of
rubber-toughened resins
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Length of each crack is of the order of L, = L ,N. =21

z
Per unit of specimen width, total crack/craze area is

LNz—l

Ac=m; 27 N. > 1 (8)

If we postulate that the energy required to break a specimen is simply
surface energy (neglecting kinetic and elastic strain energies ), then

Impact Energy =~ 2vA. (9)

where v is the effective surface energy associated with a unit area of
crazed or cracked surface. Combining Equations 8 and 9, impact strength,
to a first approximation, is predicted to be an exponential with base 2.
This crude derivation has neglected important processes such as coop-
erative stress relief, craze recombination, failure to branch at every par-
ticle, etc.

Experimental data on the effect of rubber content on impact strength
are shown in Figure 9. Data are for specimens containing two different
types of rubber. Base 2 exponentials fit the data well; we have been
unable to find nonexponential functions which fit as well.

Summary

Existing studies of the fracture of apparently brittle plastics such as
polystyrene or styrene/acrylonitrile copolymer indicate that the polymers
are actually enormously tough in very thin layers near crack or craze
interfaces. Because the energy-absorbing volume is so low in these poly-
mers, their engineering usefulness has been limited. The technology
of ABS and impact polystyrene resins shows that incorporation of a
dispersed rubber phase of appropriate properties can raise impact tough-
ness by an order of magnitude, apparently by increasing the energy-
absorbing volume in the resin. Principal existing theories of the tough-
ening of brittle plastics by rubber dispersion all appear quite limited in
ability to explain known phenomena and have substantial difficulties. It
is proposed that the mechanism whereby rubber dispersions greatly
increase energy-absorbing volume is one which causes cracks and/or
crazes to branch dynamically at rubber sites through the Yoffe mechanism
(35). This theory explains existing morphological information (25, 33),
strain and strain rates effects, need for interphase adhesion, and depend-
ence of toughness on rubber particle size and size distribution, rubber
content and temperature.

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch007

106

MULTICOMPONENT POLYMER SYSTEMS

Acknowledgments

The author thanks H. A. Davis and R. P. Schatz for optical and
electron micrographic measurements, and O. J. Cope for assistance in
chemical and physical characterization of rubbers and resins.

Literature Cited

Angier, D. ]., Fettes, E. M., Rubber Chem. Technol. 1965, 38, 1164.

Basdekis, C. H., “ABS Plastics,” p. 57, Reinhold, New York, 1964.

Belgium Patent 646,258.

Berry, J. P., J. Mech. Phys. Solids 1960, 8, 194.

Berry, J. P., J. Polymer Sci. 1961, 50, 107.

Berry, J. P., Nature 1960, 185, 91.

Bucknall, C. B., Smith, R. R., Polymer 1965, 6, 437.

Bueche, A. M., White, A. V., J. Appl. Phys. 1958, 27, 980, 9.

Cotterell, B., Appl. Mater. Res. lﬁ’S, 4 (4), 227.

Cotterell, B., Intern. ]. Fracture Mech. 1965, 1, 96.

Dulaney, E. N., Brace, W. F., J. Appl. Phys. 1960, 31, 2233.

Frazer, W. J., Chem. Ind. Aug. 13, 1966, 33, 1399.

Gent, A. N., Lindley, P. B., Proc. Roy. Soc. (London) Ser. A 1959, 249
195.

Goodier, J. N., Trans. ASME 1933, 55, A39, p. 39.

Griffith, A. A., Trans. Roy. Soc. A 1921, 221, 163.

Griffith, A. A., Proc. Intern. Congr. Appl. Mech., 1st, 1924, p. 55.

Haward, R. N., Mann, J., Proc. Roy. Soc. (London) Ser. A 1964, 282, 120.

Kambour, R. P., J. Polymer Sci. A2 1966, 4, 17.

Ibid., p. 349.

Ibid., p. 359.

Kambour, R. P., Polymer 1964, 5, 143.

Knight, A. C., J. Polymer Sci. A 1965, 3, 1845.

Mann, J., Bird, R. J., Rooney, G., Makromol. Chem. 1966, 90, 207.

Martin, J. R., Antec Tech. Papers (SPE) 1966, XII, Paper XXV-1.

Matsuo, M., Polymer 1966, 7, 421.

McPherson, A. T., Klemin, A., “Engineering Uses of Rubber,” p. 74,
Reinhold, New York, 1956.

Merz, E. H., Claver, G. C., Baer, M., J. Polymer Sci. 1956, 22, 325.

Newman, S., Strella, S., J. Appl. Polymer Sci. 1965, 9, 2297.

Orowan, E., Repts. Progr. Phys. 1949, XII, 185.

Orowan, E., personal communication, 1966.

Ritchie, P. D., “Physics of Plastics,” p. 126, Van Nostrand, Princeton,
1965.

Roberts, D. K., Wells, A. A., Engineering 1954, 178, 820.

Schmitt, J. A., Keskkula, H., J. Appl. Polymer Sci. 1960, 111, 132.

Strella, S., J. Polymer Sci. A2 1966, 4, 527.

Yoffe, E. H., Phil. Mag. 1951, 42, 739.

Recervep October 31, 1969.

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch008

Permeability and Phase Structure of
PVC/EVA Systems

HELGE STORSTROM’ and BENGT RANBY

Department of Polymer Technology, Royal Institute of Technology,
Stockholm, Sweden

Thin films of poly(vinyl chloride) (PVC) containing various
amounts of an ethylene vinyl acetate (EVA) copolymer (55%
ethylene by weight) were prepared from mechanical blends
and graft copolymerized blends. The film properties were
studied by gas permeability measurements with helium,
argon, and carbon dioxide as penetrants and by light trans-
mission measurements. Addition of small amounts of EVA
(< 5% by weight) give negligible changes in permeability
and opacity. With larger amounts of EVA added, both per-
meability and opacity of the films increased sharply. The
data indicate that addition of more than 5 wt % EVA in-
creases the heterogeneity of the system, probably because of
the development of a continuous EVA phase, thus enclosing
(embedding) the PVC particles. This phase structure model
is supported by published electron micrographs of thin sec-
tions of polymer blends. Permeability measurements have
proved valuable in studies of multicomponent polymer
systems.

The technological properties and the commercial application of several

polymer blends have been studied extensively. Investigations of the
basic principles, however, relating the phase structure of the blends to
the properties of the individual components have not been carried out to
an extent justified by the industrial value of these materials. Several
methods have been used, the most successful being optical and electron
microscopy and dynamic-mechanical measurements. Critical factors and
difficulties in the morphological studies of polymer blends have been

? Present address: AB Casco, S-10061 Stockholm 11, Sweden.
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discussed by Holliday et al. (6, 7, 8), Rosen (16), and Scott (17). A
combination of different methods appears necessary for a successful ap-
proach to these problems. Bergen (4) compared graft copolymers and
physical blends and found that differences in dynamic-mechanical prop-
erties could be related to the morphology of the systems. Kollinsky and
Markert (11) concluded from studies of methyl methacrylate-butyl
acrylate copolymer blends that electron microscopy and turbidity meas-
urements were more sensitive methods than torsional vibration experi-
ments for detecting heterogeneities in these polymer systems. Matsuo
et al. (12) studied several polymer blends using electron microscopy
and a staining technique developed by Kato (10). PVC-acrylonitrile-
butadiene copolymer (NBR) blends showed increasing compatibility
with increasing AN content of the rubber component. In some blends
the NBR appeared to be the dispersing (continuous) phase, even at
concentrations as low as 5 wt % NBR in the blend. Matsuo (13) also
studied PVC-EVA blends, using the same EM techniques as applied
previously (12), and they found that EVA is most likely the dispersing
phase.

Permeability measurements for polymer blends prepared by mixing
different latices have been reported by Peterson (14). Interpreting trans-
port data for such heterogeneous systems as polymer blends is extremely
difficult, however (3, 9, 15). The main purpose of the present investiga-
tion is, therefore, to study the applicability of gas permeation measure-
ments to characterize polymer blends and not to evaluate the different
theoretical models for the permeation process in heterogeneous polymer
systems.

Experimental

Materials. The polymer samples were prepared either by physical
blending of PVC with an EVA copolymer or by suspension polymerization
of vinyl chloride with the EVA copofy?ner dissolved in the monomer. The
resulting dried polymer samples were blended with additives (organic
Ba—Cd stabilizer and Pb-stearate) to the following general composition:

PVC + EVA 100 parts
Additives 3 parts

Blending was carried out on a steam-heated two-roll mill. PVC and
the additives were first milled together until a continuous slab was formed,
then the EVA was milled into the blend. The total milling time in all
experiments was 15 minutes, and the roll mill temperature was varied
(160°, 170°, and 180°C).

The samples prepared by suspension polymerization were mixed with
i};e aa(lditives and treated on the two-roll mill the same as the mechanical

ends.
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PVC, suspension polymerized, had the following properties: K value
= 65, M,, — 74.000, density d — 1.39 grams/ml, and refractive index
n = 1.5422 at 20° C. Permeability at 50°C:

Pge =4.5 X 10'° (m], STP) (cm)(cm)?(sec)(cm Hg)™!
and
Pgo, = 0.32 X 107 (ml, STP) (cm) (cm )~%(sec)™(em Hg)™

The EVA copolymer of 55 wt % ethylene and 45 wt % vinyl acetate
had the following properties: (7,p/c) = 3.22 dl/gram in toluene solu-
tion, corresponding to a Mooney viscosity of about 41, and M,, = 170.000.
Density d = 0.985 gram/ml, and refractive index n — 1.4739 at 20°C.
Permeability at 50°C (for films cast from toluene solution):

Pge =52 X 1071 (m], STP)(cm) (em ) %(sec)™*(ecm Hg)™?
and
Pgo, =211 X 1071 (ml], STP) (cm)(cm)2(sec)™(em Hg) ™

Grafted samples were prepared by dissolving the EVA copolymer
in vinyl chloride, followed by suspension polymerization. In moderately
grafted samples, some pure EVA remained. In strongly grafted samples
no pure EVA could be extracted.

The films for permeability and light transmission measurements were
prepared as follows: sheets were pressed for 5 minutes at 170°C, then
pressed further between polished chromium-coated plates, 7 X 7 cm?
with total deviation of less than 0.01 mm. The sheets were heated with
contact pressure for 5 minutes, then a pressure of 540 kg/cm? was ap-
plied, and heating was stopped. The press temperature decreased to
about 70°C in 3 hours with the pressure maintained.

Measurements. PERMEABILITY. Permeability measurements were
made using a Barrer-type (2, 18) vacuum apparatus for studying the
permeation of helium, argon, and carbon dioxide. The permeability cell
was sealed with mercury and thermostated in an aluminum block. For
degassing the cells were kept under vacuum overnight (p — 10 mm Hg)
at the highest temperature to be used. The pressure was recorded on
one side of the membrane using a differential pressure meter (model
306-2) with a membrane pressure sensor (model 306 B-2A, The Decker
Corp., Bala Cynwyd, Pa., USA).

Drrrusivity. Diffusivity values derived from time lag measurements
of permeation (D = [?/6r) vs. membrane composition of PVC/EVA
show the same general tendency as the permeability—composition data.
The D values are, however, less reproducible, probably owing to short
time lag values, and therefore are not reported here. Solubility values
can also be calculated (S = P/D), but they are not reported for the same
reason. No separate solubility measurements were made.

Licur ScaTTERING. Light scattering measurements were carried out
using a Beckman DK-2A ratio recording spectrophotometer. Transmis-
sion was measured at 435.8 nm (mgu) and recorded as turbidity (= log
(I,/I)/l cm™), where [ is film thickness.

In this work a system of two-component polymer blends with a com-
position range much wider than those of practical importance was studied
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to obtain basic information about the transport process in the blends in
relation to their morphology. Within the composition region of practical
importance, studies were also made of the effect of different variables of
sample preparation which influence the heterogeneity of the blends.

In the system chosen for study, the EVA component has a much
greater permeability coefficient than PVC. For helium the ratio Pgya/
Ppyc is 11-12 at 50°C; for argon the ratio is 180; for carbon dioxide it is
about 700. This indicates that the greatest resistance against permeation
in a blend will be in the PVC component. The data also indicate that
measurements of Pco,/Pr. as a function of EVA content can give valu-
able information about the morphology of the blends assuming that their
phase structure is heterogeneous. The observed values for the ratio
Po,/Pxye at 50°C are 0.07 for PVC and 4 for EVA.

Discussion

Polymers Mixed by Milling. The effect of EVA concentration in the
blends on gas permeation and light transmission through the film was
studied. The permeability and the diffusion coefficients at 50°C for the
penetrants helium, argon, and carbon dioxide are shown in Figures 1, 2,

4 p-10° 4 p10°

o
"
o

% 25 50 %EVA

Figure 1. Effect of EVA content in physical blends of PVC /EVA on rerme-
ability and diffusion coefficients (P and D) at 50°C for helium. P in (ml STP)-
(cmXcem)?(sec)y (cm Hg)?, D in (cm)(sec)™
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Figure 2. Effect of EVA content in physical blends of PVC /EV A on perme-
ability and diffusion coefficients (P and D) at 50°C for argon

and 3. The ratio Pco,/Pge vs. blend composition for measurements at
50°C is given in Figure 4.

When a more permeable polymer is blended with PVC, the perme-
ability coefficient is expected to increase. The magnitude of the increase,
however, will depend on the morphology of the blend. A laminar com-
posite film containing 10% EVA would give an increase in permeability
of about 10% compared with a pure PVC film (15, 18). The reported
measurements for PVC with 10% EVA give an increase of about 400%
(Figures 1, 2, and 3).

Considering heterogeneous models for the film structure, we realize
that if PVC with its low permeability were the continuous phase, there
should only be small increases in permeability with the addition of EVA
polymer. Such effects have been observed for a system of butadiene-
based polymer modifier added to PVC to increase the impact strength
(1). Addition of 15% modifier increased the permeability less than 10%.
Electron micrographs of this film showed that the butadiene-based modi-
fier was dispersed in the PVC phase.

On the other hand, if PVC particles were dispersed in a matrix of a
highly permeable polymer like EVA, we may assume that after a suffi-
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cient “wall” thickness of the EVA matrix is reached the PVC phase
would not contribute significantly to the permeability. The effect of the
PVC particles would then mainly be to give the permeating molecules
a more tortuous diffusion path. In this case, the net effect of added EVA
could be a sharp increase in permeability. For addition of more than 5%
EVA this was indeed observed. The spread in the permeability data in
the region with 7-8% EVA in the blends is considerable (Figures 1 and
8

A P10° 5 D10
=0

25 50 %EVA

Figure 3. Effect of EVA content in physical blends of PVC/EVA on perme-
ability and diffusion coefficients (P and D) at 50°C for carbon dioxide

2). In the same region there is a sharp increase both in the turbidity of
the blends (Figure 5) and in the permeability ratio Pco,/Pge (Figure 4).
These results indicate that the formation of a continuous EVA phase is
critical in this region. The permeability data show that the EVA com-
ponent most likely becomes the continuous phase in this region. Wilkes
and Marchessault (20) have shown electron micrographs of poly(vinyl
acetate) (PVAc) films formed from latex containing poly(vinyl alcohol)
(PVA). In their case, 3% PVA was enough to give a coherent PVA
phase with honeycomb structure, enclosing the PVAc latex particles.
Matsuo et al. (12) have also obtained similar results for PVC-rubber
blends using electron microscopy. Therefore, it seems reasonable to as-
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sume in our case that a continuous EVA phase, enclosing the PVC
particles, starts to develop at an EVA content of 7-8% in the PVC-EVA
blends.

The phase structure of PVC-EVA blends at very low EVA contents
(< 5% ) is not resolved in these studies. The two polymers are probably
not compatible on a molecular level. In any case the solubility should
be very low. It seems more likely that the initial amounts of EVA added
are accommodated in the PVC component as a dispersed nonhomogeneous
phase, filling crevices and voids inside, on the surface, and between
the PVC particles. In this way, the EVA polymer could be present in the
blends without causing measurable changes in permeability and opacity.
When more EVA is added to the blends—e.g., to 7.5% EVA content—
and the samples are milled at 160°C for 15 minutes, widely scattered
permeability values are obtained. The variation in the measured
Pco,/Pye ratios is six-fold for different samples. These results are well
in line with the data in Figure 4, which indicate that measurements in
the EVA concentration region of 7-8% are difficult to reproduce, owing
to small but inevitable variations in the sample properties. It is assumed
that a coherent EVA phase begins to form in this region. Mechanical
measurements for PVC-EVA blends (19) have also indicated that the
processing conditions are critical in this concentration region.

Polymers Mixed by Grafting and Milling. MILLING TEMPERATURE.
Moderately grafted samples containing 7.5% EVA were milled for 15
minutes at 160°, 170°, and 180°C. Figure 6 shows the effect of the
milling temperature on the coefficients for permeation and diffusion and
the activation energies Ep and Ej of these processes. Milling at increas-
ing temperatures decreases the particle size of PVC. The apparent mor-
phology as measured on electron micrographs is given in Table I.

Table I. Effect of Milling Temperature on Apparent Particle Size
in PVC/EVA Blends with 7.5% EVA

M:lling Temperature, °C Apparent Particle Size, uym
160 0.2-1.0
170 some <01
most <01
180 {few > 03

Changing the milling temperature has a pronounced effect on the
mechanical properties (19) and the physical state of the polymer blend
(Table I). Figure 6 shows that the permeability and diffusion coefficients
decrease considerably on increasing the milling temperature. This de-
crease can be correlated with the increased amount of very small PVC
particles (< 0.2 um) as observed by electron microscopy. The effect is
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P-10"
D-10* 0 = Dggpc and Ep
s ® = Pgoec and Ep
160°C 170°C milling temp180°C
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Figure 6. Influence of milling temperature on P,
D, Ep and Ep for CO, on grafted polymer blends
of PVC/EVA

attributed to a more tortuous flow path for the penetrants. It is interesting
that the activation energy for permeation is reduced at increasing milling
temperatures.

GrarTinG. The effect of grafting was studied using 7.5 and 12.5%
EVA in the blends (Table II), which were milled at 160°C for sample
preparation. The results from turbidity measurements are shown in
Figure 7.

No significant change in turbidity is observed on varying the degree
of grafting. Comparison with turbidity values for physical blends indi-
cates great differences in morphology between physical blends and
grafted samples. This may arise from improved compatibility of the two
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Table II. Effect of Grafting on Permeability Coefficient (P)® and
Permeability Ratio in PVC/EVA Blends at 50°C

EV A Content,
% Grafting Py. X 10 Pco, X 10°  Pco,/Ph.
7.5 moderate 5.81 2.35 0.40
7.5 strong 6.47 1.71 0.26
12.5 moderate 8.12 6.87 0.85
12.5 strong 7.70 4.86 0.63

e Units for P: (ml, STP) (cm)(cm)-? (sec)~! (cm Hg)™!.

100
A _‘ @ = strong grafting
% = normal grafting
g D = physical blending
€
2 12,5% EVA
koJ [/ 75% EVA
20
0

grafting

Figure 7. Effect of method of production and
grafting of PVC/EVA blends on turbidity for two
levels of EVA content

polymer components and fewer voids in the grafted blends. The levels
of turbidity of the grafted samples containing 12.5% EVA are approxi-
mately the same as in the nongrafted sample containing 7.5% EVA.
Grafting the EVA polymer molecules with vinyl chloride is expected
to reduce the mobility of the matrix phase of EVA, thus reducing the
permeation rate through the matrix. This is supported by comparing
Table II with Figures 1 and 3. This effect should be stronger for large
penetrant molecules than for small molecules—i.e., Pco,/Pre should de-
crease with an increased degree of grafting. This agrees with the experi-
mental data (Table II). The results may, however, also be affected by
differences in void formation in the resulting film samples. The results
of Frazer (5) from impact strength studies of ABS plastics also indicate
a reduced mobility of the rubbery component on increasing the degree
of grafting. The data available so far are few and scattered. They only
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indicate the possibilities of using permeability as a tool for phase studies
of polymer blends.

PressinG TEMPERATURE. Films were pressed at 170° and 185°C, and
the effect on their permeability was studied (Table III). Pressing at a
higher temperature results in only a slight decrease in P values for the
grafted samples. For the ungrafted physical blends containing 7.5%
EVA, the permeability decreased significantly by pressing, indicating
redistribution of the components in the blend and a decrease in the voids
to give a greater barrier effect. The P values for blends containing 20%
EVA do not depend on the pressing temperature.

Table III. Effect of Pressing Temperature on Permeability
at 50°C of PVC/EVA Films

Permeability, P X 10"

EV A Content,
% Grafting Penetrant 170°C 185°C
7.5 no CO, 1.23-3.67 0.45
7.5 moderate CO, 2.63 2.35
7.5 strong CO, 1.86 1.64
20 no A 4.10 3.85

@ Units for P: (ml, STP) (cm)(cm)~2 (sec)~! (cm Hg)~!.

Conclusions

(1) PVC and EVA form incompatible polymer blends as indicated
from permeability and opacity measurements.

(2) The PVC phase can accommodate about 5 wt % EVA without
measurable changes in permeability or turbidity.

(3) An EVA content of 7-8 wt % is a critical range where a homo-
geneous EVA phase begins to form, as indicated from the rapidly in-
creased permeability and diffusion coefficients and the increased opacity.

(4) The data obtained indicate that on increasing the EVA content,
the EVA gradually encloses the PVC particles and forms the homogeneous
matrix in the blends.
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Blends of Chlorinated and Normal PVC

G. AJROLDI, G. GATTA, P. D. GUGELMETTO, R. RETTORE, and
G. P. TALAMINI

Montecatini Edison S.p.A., Stabilimento Petrolchimico, Porto Marghera, Italy

Poly(vinyl chloride) (PVC) was chlorinated with or without
CHCl, as swelling agent, to provide samples of CPVC for
study. The following properties were determined: thermal
stability (dehydrochlorination), Vicat softening point, dy-
namic modulus, impact strength at various temperatures,
and creep at 80° and 100°C. All these properties depend
on both chlorine content and type of chlorination process.
At constant chlorine content the CPVC samples prepared in
the presence of the swelling agent have higher thermal sta-
bility, higher Vicat softening point, lower impact strength,
and lower creep deformation than the samples prepared
without the swelling agent. The logarithm curves of dy-
namic modulus vs. temperature of the blends of PVC with
CPVC of high chlorine content, exhibit a sharp flex at the
glass transition temperature of PVC. Chlorination with-
out a swelling agent results in a blend between the PVC
and CPVC of various chlorine contents. Moreover PVC and
CPVC with high chlorine content are incompatible. When
mixed together, heterogeneous blends are obtained.

During the past few years many studies have been made to find an
industrial way to obtain postchlorinated poly(vinyl chloride)
(CPVC). The processes which, for simplicity and low cost, seem most
promising are those in which PVC is chlorinated in the heterogeneous
phase. These processes can be carried out either in the presence or ab-
sence of a liquid-dispersing phase and with the PVC either swollen by
a solvent (swollen process or gel phase) (4, 14) or in the unmodified
powder state (unswollen process) (7, 21).
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The above-mentioned processes yield CPVC which is suitable for
conversion into rigid articles; the homogeneous solution processes, how-
ever, yield products used in the fiber and adhesive industries (15).

The CPVC obtained by the various processes (9, 10, 20, 22) differs
in many chemical physical properties. According to the most recent
studies carried out with infrared (5, 8, 22) and NMR techniques (13, 18,
19), these differences are not justified by the determination of the struc-
ture, in terms of the ratio between 1.2 and 1.1 dichloroethylene units.

The differences in the properties of CPVC obtained by the homo-
geneous and heterogeneous processes (swollen processes) have already
been studied (10, 22) and interpreted as a result of differences in the
distribution of the chlorine atoms on the macromolecule. However data
concerning the properties of the CPVC obtained by the various hetero-
geneous type processes (swollen and unswollen) are scarce. It is known
that heterogeneous processes yield CPVC which is more or less non-
homogeneous regarding chlorine content in the macromolecule (20, 22)
and which also contains the structure of the block copolymer between
vinyl chloride and postchlorinated vinyl chloride unit (I). A recent
study (9) compares the dynamic-mechanical properties of CPVC ob-
tained by swollen and unswollen heterogeneous processes, and in the
latter case a blend of PVC and CPVC is undoubtedly obtained.

The present work considers the chemical physical, thermal, and me-
chanical properties of CPVC obtained with various types of heterogene-
ous methods and of blends of CPVC with a high chlorine content. In
fact, these blends are used widely in industry because their processability
is better than that of pure CPVC containing the same amount of chlorine.

Experimental

Polymer Samples. Commercial PVC, Sicron 548 FM, of the type Gs,
6361 112 (Montecatini Edison S.p.A., Milan) was chlorinated by four dif-
ferent heterogeneous processes, designated A, B, C, and D. A, B, and C
are characterized by the presence of chloroform as swelling agent. In
process D, PVC is chlorinated without swelling agent.

Process A. PVC was kept in suspension in a mixture of chloroform
and an aqueous solution of HCI and chlorinated at 50°C with chlorine
gas activated by ultraviolet light (4).

Process B. PVC, kept in suspension in a mixture of chloroform and
1-fluorodichloro-2-difluoromonochloroethane (CFCl~CF,Cl) with a ra-
tio by weight of 0.94, was chlorinated at 35°C with chlorine gas activated
by ultraviolet light (6).

Process C. Chloroform (60 pbw) was absorbed by PVC (100 pbw);
a dry smooth powder was obtained again. Chlorination was brought
about at 35°C by passing chlorine gas, activated by ultraviolet light,
through the powder which was kept moving in a rotating ball (14).
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Process D. PVC, kept in the fluidized bed state, was chlorinated
at 50°C, with gas chlorine activated by ultraviolet light.

Typical curves of percent chlorine vs. time for the four chlorination
processes are shown in Figure 1.

Where not otherwise specified, samples of CPVC were Puriﬁed by
successive treatments with methanol, an aqueous solution of NaHCOs,
and water until the sodium salt disappeared. They were dried until a
constant weight was attained.

Osmotic measurements (16) were used to check that under these
experimental conditions there was no molecular degradation of the poly-
mer—i.e., the degree of polymerization remained constant during the
chlorination. The values fl())(; the density of the CPVC samples obtained
agree with published data (9, 20).

Measuring Methods. Chlorine content was determined by the oxygen
flask method (2) on a polymer purified by precipitation from the solution
in cyclohexanone. Thermal stability, as HCl evolution, was determined
according to ASTM method D-793-49, determining the quantity of HCI
evolved by the polymer maintained at 180°C in a nitrogen atmosphere.
From the slope of the straight line for the amount of HCI evolved with
time, the constant K for the dehydrochlorination rate (DHC) is deduced.

The Vicat softening point was determined according to ASTM
D 1525 58 T, with a 5-kg load on a circular specimen with a diameter
of 3 cm. The specimens were obtained by sintering the samples of CPVC
(without stabilizers) in a molding press, at temperatures near T, and at
pressures varying according to the chlorine content of the CPVC.

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch009

122 MULTICOMPONENT POLYMER SYSTEMS

PREPARATION OF SPECIMENS FOR MECHANICAL MEASUREMENTS. The
specimens for mechanical testing were obtained by blending the pow-
ered polymer with 1.5 phr of Ba—Cd stabilizer, 5 phr of CaCO;, and
0.5 phr ot lubricant (stearic acid). The dry blend was processed in a
roll mill at 200°C for 5 minutes. The 1-mm sheets obtained were pre-
heated in an oven at 200°C for 5 minutes and molded in a molding press
at a pressure of 80-100 kg/cm? The specimens were obtained by milling
with suitable equipment.

Table I. Chlorinated PVC samples, Procedures A, B, and C

Vicat
Chlorine Thermal Softening
Content, Stability, Point, Density
Sample wt9 K X 10% hr? °C grams/ml
Sicron 548 FM 56.6 1.66 87 1.405
Al 60.5 0.87 — —
A2 61.0 0.80 106 1.470
A3 61.2 0.79 107 —
A4 62.2 0.59 112 —
A5 63.5 0.45 — —
A6 63.8 0.37 120 —
A7 64.7 — 124 —
A8 67.1 0.19 — —
A9 68.0 0.15 143 1.570
Al0 68.2 — 144 —
All 70.6 0.095 — 1.605
B1 58.9 1.17 96 1.440
B2 63.7 0.46 119 —
B3 64.4 0.31 — —
B4 64.6 0.33 124 1.520
B5 66.2 0.25 133 1.545
B6 66.3 0.24 — —
B7 67.1 — 140 —
B8 67.2 0.17 138 1.555
B9 67.4 0.18 — —
B10 68.6 0.15 149 1.580
Cl1 62.0 0.69 111 1.485
Cc2 63.3 0.46 118 1.500
C3 64.6 0.30 124 —
C4 65.0 — 126 —
C5 65.2 0.31 — —
C6 65.4 0.24 129 1.530
C7 65.7 — 131 —
C8 67.4 — 140 —

Dynamic MecHANIcAL MEeasureMENTs. The apparatus here em-
ployed was the free oscillation torsion pendulum described previously
(3). The storage shear modulus G’, the loss modulus G”, andp the loga-
rithmic decrement A were derived by well-known equations (17).
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The apparatus operates with samples of dimensions of 10 X 1 X 0.1
cm at frequencies of 2.8-1.5 cps in the temperature range —180°C to T,
and at frequencies of about 0.2 cps above T,.

ImpacT STRENGTH. The Izod (ASTM D-256) impact strength meas-
urements were carried out with a Zwick apparatus using specimens of
dimensions 6.3 X 1.3 X 0.3 cm and a 0.025-cm bending radius notch.
The specimens were preheated to the various temperatures in a oven,
with circulating air, for 2 hours. They were removed from the oven in
a closed Dewar, and measurements were carried out within a maximum
of 3—4 seconds from the time of extraction from the Dewar.

E o
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x
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Figure 2. Thermal stability of CPVC at 180°C

Curve a: Processes A, B, and C
Curve b: Process D
Curve c: Blends of PVC and CPVC

Creep. Creep measurements were carried out in a Frank ?})paratus
preheated to the desired temperature by an air bath, using tensile micro-
specimens 0.1 cm thick, obtained by milling, as described by ASTM
D-1708.

Results and Discussion

Thermal Stability. The thermal stability at 180°C of the CPVC
specimens obtained with Processes A, B, and C (Table I, Figure 2, Curve
a) increases as the chlorine content increase. No behavioral differences
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Table II. Chlorinated PVC Samples, Procedure D

Vicat
Chlorine Content, Thermal Stability, Softening Point,
Sample wt % K X 103, ! °C
D1 59.8 1.30 97
D2 61.7 1.00 104
D3 63.0 0.85 109
D4 63.6 0.77 113
D5 64.5 0.62 117
D6 64.7 0.60 119
D7 65.4 0.52 123
D8 65.5 0.53 123
D9 65.6 0.50 124
D10 66.0 0.48 125
D11 66.2 0.44 127
D12 66.4 0.38 130
D13 67.1 — 132
D14 67.1 0.34 133
D15 68.0 — 138
Table III. CPVC (Procedure A)/PVC Blends
Blend, parts Vicat Thermal
by wetght Chlorine Softening Stalnlity,
Content, Point, K X 1073,

Sample CPVCe PVC® wt % °C hr?

El 10 90 57.7 88 1.50

E2 25 75 59.4 90 1.26

E3 40 60 61.2 92 1.00

4 55 45 62.8 98 0.84

E5 70 30 64.6 110 0.53

E6 85 15 66.3 127 0.34

e Sample A9, see Table 1.
b Sample Sicron 548 FM, see Table 1.

are observed among the CPVC specimens obtained with the three differ-
ent heterogeneous processes, all of which use chloroform as a swelling
agent. The chlorine content being equal, the CPVC’s obtained with the
three procedures have the same thermal stability.

The constants K of DHC of the specimens of CPVC obtained with
Process D (Table 11, Figure 2, Curve b) vary linearly with chlorine con-
tent, and their values are always higher (lower thermal stability) than
those of Curve a.

The difference between the K values of Curves a and b diminishes
and seems to disappear entirely for elevated chlorination values. It can
be assumed reasonably that for highly chlorinated CPVC (chlorine con-
tent >70% ) the values of K become practically equal to those of the
CPVC obtained with Processes A, B, and C.
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Figure 2, Curve c also shows the values of K of dehydrochlorination
relative to six blends prepared by mixing PVC with a sample of CPVC
of high chlorine content (68% ) obtained by Process A (Table III). As-
suming the HCI evolution rate of the two components of the blend to
be additive, Curve b, which is linear like Curve c, shows that the blends
(chlorine content being equal) behave in about the same way as the
CPVC obtained by the unswollen process. The presence of PVC, in any
case, reduces the thermal stability of the CPVC.

s T

UO'N

125

VVICAT SOFTENING POINT, °C

0° a//?d b

85
55 60 65 70

CHLORINE ,WT %

Figure 3. Vicat of CPVC and blends with PVC

Curve a: Processes A, B, and C

Curve b: Process D

Curve a': Blends of PVC and CPVC, type A
Curve b’: Blends of PVC and CPVC, type D

This behavior supports the hypothesis formulated by Heidingsfeld
(9) that the CPVC obtained by heterogeneous unswollen processes be-
sides having molecules whose chlorine atoms are nonuniformly distributed
(block copolymers ), might also contain, in a different quantity, unaltered
PVC. This product behaves similarly to a mixture of the two components
(highly chlorinated CPVC and PVC), contrary to the CPVC specimens
obtained with the swollen processes which should have a relatively more
uniform distribution of the chlorine content on the macromolecules.

Vicat Softening Point. The Vicat softening point was determined
on some CPVC samples prepared by the swollen processes (A, B, C; see
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Table IV. CPVC (Procedure D)/PVC Blends

Blend, parts by weight
Chlorine Content, Vicat Softening

Sample CPVCe PVC? wt % Point, °C
E7 10 90 57.7 88
E8 25 75 59.4 90
E9 40 60 61.2 93
E10 55 45 62.8 98
Ell 70 30 64.6 107
E12 85 15 66.3 125

¢ Sample D15, see Table II.
b Sample Sicron 548 FM, see Table 1.

Table V. Samples for Mechanical Measurements®

Blend, parts

by weight Chlorine Polymers Dynamic-

Content, Vicat, Mechanical

Sample CPVC PVC* wt9, °C Properties Creep Izod

C7 — 65.7 131 yes no  no
D7 — 65.4 123 yes no  no
C8 — 67.4 140 yes no no
E13  85(C8)¢ 15 65.7 126 yes no no
D13 — 67.1 132 yes yes yes
E14 85(D13)¢ 15 65.5 122 yes yes  yes
E17¢ 85(D13) 15 65.5 — yes no no
E15 90(D13) 10 66.0 — no yes no
E16 95(D13) 5 66.5 — no yes yes
Al0 — 68.2 144 no yes  yes
B7 — 67.1 140 no yes  yes
A7 — 64.7 124 no yes  yes

a Sicron 548 FM, Type GS, 6361112, see Table I. .

b See g‘reparation of specimens for mechanical measurements in text.
< See Table I.

4 See Table II.

¢ Obtained by coprecipitation of blend E14.

Table I). The results appear in Figure 3 (Curve a), and all lie on a single
curve, regardless of the type of process. Curve b shows the Vicat values
of some samples obtained with Process D (unswollen process, Table II).

The pattern of the two curves is approximately similar, Curve b be-
ing a few degrees lower than Curve a. The differences between the two
curves are of course attenuated at low degrees of chlorination, but this
phenomenon seems to take place at high degrees of chlorination also, the
two curves tending to have equal Vicat values where the chlorine is
more than 70%.

Blends of PVC and A-type CPVC with 68% chlorine (Figure 3,
Curve a’, Table III) and blends of PVC and D-type CPVC with 68%
chlorine (Figure 3, Curve b’, Table IV) display Vicat softening point
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plots which are quite similar. In particular, the addition of normal PVC
to the CPVC greatly diminishes the Vicat and reduces the differences
between the Vicat values of the CPVC obtained with Processes A and D.
In essence, blends with PVC cancel the differences between the Vicat
of the two original CPVC'’s.
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Figure 4. Dynamic-mechanical properties of samples
C7 and D7

The behavior of the two series of blends (Curves a’ and b’) is inter-
esting because it shows that small additions of PVC lower the softening
point noticeably. If the solubility of PVC in CPVC were perfect, the
mixtures would behave like random copolymers with lower chlorine con-
tent, and the points pertaining to the blends would fall on Curves a or b.
The observed behavior could be caused by an incompatibility of the two
components.

Dynamic Mechanical Measurements. To explain the differences in
the physical properties found between the samples obtained with Proc-
esses A, B, and C and those obtained with Process D, the dynamic me-
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chanical properties of the various CPVC and of their blends with PVC
were studied. The real part of the complex shear modulus G’ and the
logarithmic decrement A for two samples having 65.5% chlorine, ob-
tained by Process C and D, respectively (sample C7 and D7, Table V)
are plotted in Figure 4, vs. temperature, on a semilogarithmic scale. The
glass transition temperature T,, calculated at G’ = 10° dynes/cm?, is
118° and 114°C for sample types C and D, respectively, in good agree-
ment with the data obtained by the Vicat test.

10° B — 100
:\ <
. N\ z
3 N\ :
b !
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g
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/
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108 0l

0 50 100 150
TEMPERATURE, °C

Figure 5. Dynamic-mechanical properties of samples of
CPVC C8 and its blends (E13) with 15% pure PVC. C8
= 67.8% chlorine, E13 = 65.7% chlorine.

Between —120° and 60°C a flat and large secondary dispersion is
evident in the A-T curve. This dispersion is broadened with respect to
that of PVC because of the presence of the chlorinated units which stiffen
the chain.
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The two different chlorination processes do not substantially influ-
ence the dynamic-mechanical properties. This contrasts with Heidings-
feld’s results (9); he found a well-defined maximum at about 90°C for
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Figure 6. Modulus G” vs. temperature of the
same samples as in Figure 5

the sample prepared by chlorination without adding CHCls, certainly
caused by the pure PVC. In this respect we must point out that:

(1) Process D is substantially different from that used by the afore-
mentioned authors.

(2) Some preliminary studies have shown that the degree of hetero-
geneity of the CPVC obtained without the swelling agent is influenced
greatly by the morphological properties of the raw PVC.

A study was also carried out on the dynamic-mechanical properties
of two blends of CPVC and PVC (samples E13 and E14, Table V) ob-
tained starting with samples of CPVC, C type (sample C8, Table V) and
D type (sample D13, Table V), both having about the same chlorine
content.
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The samples were mixed with PVC Sicron 548 FM, in the ratio
85/15, to obtain blends having 65.7% (E13) and 65.5% (E14) chlorine,
respectively.

The results of the dynamic-mechanical tests carried out on the blends
and on the corresponding pure CPVC'’s are given in Figures 5, 6, 7, and 8.
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Figure 7. Dynamic-mechanical properties

Curve a: sample %{ CPVC D13, 67.1% chlorine
Curve b: blends El14 (85% DI13-15% pure PVC), 65.5%

chlorine
Curve c: gllﬁﬁ) E17 (obtained by coprecipitation of the E14

Samples C8 and D13 differ in T,; in fact, the T, (extrapolated) of
C8 is about 10°C higher than that of D13. For the blends, a clearly de-
fined maximum of the logarithmic decrement A is observed at about
85°C—i.e., at the glass transition temperature of the homopolymer PVC.
This indicates incompatibility between PVC and CPVC (11). The in-
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compatibility observed could be caused by a mixing difficulty arising
from the high viscosity in the molten state of the two components. Never-
theless, in the dynamic-mechanical measurements, a maximum of G” of
specimen E14, molded at 180°, 200°, and 220°C for periods ranging from
3 to 15 minutes was always present at about 85°C. Figures 9 and 10 give
the results obtained on materials molded at the two extreme conditions
and show that G” maximum remains evident even though its intensity
diminishes as the molding time and temperature increase. This may be
attributed to better mixing.

G* DYNES/CM?

10° -

10!

0 50 100 150
TEMPERATURE °C

Figure 8. Modulus G” vs. temperature of the
same samples as in Figure 7

As further proof and to improve an already intimate mixture, blend
E14 was also obtained by coprecipitation and then molded at 200°C for
3 minutes (sample E17). (Conditions for coprecipitation: from a solution
in cyclohexanone 1% concentration, with methanol at a ratio of 7/1,
room temperature.) In this case also the maximum A at 85°C is still evi-
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dent (Figures 7 and 8, Curve c). Furthermore, the height of this maxi-
mum does not vary with the molding time, which, for a temperature of
200°C, was 15 minutes.
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Figure 9. E14 dynamic-mechanical properties

Curve a: E14 mill rolls molded at 180°C for 3 minutes
Curve b: Same as Curve a but at 220°C for 6 minutes

Analogous behavior was observed by Oswald and co-workers (12)
for blends of chlorinated polyethylene with a high chlorine content when
the difference between the T,’s of the two components was greater than
30°C. In our case the values of AT, are about 45° (E13) and 34°C (E14)
in regard to the homopolymer PVC.

The data we found also show that the greater the AT,, the greater
the degree of incompatibility. No research has been done to discover
the minimum value of AT, for which incompatibility still occurs, but
studies are in progress. On the basis of this ascertained incompatibility

In Multicomponent Polymer Systems; Platzer, N.;
Advances in Chemistry; American Chemical Society: Washington, DC, 1971.



Publication Date: June 1, 1971 | doi: 10.1021/ba-1971-0099.ch009

9. AJROLDI ET AL. Chlorinated and Normal PVC 133

it is easy to explain the Vicat values obtained for the CPVC and PVC
blends.

Creep Properties. The creep properties, determined at 100°C under
a constant load of 50 kg/cm?, of some CPVC types A, B, and D and of
blends (designated E) obtained by mixing 5, 10, and 15% by weight
PVC with CPVC type D, are shown in Figure 11 (see Table V). Similar
results were obtained for the measurements carried out at 80°C under
a constant load of 100 kg/cm? (Figure 12).

5
[72]
g
o
)
10°
N\
\ /
_;\a____ A 4
10%
0 S0 100 150
TEMPERATURE °C

Figure 10. Modulus G” vs. temperature of the
same samples as in Figure 9

From these data we have calculated the creep rate de/dt at 100 min-
utes. The results are plotted in Figure 13 against the chlorine content
to summarize the results obtained. When the chlorine content is the same,
the creep rate is greater for the sample of CPVC obtained by the un-
swollen process (for example D13 > B7, %Cl = 67.7 for both), and
although the Vicat of the blends differs by only a few degrees from that
of the original CPVC (sample D13), the creep rate of the blends is
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Figure 11. Tensile creep at 100°C, constant load of 50 kg/cm? of some CPVC
samples (see Table V)
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Figure 12. Tensile creep at 80°C, constant load of 100 kg/cm? of some CPVC

samples (see Table V)
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Figure 13. Rate of creep at lmbnl:;nutes of some CPVC samples (see
Ta

V)

A: 100°C, 50 kg/cm? and O: 80°C, 100 kg/cm2, CPVC D type samples and its
blends with PVC
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greater and increases as the PVC content increases (Figure 13). This
agrees well with the result of the dynamic-mechanical measurements. In
fact, at these temperatures the PVC phase can no longer withstand heavy
loads.

Impact Strength as a Function of Temperature. Impact strength
measurements were carried out on a sample of CPVC type D (sample
D13, Table V) and on two blends, E16 and E14 (Table V) at tempera-
tures up to almost T, (Figure 14). The stiffening of the polymeric chain,
owing to the introduction of chlorine, moves the brittle-tough transition
zone up to higher temperatures, while the transition zone of the blends
appears around 93° and 85°C, respectively—i.e., ca. 5° and 15°C lower
than the corresponding brittle-tough zone of the original CPVC. Re-
calling the biphase nature of the system, this fact tells us that the added
PVC acts as a reinforcer.
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Figure 15. Izod impact strength vs. temperature

Figure 15 gives the same measurements for samples A7, B7, and
A10 (Table V) of CPVC all obtained by swollen processes. The higher
the chlorine content, the higher the temperature of the transition from
brittle to tough behavior, and the higher the chlorine content, the lower
the value of the impact strength Izod, beyond the transition zone.

Finally, comparing sample D13 with sample B7 (Figure 15) both
having the same chlorine content (67.1% ), one (D13) obtained by the
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unswollen and the other (B7) by the swollen chlorination process, it is
observed that the brittle-tough transition zone for sample B7 is higher
and less definite, and the impact strength value is lower than for sample
D13. The trend of the 1zod-T curve for sample D13 is steeper and like
that of PVC. This could mean that even if heterogeneity could not be
found by dynamic-mechanical measurements, it should exist on a micro-
scopic scale.

Conclusions

All the chlorination processes in which the swelling agent is present
give products with similar physical properties, whereas the materials
obtained by process without a swelling agent show a lower thermal sta-
bility, lower Vicat, poorer creep properties, and little improvement in
impact behavior.

The study of the blends has shown a lack of compatibility between
PVC and CPVC and a substantial decay of all the physical properties
with the exception of the impact strength. This demonstrates the need
to specify at well-defined limits the amount of PVC used as an aid in
processing.
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Copolymerization in the Presence of
Depolymerization Reactions

PAUL WITTMER
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Ludwigshafen am Rhein, Germany

The copolymerization equation is valid if all propagation
steps are irreversible. If reversibility occurs, a more com-
plex equation can be derived. If the equilibrium constants
depend on the length of the monomer sequence (penulti-
mate effect), further changes must be introduced into the
equations. Where the polymerization is subjected to an
equilibrium, a-methylstyrene was chosen as monomer. The
polymerization was carried out by radical initiation. With
methyl methacrylate as comonomer the equilibrium con-
stants are found to be independent of the sequence length.
Between 100° and 150°C the reversibilities of the homo-
polymerization step of methyl methacrylate and of the
alternating steps are taken into account. With acrylonitrile
as comonomer the dependence of equilibrium constants on
the length of sequence must be considered.

In general polymerizations proceed in only one direction, so that we
can write for a single step of the propagation reaction

k, (1)
P n + M i P n.+ 1

P, is a reactive molecule of the polymer with n monomer units in
the chain, and it is unimportant whether the polymerization mechanism
is radical or ionic. The rate constant of the propagation step is k,. Under
certain conditions, monomer units can be split off the reactive polymer
molecule. Then it is necessary to consider also the depolymerization
reaction (with the rate constant kg).

ks
P, + M2 Py @)

d
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According to Equation 2 each step of the propagation is an equi-
librium for which Dainton and Ivin (2, 4) have found:

B AH
= A S F R In[Ml

T. 3)

Equation 3 shows that for a given monomer concentration [M],, at
temperatures above a critical value T, the rate of the depolymerization
step becomes greater than the rate of the polymerization step and domi-
nates the reaction. The critical temperature T, is called “ceiling tem-
perature” (22, 23). (AH is the enthalpy of polymerization, and AS° is
the entropy of polymerization at the monomer concentration [M] = 1
mole/liter.) The concentration of the monomer at equilibrium [M],, is
identical to the equilibrium constant K, which is defined by the rate
constants k, and k,.

ka

[M]eq =K = k,,

“@

To describe the composition of copolymers which are polymerized
at a given mole ratio of the comonomers, the well known Mayo equation
(11) is used:

dMh _ ML  n[Mh + [M].

dM]; ~ M]; ML + rM]: )

This equation gives the composition of a copolymer which is polymerized
at a given composition of the monomer mixture. The parameters of co-
polymerization r, and r, can be determined experimentally. They are
given by the ratio of the rate constants of the homopolymerization (ki
and k,,) to the rate constants of the alternating step (ki2 and k).

kn k2o
1= k_n ’ 2 = k_21 (6)

Equation 5 is valid only for irreversible reactions. For a copolymer-
ization reaction that contains a polymerization—depolymerization equi-
librium, Equation 5 is oversimplified. Depolymerization (Equation 2)
is not considered in Equation 5. The following derivation of a generally
valid equation for a copolymerization will include this retroreaction.

Copolymerization Including Depolymerization Steps

We consider a system with the two monomers, M; and M,. The
possible propagation steps are reversible according to Equation 2. The
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reaction scheme is as follows:

kn

@) —M; +M, 2——M, - My
ki
k12

%) ——-M; + M2 —~——M, — My
kiz
koo

(¢ ——M; + M 2 —~—-M, — My

k??

k?l
d) ——M,; + M, 2 —~—~—M, - My

kx
The reactive position in the chains is written as a dot. The constants ki,
ki2, ko5, and k,; are the rate constants of the propagation steps; ki, ki,
ks, and ks are the rate constants of the depolymerization steps. It is
assumed that the constants are independent of the last member of the
chain.

The changes in monomer concentration [M;] and [M.] with time

are given in the following equations derived from kinetics:

d[g’tI]l = — kn Z M, :\My] + ki Z My )i — ka z M, {My] +
e i =1 (7a)
kz[My
d[};’:]z = — kn.Z (M. ]{M.] + kz_z.z M, ] — klz.z M, {IM.] +
1 =1 -2 -1 (7b)

kz[M2' ]y

Subscripts 1 and 2 within the brackets denote the type of monomer; sub-
script i outside the brackets denotes chain length.

The Bodenstein principle which states that the radical concentra-
tions are constant, is assumed valid (7).

di:Zl [Mr): diille']‘

dt dt ®)

Thus, the kinetic model is:

b 3 MM — KMk = b 3 [MLMd) — kslMe)h 9)
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Dividing Equation 7a by 7b and considering Equation 9 we get

d[M], B kni_zl [My)iM,] — knMah

M b £ 000 — R,

k(M — kﬁ(iilel.]‘)(iil[Ml.],.)-l

1+ — =
uaMs] — kl'z[Mz']l( > [Ml-l,-)

i=1

(10)

kMo — kﬁ(iiz[M{],‘)(iil[M2~]'.>_l
1+

kxn[M,] — kﬁ[Ml'h(iZl[M'z]‘)

The term in parentheses is equal to 1 according to Equation 9. The
quotient of the summations can be simplified further according to Equa-
tion 11.

®

T 3 Mk - My

=1-n (11)

Tk X Mk

where x, is the mole fraction of the reactive chains ending with monomer
M, with a sequential length 1. In general, the mole fraction of the reac-
tive chains with sequential length i is given as:

My}

Ty = ————— (12a)
£
Accordingly
Yi = ”—[Bh—]’ (12b)
.leMz']i
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The rate constants kij and kz can be replaced by the equilibrium
constants K, and K, according to Equation 4. In addition, the reactivity
ratios are introduced according to Equation 6.

My
T (1 )
1+ M,] ~ [M]
kn My ‘
1--2 . 2 [My]
d[Mll _ klz [M2] (1 -1 ) (13)
dM,]

[M.]
T2 =13 M) — T [M] 1 =)

ka [Ml ]1 !
iy s VA Z )

1+

The terms with summations in Equation 13 can be transformed as follows:

©

> Ml

kiz [Mz']l( = )_l ke oy 7!

Mz, M;l; =2, 2 ,_ 14

ke [Mg] 521[ vl ks [M,] i M) (14a)
~. 14

k [M ] - 1 k . lMl'i

Fa | IMih 1) = ?_1 P2 14b

kM \ 2=, M ]'> ¥ ' (14D)

1M

The summations in Equations 14a and 14b can be calculated using Equa-
tion 9. After dividing by:

> M)

D

and considering Equations 12a and 12b we get:

®

Z My

1=1 k21[M1] + kl_z 31
> M R

§ -

(15)
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Now we introduce two new parameters (28), q; and g.:

kl_ k2l
= e— . = e— 16
Q1 kZI ’ q2 k12 ( )

Combining Equations 13, 14, 15, and 16 yields Equation 17:

rny M _

nir 7 e - @
1+
1 — Y1 [M2] + 211
d[M,] — [MZ] Mi] + qin
dM:] M a7)
1+
1 - 7 [My + qn

g [M,] ) [M,] + g1

The terms x, and y, in Equation 17 must be determined by an experi-
mentally accessible expression. This is possible by calculating the distri-
bution of the sequential lengths of the reactive chain ends. For monomer
M, we can postulate the following equations

ii[l:i/ITl.]l = k2l[Ml]Za::l My): — kan[Myh + kalMy)e — ku[Myrh(Mi] —
kyo[My h[Mo] + kn[Me)i « 2
MM — MM + My — kulMyLIMG] — kalMy: —
kyo[My']o[M,] + kiz[Mo']s » 2
a8)
AMTe oMy LML + kalMil, — kMM — KlMils —
kyo[My Js[Mo] + kizx[M2)y « 23
ALY oMy ]oa MG + k(M) 4 — RalML{MG] = kalMy); —

kyo[My]iiM.] + kz[Mo)s - z;

The last terms in Equation 18 express the fact that new reactive chain
end ~—(M,;),.; — M is formed by the reversible alternating polymeri-
zation step
kiz
~M; — My — My — ~—M; — My)p—1 — My + M2
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The factor x; corrects for the fact that each step in the reaction does not
lead to a chain end with i units of monomer M,, but only some do. We
can safely assume that the sequential distribution of the chain lengths
of the unreactive and reactive sequences is the same. Under all ordinary
conditions the concentration of radicals assumes a value such that the
rate of disappearance equals their rate of creation (7). This steady state

is realized not only for the total concentrations of radicals % [M"]; and
§=1

‘§'.1[M'2]‘ but also for the concentrations of radicals with special chain

lengths [M"1]; and [M".]; (11). The differential quotients in Equation
18 assume the value 0. In addition we express the first two terms on the
right in the first line of the equation system 18 by Equation 9.

kl2[M2]iz::l[Ml.]i — kp[Myh = [Myh(eu[Mi] + kio[Mo]) —
ki[My], — kMo o

ku[Myh(My] = [My]o(ku[M,] 4+ kio[Ma]) + kn((My']: — [My']s) —
kr[M:)y z2

Eu[My]o[My] = [Myls(ku[Mi] + k1o[M2]) + kn((My']s — [My']e) —

kn[Ma] z3
(19)

ku[My]; - 1[My] = [My]j(kn[Mi] + k1o[Me]) + ka((Mr]; —
Mr];+1) — ka[Msh z;

Now we divide by k;2[M,] = [M';]; and introduce the reactivity ratios.
{=1

Considering Equation 12a we can write:

(M,] _ ﬁg M:]y . 1l —m
M’]"—l) 21[M]+k12 - [Mg]

Z My']i

i -]

1=z (n

[M,] (M,] K,

[M]_x2(rl[M]+ l[M]+1)_x37'l

K,
on L
ki Myh | 2
- [M]

iZI[Ml']i
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M) _ (M,] K, _ K
Tl 1373 [M ] Zs3 (rl [M ] + T X173 [M ] 1) 4 [Mz]
kiz  [My)h Z3
— O e—— ) Se—— 2
ke M (20)
‘Z (My']
M M K K
Ti—1"n }Ml]] =z, (n {Ml]] + rl[lel +1) - x:‘+l7'1[—1wl;] -
b _Meh | 3
kyz L M,
1'2 1 [Ml']i
The expression:
-1
(3, )
in Equation 20 is given according to Equations 12b and 15:
M)y k1o[M,] + ka2
B ik 20t SRyt ik L B 21
© yl kn[Ml] + kﬁ yl ( )
ZI[Ml']i
Introducing ¢, and g. into Equation 20 we can write
1= (7‘1[ J +1) —zns= +a v M) + ¢m, (1 —m)

[Mo] [ 1 M) M) + g

My _ [M,] K, e KW
wrn = S OGN ey T 2 M

M,] 4+ g2 x
[M1] + [/} :

My _ [M,] K,
AR A AT v

Tol1 )37 3

K, Y1 .
+ 1) —xmm—mm

[M1] + an :
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(M,] (M,] K, K
Zi- 1 ] = i(l[M]+ ™ MG 1)—xi+17‘1m

U [le + Q27
MG G o (22)

Here Equation 23 is valid.

S a1 (23)
T=1

Equation 24 expresses the pattern of distribution
T, =p+ad; o<1 (24)

Inserting Equation 23 into Equation 24 we get:

1 (25)

Zl)xi=p-c(1+c+02+o3+...)=pol_

It follows that

o= — ; = (1—9¢) ¢! (26)

Inserting Equation 26 into any line of the system of Equations 22 and
solving for ¢ give in every case

o= (1 = ) = g (O + K + DM - o -
V(n([Mxl + Ki) + [M,] — )()2 (My) (27)
2r Ky K,
As an abbreviation the term y is introduced
[Ma] + goma (28)

v= PNV + g

Thus, Equation 27 is in this case a possible distribution function. It
is of the type of the Schulz-Flory (25) distribution function. The expres-
sions p and o express implicitly the probabilities of propagation, depoly-
merization, and alternating polymerization (chain termination). The
validity of the Schulz-Flory distribution function in this example of a
polymerization with reversible propagation steps is evident. This type
of distribution is always present if the distribution of the chain lengths
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is the result of competing reactions between randomly occurring propa-
gation and termination steps. If depolymerization steps are involved, the
over-all chain length is smaller; the chain length distributed however is
determined by the same mathematical law.

The same equations can be derived for the monomer M.

n=>0-7x""! (29)
1= = e (Ml + Ko+ Mi) - 6} -
V ro((Mq] + K,) + [My] — ¢)2 _ M) (30)
27'2K2 K2
The term ¢ is introduced as an abbreviation
Mi] + am 31)

¢ = o [Ms] 4+ goma

After arranging Equations 27 and 30 and raising to the second power
we can write (considering Equations 28 and 31:

_ My (Me] + na[Ma]) (1 — 21) — na(Mi]
T am (g2 — nKy) (1 — z1) + n[My] (322)
o = (Ma]  ([Mi] + roga[Mi]) (1 — 31) — 7911 [M] (32b)

g2 (Q1 - Tsz) (1 - yx) + Tz[le

Knowing the constants and the monomer concentrations in Equations
32a and 32b, we can calculate the numerical values for x; and y;. This
can be done graphically, but it is more practical to use a computer. Using
Equation 17 we can then calculate the composition of the polymer formed.
The relationship by which the two monomers are copolymerized is not
a simple function of the ratio of the two monomer concentrations in the
monomer mixture. The result depends on the absolute value of the
monomer concentrations also.

Special Case where K; — 0, ¢ — 0, and g. — 0. In this case only
the homopolymerization of the monomer M, is reversible. We can write
the simpler equation (10, 13, 29):

M) K
avg Prn g T
dAMi) _ (33)
d[M2] [M2]

1 + To [Mll
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1—x1=

n((Mi] + Ky) + [M,] (M) + Ky) + [Me]\? _ [My]
. 2T1K1 - ‘/ ( 21‘1](11 ) - Kll (34)

Special Case where K; 5= 0, ¢, — 0, and g = 0. In this case the
two homopolymerization reactions are reversible; the alternative steps
are irreversible. Here Equation 35 is valid (10, 29):

My _
avy TG T M a4 - =
+ri T 0w

x, is given by Equation 34, y, by Equation 36:

(1—y) = ra([Ms] + K3) + [My] ‘/ (Tz([Mg] + K, + [Ml])z M

2 TzK 2 2 7‘2K 2 K 2
(36)
Special Case where K, — 0, g, — 0, and g2 = 0. Equilibrium Con-
stant K, Depends on the Chain Length. According to Szwarc and co-
workers (12, 26) the equilibrium constants of the anionic polymerization

of o-methylstyrene depend on the degree of polymerization (chain
lengths). For the reaction

CH; CH; CH; CH; CH; CH;
C——CHz——CHz—C 6 + CH2=C C—CHQ—CHQ—C—CHz—C 0

0.0 00 .00

the equilibrium constant K, defined by Equation 4 is smaller by three
orders of magnitude than the one for the reaction of monomers with
longer chains. The equilibrium constant for the reaction of monomeric
a-methylstyrene with compound II according to the following formulas

CH: CH;; CHs CHs
] C——CHQ——CHQ—C—CHQ——C 0+ CHz—C 2

000 O
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CH; CH;; CHs CH3
0 C—CHz—CH2—C—CH2—C—CH2—C 6

QOO

are not significantly different from the one for longer chains. The differ-
ences in the equilibrium constants depend on differences in the depoly-
merization constant, ki; and not the propagation constant k;;. The
differences in the rate constants are explained by steric and electrostatic
influences.

The monomer units in I are linked tail to tail and not in the normal
head-to-tail manner. Therefore I is not comparable with a normal dimer.
In substance II a dimer lies to the right of the tail-to-tail linkage. In the
copolymerization of a-methylstyrene with, for example, methyl metha-
crylate, the addition of one molecule of a-methylstyrene corresponds to
substance I,

(IJOOCH3 (|3H3
vv-CHg—(ll——CHz—C'
CH,

the addition of two molecules of a-methylstyrene—i.e., a sequence of two
monomer units—gives substance II.

COOCH; CH; CHz
—CHz—C—CHz—C—CHz—C

pele

The addition of a monomer unit to a sequence with the length 1 or with
a length greater than 1 corresponds to the addition of a monomer to I
and II, respectively.

Since the equilibrium constants for the addition of monomer onto
the sequence of length 1 or to longer sequences are so different, the fol-
lowing situation must be considered. The living sequences with two
monomer units cannot split off a monomer unit, but higher sequences are
subject to polymerization—depolymerization equilibria with an equilib-
rium constant which no longer depends on chain length. We consider
the special case in which the equilibrium constant K, and the constants
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g1 and g are zero. We get the following equation (13, 29):

[1\’I ] n [IKW:] e
1 + _[] [2] *Ty e <1 e ———] [1]>
dM,] _

d[M.] [M,]

@37)

o corresponds to Equation 34:

¢ =

1 n(Mi]+ Ky + [Ms] (M) + Ky) + [Mo]\2  [M,
: - V (r (IM,y] 2r1K)1 [ ]) _IMy] (3

7

Copolymerization of a-Methylstyrene

In most vinyl monomer polymerizations measurable monomer con-
centrations at equilibrium are only apparent at elevated temperatures
(T > 150°C). However, the corresponding concentrations of a-methyl-
styrene are measurable at room temperature. This is caused by the
enthalpy of polymerization which is, compared with other monomers,
relatively low (at a comparable entropy of polymerization).

The existing equilibrium monomer concentrations have been meas-
ured by several authors (9, 17, 30, 31) for anionic polymerizations (from
the type described by Szwarc (24) at different temperatures. The ther-
modynamic terms AH and AS° can be calculated from these data accord-
ing to Equation 3. Table I shows the results of these calculations and
a value for AH which was measured calorimetrically (20). (The values

Table I. Enthalpy (AH) and Entropy (AS®) for the
Polymerization of a-Methylstyrene

AH, A §°,
Reference kcal/mole cal/(mole °C)
McCormick (17) 6.96 24.8
Worsfold and Bywater (30,31)  8.02 28.75
Hopff and Lussi (9) 8.50 30.6
Roberts and Jessup (20) 8.42 —

are valid for the transition: monomer in solution — polymer in solution
—i.e., AH,, or AS° defined by the terminology of Dainton and Ivin (3).
Only the calorimetrically measured value corresponds to the transition:
liquid monomer — solid polymer—i.e., AH®,. and AS°;.). The values
measured by different authors are in a good agreement except for the
values given by McCormick.
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From the values of AH and AS° one can calculate (Equation 3) the
equilibrium concentrations at different temperatures. The results are
plotted in Figure 1. Curves 1-3 are in good agreement below 10°C; at
elevated temperatures larger deviations are apparent. This stems from the
fact that nearly all measurements are carried out at temperatures below
0°C; thus in this region the curves correspond to actually measured
values. At higher temperatures the curves are determined by extrapola-
tion. Only McCormick has measured these values directly at elevated
temperatures—i.e., up to 60°C (Curve 1). For this reason here we have
used McCormick’s data to calculate the equilibrium concentrations even
though his thermodynamic constants show a larger deviation than the
other measurements.

13 [H]eq (mot-t""]
12
M

10 -

t [
-50 to + 50 100

Figure 1. Polymenzation of o-methylstyrene.
Equilibrium concentrations of the monomer.

Curve 1: Values by McCormick (17)

Curve 2: Values by Worsfold and Bywater (30, 31)

Curve 3: Values by Hopff and Lussi (9)

Curve 4: Monomer concentration of the wundiluted
monomer (4)
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In Figure 1 the fourth plot shows the monomer concentration of the
undiluted monomer—i.e., the highest monomer concentration possible
(14). At temperatures on the right side of the intersection of this curve
with the equilibrium concentration-temperature curve, the rate of the
depolymerization step is greater than the rate of the polymerization step
even if the monomer is undiluted. These temperatures are quite low
compared with those in other polymerization reactions. Normally they
are 100° to 200°C higher. The calculated ceiling temperature for the
undiluted monomer, which has been calculated from the measurements
made by McCormick is 61°C. This is in good agreement with the ceiling
temperature of 60°C which has been measured for three cationic poly-
merizations using different initiation (15). The values of the equilibrium
constants at different temperatures according to McCormick (17) are
given in Table II.

Table II. Equilibrium Constants for the Polymerization of
a-Methylstyrene According to McCormick (17)

T, °C K, mole/liter T, °C K, mole/liter

0 0,70 80 12,9

10 1,10 90 16,9

20 1,70 100 22,9

30 2,563 110 27,9

40 3,65 120 35

50 5,1 130 43

60 7,1 140 54

70 9,7 150 67

)

Measurements on o-Methylstyrene-Methyl Methacrylai. at 20°-
100°C. All copolymerizations were carried out without solvent. Below
80°C azobisisobutyronitrile was used as initiator. At 100°C the reac-
tions were initiated thermally. At temperatures of 50°, 60°, and 80°C
the reactions were carried out in dilatometers. At 20°C small flasks were
used, and the reactions were conducted in a temperature-controlled room
over a period of days. At 100°C sealed glass tubes were preferred. The
reactions were stopped at yields below 5%. The composition of the
copolymers was determined by oxygen analysis in the analytical labora-
tories of BASF. The method for determining oxygen was developed in
the Untersuchungslaboratorium of BASF (18).

The results are given in Table III. At higher «-methylstyrene con-
centrations than those given in Table III, the reactions were so slow that
no precipitable polymer could be obtained in a reasonable time.

In evaluating these measurements the Mayo equation 5 is used. This
is also done in two other publications (5, 27). This equation cannot be
used in its strictest sense, as noted previously. However, by appropriate
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Table III. Copolymerization of a-Methylstyrene (M,)
and Methyl Methacrylate (M:)

M,, mole 9, M, mole 9, in Polymer
in Monomer
Mizture 20°C 50°C 60°C 80°C 100°C
5 7.7 8.13 9.1, 7.7 6.9,
8.8s
10 17.2, 15.4; 17.7, 14.9 14.65
20 29.2; 26.8; 25.35 25.14 21.4;
30 34.4, 32.8, 33.5¢ 31.3; 26.9;
40 41.55 40.5, 39.7; 37.3 34.0,
50 45.8; 45.9; 44 .64 42.75 37.0o
60 50.5; 53.4, 52.05 47 4, 43.0o
70 57.9 60.4, 59.6, 51.8; 43.4,
57.75
80 64.1, 64.0, 65.9, 54.49
90 68.4,
95 81.3;

Table IV. Copolymerization Parameters from Calculations
Using Equation 33

T, °C ry )

20 03  (0.25) 05  (0.50)¢
50 0.51 (0.35) 0.55 (0.55)
60 0.6 (0.30) 0.55 (0.55)
80 0.81 (0.15) 0.65 (0.55)
100 1.0 (0.0) 07  (0.60)

@ Values in parentheses were obtained by using the Mayo equation 5.

means of fitting the reactivity ratios, it can be used as a good approxi-
mation. The r values have been determined by the usual methods (6, 16).
They are given in Table IV (in brackets); the calculated curves are
given in Figure 2 together with the measured values. Figure 2 shows that
the measured and calculated values agree well. This method of describ-
ing the results is a mathematical formality, and the resulting parameters
have no real meaning. This can be explained by the following considera-
tion. The r values depend on the temperature according to the following
equation (11):

_ An En — Ey,
rn = A—uexp ( - -R_T) (37)

where A;; and A, are the frequency factors of the Arrhenius equation
for the homopolymerization step and the alternation step, respectively,
and E;; and E,, are the corresponding activation energies. An analogous
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3
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%0 1 (e]
50 5p
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ry=0
r, = 06
T =100°C
50 - =
0 50 100
—melm of My in monomer
Figure 2. Copolymerization of a-methylstyrene (M,) and methyl metha-

crylate (M,). Curves calculated using Equation 5.

equation is valid for r,. Generally the activation energies E;; and E;»
are very similar; thus, the r values depend only weakly on the temperature.

According to Equation 37 the logarithm of the r values depends on
temperature according to the Arrhenius equation. According to Figure 3
the condition fixed by Equation 37 is fulfilled for r, values but not for r,
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valueg. The temperature dependence of the r; values is not in agreement
with the conditions of Equation 5.

In the following the reversibility of the polymerization of «-methyl-
styrene has been taken into account. The copolymerization curves are
calculated via Equation 33 together with Equation 34. The equilibrium
constants necessary for the calculation are taken from Table II. The de-
polymerization of methyl methacrylate (1) can be neglected in the tem-
perature range investigated since the equilibrium constants for this
monomer (K;) are extremely small compared with the value for «-methyl-
styrene—e.g., (21) at 100°C, K, — 22.9 mole/liter, K» = 0.12 mole/liter;
at 80°C, K; = 12.9 mole/liter, K, = 0.049 mole/liter.

Except for small deviations the r, values correspond with the values
obtained using the Mayo equation 5. The r, values have been fitted to
the experimental data by trial and error and are tabulated in Table IV.
The calculated curves as well as the measured points are plotted in Fig-
ure 4. The measured points and the calculated curves are in good agree-
ment at low temperature—i.e., 20°-80°C; however at 100°C deviations
become apparent.

The r values, calculated by Equation 33 follow the pattern of an
Arrhenius equation, as shown in Figure 5. The differences in the activa-
tion energies are given by the following data:

Eu - Elg = 345 kcal/mole Ezz - Ezl = 0.95 kcal/mole
These values are comparable with those given in Ref. 11, p. 180.
4.9 1 1 1 1 1 1 1 1
o ° . ra _
<
- %
g i
<
044 5
3. 4 (oK1
(l’ 0L (oK)
0.01 Ll T ] L] T T 1 ] ]
2% 29 31 33
Figure 3. Temperature dependence of the r values used in
Equation 5
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Figure 4. Copolymerization of a-methylstyrene (M ,) and methyl methacrylate
(M,). Curves calculated by Equation 33 for 20°, 50°, 60°, 80°, and 100°C.
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Figure 5. Dependence on temperature of the r values used
in Equation 33

One can describe the copolymerization of a-methylstyrene and
methyl methacrylate with Equations 5 and 33. Equation 5 reflects only
a mathematical approach, whereas Equation 33 takes into account the
polymerization—depolymerization equilibrium investigated in the homo-
polymerization of a-methylstyrene.

In Figure 6 Equation 37 combined with Equation 38 was used to
evaluate the copolymerization behavior. It is now assumed that the
sequence with two monomer units M; cannot depolymerize, but that
longer sequences are subject to the polymerization—depolymerization
equilibrium.

Using Equation 37 copolymerization curves can be calculated again.
A suitable choice of the copolymerization parameters allows a good fit of
the curve to the experimental results.

In Figure 7 the r values are plotted according to the Arrhenius equa-
tion. The temperature dependence of the r values does not agree with
the Arrhenius equation. Therefore, one of the basic assumptions under-
laying Equation 37 is false. To explain the experimental copolymerization
data, the condition of an equilibrium constant independent of the
a-methylstyrene sequence length is best considered.

Measurements on a-Methylstyrene~Methyl Methacrylate at 100°-
150°C. All polymerizations were carried out in small sealed glass tubes
using thermal initiation. The results are given in Table V and Figure 8.
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The copolymerization parameters for the higher temperatures were
calculated from the values at lower temperatures using the Arrhenius
equation. The copolymerization curves calculated by Equations 33 and

MULTICOMPONENT POLYMER SYSTEMS

34 do not agree with the experimental results.

100
re= 03 = 0%
(S rn= 0.5 r= 0.55 .
i K = 170 mol -1 K = 5.40mol-l°
> T = 20°C T = 5%
8
s
= 50 +
kY
o ¥
3E
r,= 035 ry= 02
np= 0.5% rg= 0.6 .
K = %.10 mol.l"! K = 129 mol-U”
T =60°C T=80°%
50 - 4
% 50
0 T 100
ry= 005
r= 0.65
K = 229 mot-t~"
T =100°C
50 s
[¢]
0 50 100

—_—
conc. of Mg in monomer

mol %

Figure 6. Copolymerization of a-methylstyrene and methyl metha-
crylate. Curves calculated by fqggtign 37 for 20°, 50°, 60°, 80°,
and 100°C.
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Figure 7. Dependence on temperature of r values used in

Table V.

M, mole 9,
in Monomer

Mixture
5

10
20
30
40
50
60
70
80
90

Equation 37

Copolymerization of «-Methylstyrene (M;) and
Methyl Methacrylate at 100°-150°C

M,, mole %, in Polymer

100°C

6.9;
8.83

14.65
21.4;
26.9;
34.0,
37.0,
43.0,
43.4,

110°C

7.2,

11.35
21.4;
25.2,
27.53
31.9,
36.4,
37.3
40.0,

120°C

6.1

11.0,
13.2
19.4¢
24.3;
28.39
32.5,
33.1,
35.00
40.0;

130°C
7.5,

11.0;
13.8,
16.9,
19.14
23.1¢
26.9;
25.45
32.5,
32.5,
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Figure 8. Copolymerization of a-methylstyrene and methyl methacrylate.
Curves calculated using Equation 33 for 100°, 110°, 120°, 130°, and 150°C.

Dotted curves: reversibility of M, taken into account (Equation 35).
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Figure 9. Copolymerization of a-methylstyrene and methyl methacrylate.
Curves calculated by Equation 17 for 100°, 110°, 120°, 130°, and 150°C.
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If one takes into account the reversibility of monomer M, (Equa-
tions 35 and 36), relatively little change is observed in the shape of the
curves. The equilibrium concentrations of methyl methacrylate used in
these calculations were obtained from older measurements (2I). The
experimentally determined concentrations of o-methylstyrene are lower
than the calculated ones. For a better fit of the curves to the measured

1004 -
] N
~ - n
o
404 [
15 =
] B
01 ' v T
24 2.5 2.6 -10-3
-1
—_ 5 4? (OK)

Figure 10. Temperature dependence of q, used in Equation 17

values, the reversibility of the alternating steps had to be considered—
i.e., Equation 17 in connection with Equations 32a and 32b. To fit the
parameters g, and g. and to calculate the copolymerization curves, a com-
puter was used. With rising temperature q. increases; q, is zero, and it
appears reasonable to assign a small positive value to g, only at the high-
est temperature explored—i.e., 150°C. The results are shown in Figure 9.
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Figure 11. Composition of copolymers as a function

of the polymerization temperature. Calculated by Equa-

tions 17 and 33. Dotted curves calculated by Equation
33.
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The calculated curves agree well with the measured values. At low
concentrations of a-methylstyrene (lower left corner of the diagram)
there are greater deviations. The experimentally measured concentra-
tions of o-methylstyrene lie above the calculated ones. This difference
cannot yet be explained. It is noteworthy that the statistical deviation
is higher than at lower temperatures.

The parameter g is by definition a quotient of two rate constants.
Therefore, its temperature dependence should follow the Arrhenius equa-
tion (Figure 10).

The differences in activation energies are calculated to be

AEq, = E; — E,; = 25 keal/mole

Figure 11 shows a compilation of the compositions of the polymers which
have been polymerized from different monomer mixtures as a function
of polymerization temperature. The curves plotted next to the measured
points were calculated at temperatures below 100°C by Equation 33
and at temperatures above 100°C by Equation 17. The dotted curves
for temperatures above 100°C were calculated by Equation 33. In addi-
tion to the measured values taken from Tables III and V, Figure 11 also
contains some measured points at 0°C. Polymerization was done in
flasks which were stored in a thermally controlled room for a long time
(e.g., with 30 mole % o-methylstyrene, 34 days, with 50 and 70 mole %,
166 days). It is apparent that the curve derived by Equation 17 agrees
well with the measured points. However, the dotted curve at higher
temperatures, calculated by Equation 33 shows significant deviations.

Table VI. Copolymerization of «-Methylstyrene (M;)
and Acrylonitrile (M:)

M, mole 9, M,, mole 9, in Polymer
in Monomer
Moizture 0°C  20°C 50°C 60°C 70°C 80°C 100°C
5 40.1, 39.0, 36.5, 356; 352 34.0, 328,
10 45.8; 44.4, 423, 427, 41.6, 41.2; 39.6;
20 488, 48.2, 47.5; 46.7, 46.9s 46.0s 45.4;
30 50.6, 50.55 49.65 49.8, 49.9s 49.0; 48.54
40 51.6, 519, 50.6; 51.5, 51.7, 50.8; 50.7,
51.5; 50.8,
50 52.8, 52.4; 523 53.6; 53.7; 53.1, 528,
55.78 53.35
60 53.9, 53.6y 54.7, 54.6s 54.8; 540, 544,
70 55.08 56.0; 564, 57.15 57.1, 559 56.8;
80 58.1;  59.15 59.8,
80.29 59.7, 60.1; 60.15 58.9,
90 62.5, 64.2, 653, 65.5, 652, 64.1¢
95 67.2; 68.8,
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Figure 12. Copolymerization of a-methyistyrene and acrylonitrile.
Curves calculated by Equation 5 for 0°, 20°, 50°, 60°, 70°, 80°, and
100°C.
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Measurements on a-Methylstyrene—Acrylonitrile. Polymerizations
were carried out in dilatometers without solvent. Initiator was azobis-
isobutyronitrile. At 100°C the reaction was initiated thermally. At 0°
and 20°C the reaction was carried out in flasks in a thermally controlled
room. Yields were below 5%. The composition of the copolymers was
calculated from nitrogen determination (Kjeldahl method). In an older
reference (29) polymerizations were carried out at 20°, 50°, 60°, and

-

i Mo_%\o’\o_ L 04

e

#R)"

rr réesp. 7,

25 30 35-70°°

Figure 13. Dependence on temperature of r values used in
Equation 5

70°C. The copolymerization parameters, derived from Equation 33
yielded a straight line in an Arrhenius plot. This led to the conclusion
that the sequence of two monomer units is subject to the same polymeri-
zation—depolymerization equilibrium as in the case for longer sequences.
This must be corrected if one considers a wider temperature range.
Table VI shows the result of the measurements. Here too it is possible
to use the Mayo equation to describe the measurements if the copoly-
merization parameters at each polymerization temperature are chosen
properly (Figure 12). If the logarithm of the measured values is plotted
against the reciprocal of absolute temperature, a small deviation from the
straight line for r; is observed; this is shown in Figure 13.

In the following the reversibility of the polymerization of a-methyl-
styrene has been considered. The copolymerization curves were calcu-
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Figure 14. Copolymerization of a-methylstyrene and acrylonitrile.
Curves calculated by Equation 33 for 0°, 20°, 50°, 60°, 70°, 80°,
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lated by Equations 33 and 34. As Figure 14 shows a proper choice of the
copolymerization parameters yields a good description of the measured
points. Only at the highest polymerization temperature investigated
(100°C) is there a deviation to higher values at the highest concentra-
tions of a-methylstyrene. Even in choosing higher numerical values for
7, it is impossible to get better agreement in the upper part of the curve
without losing good agreement in the lower part.

Figure 15 shows that the copolymerization parameter r, used in
Equation 33 does not follow the Arrhenius equation. In a previous pub-
lication (29) measurements were carried out only in the temperature

i
1 : $ +
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L B B B O §

111
LI N B B I |

]

3

D

Sart T

<
-
4 /o -1
T(°A

Qo7+ / ) <+

T
25 30 357073

Figure 15. Dependence on temperature of r values used in
Equation 33

range 20°-70°C. In this range r, still follows the Arrhenius law. Meas-
urements in a wider temperature range, however, demonstrate that this
is a purely formal agreement without any real meaning. Figure 16 shows
data calculated by Equation 37. This calculation includes the condition
that sequences of two monomer units do not depolymerize. Here too,
good agreement is reached between the measured points and calculated
curves. The r values in Figure 16 follow the Arrhenius equation as shown
in Figure 17. The differences in activation energies are calculated to be

En — E,, = 1.87 keal/mole
E,, — Ey 1.46 kcal/mole
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Figure 16. Copolzmerization of a-methylstyrene and acrylonitrile.

Curves calculated
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Figure 17. Dependence of r values used in Equation 37 on
temperature

Table VII. Copolymerization Parameters Used To Describe the
Copolymerization of a-Methylstyrene (M;) and Acrylonitrile (M:)

Equation 33; Equation 37;
Sequences of Sequences of
two Monomer two Monomer
Equation 5; Units are Units are not
Mayo Equation Depolymerizable Depolymerizable
T, °C n rs n ra n r2
0 0.09 0.025 0.082 0.025 0.08 0.024
20 0.10 0.03 0.11 0.03 0.09 0.03
50 0.12 0.04 0.17 0.04 0.14 0.04
60 0.13 0.04 0.20 0.04 0.14 0.04
70 0.13 0.04 0.24 0.045 0.17 0.045
80 0.12 0.045 0.30 0.05 0.17 0.045
100 0.12 0.05 0.65 0.055 0.20 0.05

Table VII gives all copolymerization parameters r; and r, calculated
by the different equations.
Summary

The copolymerization behavior of the system o-methylstyrene—acrylo-
nitrile can best be described under the condition that sequences of two
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monomer units do not depolymerize. This has also been noted by others
(19). “Hence, a penultimate effect is important in this reaction (8). The
r, value is smaller than the one in the system a-methylstyrene—methyl
methacrylate (Table IV). From this r, value it is thought that only occa-
sionally larger sequences than two a-methylstyrene molecules are incor-
porated in the copolymers. Thus, depolymerization of such longer se-
quences is also a rare occurrence. Therefore, the r values found by using
the Mayo equation 5 are not much different from these calculated by
Equation 37. This also explains the relatively small deviation from the
Arrhenius law in Figure 13.

It is not possible to predict which mechanism is involved in a certain
copolymerization. In the system a-methylstyrene-methyl methacrylate
depolymerization of sequences of two monomer units seemed to occur
as well as depolymerization of a-methylstyrene from longer sequences.
In the system o-methylstyrene-acrylonitrile the sequence of two mono-
mer units of a-methylstyrene is stable and does not depolymerize. The
reversibility of the polymerizations of a-methylstyrene and methyl metha-
crylate can be explained by sterically induced strain in the polymer
chain (13). In the copolymer o-methylstyrene—methyl methacrylate this
strain involves the whole polymer chain whereas in the a-methylstyrene—
acrylonitrile system the strain is broken by the acrylonitrile sequences
and is built up again in the «-methylstyrene. This explains the difference
in the depolymerization tendencies of sequences of two units of a-methyl-
styrene and longer sequences in this system.
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