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FOREWORD

The ADVANCES IN CHEMISTRY SERIES was founded in 1949 by the Ameri-
can Chemical Society as an outlet for symposia and collections 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 other-
wise be fragmented because their papers would be distributed among sev-
eral journals or not published at all.

Papers are reviewed critically according to ACS editorial standards
and receive the careful attention and processing characteristic of ACS pub-
lications. Volumes in the ADVANCES IN CHEMISTRY SERIES maintain the
integrity of the symposia on which they are based; however, verbatim re-
productions of previously published papers are not accepted. Papers may
include reports of research as well as reviews, because symposia may em-
brace both types of presentation.
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PREFACE

AT LEAST 20 INDUSTRIAL PRODUCTS have been publicly identified as containing
interpenetrating polymer networks (IPNs). These products include such diverse
materials as tough plastics, sound- and vibration-damping compounds, ion-exchange
resins, artificial teeth, and burn dressings. As a composition of matter, the IPNs
are younger cousins to polymer blends, blocks, and grafts, all members of the
larger class of multicomponent polymer materials. Each of these materials is based
on combinations of two or more polymers. In IPNs, the polymers are cross-linked.
Most, but not all, of the multicomponent polymer materials are phase separated
because of the very small entropy of mixing. Cross-linking of the polymers pro-
vides a mechanism for controlling domain sizes and shapes and also reduces creep
and flow.

Although very much IPN research is (and should be) industrially oriented, a
surprising fraction of the research is fundamental in nature, taking place in univer-
sities and research institutes. Thus, many of us have found that IPNs are a very
fertile ground for graduate theses, which contribute basic information about the
synthesis, gelation, morphology, mechanical behavior, permeability, and adhesive
nature of these complex materials.

This book is the written record of the first international symposium devoted
entirely to IPNs held at the joint meeting of the 4th Chemical Congress of North
America and the American Chemical Society meeting. The IPN symposium, which
ran for two and a half days, had an overflow participation, with papers also sched-
uled in the poster session. The big surprise to the organizers was the extent of the
international participation, with papers submitted from France, Japan, Canada, Aus-
tralia, the People’s Republic of China, Belgium, Russia, Ukraine, Holland, Korea,
England, Israel, and Poland as well as the United States.

There are many people and organizations to thank for making this book pos-
sible. The ACS Petroleum Research Fund, the Polymeric Materials: Science and
Engineering Division of the ACS, Lehigh University, University of Detroit Mercy,
and the National Research Council of Canada all contributed financially to the
symposium. Although secretaries everywhere contributed to the production of the
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manuscripts, special thanks is due to Virginia Newhard, who handled much of the
extensive correspondence and mass mailings related to the symposium.

We dedicate this book to polymer scientists and engineers everywhere,
who are building a most important interdisciplinary field for the betterment of
humanity.

D. KLEMPNER
University of Detroit Mercy
Detroit, MI 48221

L. H. SPERLING

Lehigh University
Bethlehem, PA 18015

L. A. UTRACKI

National Research Council

Boucherville, Quebec, Canada J4B 6Y4

January 1993
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Interpenetrating Polymer Networks:
An Overview

L. H. Sperling

Department of Chemical Engineering, Department of Materials Science
and Engineering, Center for Polymer Science and Engineering, Materials
Research Center Whitaker Laboratory 5, Lehigh University, Bethlehem,
PA 18015

Interpenetrating polymer networks (IPNs) are combinations of two or
more network polymers, synthesized in juxtaposition. Several methods
of synthesis, particularly sequential IPNs and simultaneous interpene-
trating networks, are described. As with polymer blends, blocks, and
grafis, phase separation takes place during polymerization, but the
rules are different. Applications to the plastics and rubber industry are
described, along with historical aspects.

INTERPENETRATINC POLYMER NETWORKS (IPNs) are defined as a combina-
tion of two or more polymers in network form that are synthesized in
juxtaposition. Thus, there is some type of “interpenetration.” However, the
term interpenetrating polymer network was coined before current aspects of
phase separation and morphology were understood. Now we know that most
IPNs do not interpenetrate on a molecular scale; they may, however, form
finely divided phases of only tens of nanometers in size. Many IPNs exhibit
dual phase continuity, which means that two or more polymers in the system
form phases that are continuous on a macroscopic scale.

When two or more polymers are mixed, the resulting composition can be
called a multicomponent polymer material. There are several ways to mix two
kinds of polymer molecules; see Figure 1. Simple mixing, as in an extruder,
results in a polymer blend. If the chains are bonded together, graft or block
copolymers result: Bonding between some portion of the backbone of poly-
mer I and the end of polymer II, the result is called a graft copolymer; chains

0065—2393/94/0239—-0003$10.00/0
© 1994 American Chemical Society



Published on May 5, 1994 on http://pubs.acs.org | doi: 10.1021/ba-1994-0239.ch001

4 INTERPENETRATING POLYMER NETWORKS

-
“~’ \o -
b}
7/
-
\
~ o~
/)
“
a b c

Figure 1. Six basic combinations of two polymers. a, Polymer blend, no bonding

between chains; b, a graft copolymer; c, a block copolymer; d, an AB-graft

copolymer; e, an IPN; f, a SIPN. Structures a—c are thermoplastic; structures
d—f are thermoset.

bonded end to end result in block copolymers. Other types of copolymers
include AB-cross-linked copolymers, where two polymers make up one
network, and the IPNs, and semi-IPNs (SIPNs), which are the subject of this
chapter and book.

In many ways, IPNs are related most closely to block copolymers. In the
block copolymer systems, the length of the block determines the size of the
domains. Correspondingly, the cross-link level (Iength of chain between
cross-links) plays a major role in determining the domain size of IPNs. Short
blocks or short chain segments between cross-links both make for small
domains under many conditions. However, there are some important differ-
ences. Short block lengths are important because they increase miscibility
between component polymers. For the case of IPNs, there is growing
evidence that cross-links decrease the miscibility of the system relative to the
corresponding blend, for systems in which the linear component polymers are
miscible.

This chapter updates three earlier reviews of IPNs (I1—3). Other recent
major reviews include the book edited by Klempner and Frisch (4), the book
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written by Lipatov and Sergeeva (5), and the book edited by Frisch and
Klempner (6). Although IPNs have been included in several recent symposia
(7-11), this ACS symposium is the first major international symposium
devoted entirely to IPNs. Until 1979, the total literature on IPNs consisted of
about 125 papers and 75 patents (I). Presently, the annual production of
papers and patents is at least these numbers. Although most of these papers
and patents now recognize the IPN literature and use some IPN terminology,
one objective of the present symposium and book is to encourage everyone to
recognize the current status of IPN development. In addition, through the
exchange in ideas only possible in a symposium (and book) of this type, the
field will be encouraged to further growth.

Kinds of IPNs

IPNs can be made in many different ways. Brief definitions of some of the
more important IPN materials are as follows (1):

 Sequential IPN. Polymer network I is made. Monomer II plus
cross-linker and activator are swollen into network I and poly-
merized in situ; see Figure 2A. The sequential IPNs include
many possible materials where the synthesis of one network
follows the other.

o Simultaneous interpenetrating network (SIN). The mono-
mers or prepolymers plus cross-linkers and activators of both
networks are mixed. The reactions are carried out simultane-
ously, but by noninterfering reactions. An example involves
chain and step polymerization kinetics; see Figure 2B.

e Latex IPN. The IPNs are made in the form of latexes, fre-
quently with a core and shell structure. A variation is to mix two
different latexes and then form a film, which cross-links both
polymers. This variation is sometimes called an interpenetrating
elastomer network (IEN).

e Gradient IPN. Gradient IPNs are materials in which the
overall composition or cross-link density of the material varies
from location to location on the macroscopic level. For exam-
ple, a film can be made with network I predominantly on one
surface, network II on the other surface, and a gradient in
composition throughout the interior.

o Thermoplastic IPN. Thermoplastic IPN materials are hybrids
between polymer blends and IPNs that involve physical cross-
links rather than chemical cross-links. Thus, these materials
flow at elevated temperatures, similar to the thermoplastic
elastomers, and at use temperature, they are cross-linked and
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A. SEQUENTIAL IPN's

o, 0,0, 0,0,
POLYMER .
NETWORK
MONOMER I POLYMERIZE
——q
CROSSLINKER I 0, 0,0, 0,0, wonomer 11
CROSSLINKER
o, o, II
0,9/
2 2
POLYMERIZE SWELL IN -
L A— MONOMER A
DZ CROSSLINKER
IPN II
O,

B. SIMULTANEOUS INTERPENETRATING NETWORK

O,0,0, 0,0,
e 0 STEPWISE AND o, - SIN
GHAIN POLYMERIZATIONS,
0, 0,0, 0,0,
e, o

Figure 2. Basic synthesis methods for IPNs. A, Sequential IPNs; B, simultaneous
interpenetrating polymer networks (SINs).

behave like IPNs. Types of cross-links include block copolymer
morphologies, ionic groups, and semicrystallinity.
e Semi-IPN. Compositions in which one or more polymers are

cross-linked and one or more polymers are linear or branched
are semi-IPN (SIPN).

Although the preceding definitions are idealized and simple, many com-
binations may be envisioned that form the basis for a broad scientific as well
as patent literature.
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Nomenclature

At the present time, no organized, widely accepted nomenclature for IPNs
exists. The IUPAC Commission on Macromolecular Nomenclature is address-
ing this issue. The following, in significant measure, is a summary of some of
their proposed nomenclature, now in subcommittee (Mita, 1; Jenkins, A. D.;
Kroschwitz, J. L; Papisov, I. M.; Stepto, R. F. T.; Sperling, L. H., in
preparation). Some of the suggested prefixes and connectives include cyclo-
(cyclic), star- (starlike), net- (network), and m-net- (micronetwork). (I often
used cross- for cross-linked.) m-net- includes internally cross-linked single
macromolecules such as the globular proteins and gels that involve only a few
chains. An example of a common network is net-polybutadiene, a network of
polybutadiene. A careful distinction must be drawn between a cross-linked
polymer—a polymer that contains cross-links (which may still be soluble)—
and a polymer network, which is cross-linked so all of the chains in the
macroscopic sample are bonded together (which is insoluble). Amazingly, up
to now there is no IUPAC approved nomenclature for even simple cross-
linked polymers.

For multipolymer assemblies, some proposed connectives include -blend-
(polymer blend), -inter- (IPN), -s-inter- (SIPN), and -compl- (interpolymer
complex). An interpolymer complex is defined as an assembly of two or more
different polymers, the different molecules of which are held together by a

cooperative system(s) of noncovalent intermolecular bonds. An example is

" poly(acrylic acid)-compl-poly(4-vinyl pyridine). The difference between inter-

polymer complexes and thermoplastic IPNs is that thermoplastic IPNs have
two different polymers that are each independently physically cross-linked.

An example of an IPN in the new nomenclature might be written
net-poly(styrene-stat-butadiene)-inter-net-poly(ethyl acrylate) (1)

which is an IPN of a statistical copolymer of styrene and butadiene [perhaps
styrene—butadiene rubber (SBR)] and cross-linked poly(ethyl acrylate). Note
that connectives like -stat- (statistical copolymer), -alt- (alternating copoly-
mer), and -co- (unspecified copolymer) are IUPAC recommended nomencla-
ture (12, 13).

Literature Review. Are IPNs More or Less Miscible
Than Blends?

Starting with the 1960s, several research groups discovered that if two
immiscible polymers were formed into an IPN, the glass-transition tempera-
tures of the two polymers were shifted inward (14, 15). This shift was
interpreted as an increase in the miscibility of the two polymers caused by the
presence of cross-links. This concept was extended by Sperling and co-
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workers, who used the Fox equation for copolymers (treating each phase as a
miscible copolymer system) to determine the composition of the two phases
(16). At that time theory held that the cross-links in IPNs played a role
similar to junction points in block copolymers in increasing the miscibility
(17), although a quantitative theory was never developed.

Also, the size of the phase domains of IPNs was discovered to be smaller
than expected for the corresponding blends; often on the order of 20-80 nm.
The development of rather broad interphases between the two phases was
noted and led to the observation that the two components were mixing over a
5-10-nm range. Thus, the shifts in the glass-transition temperature might
have been caused by the interphase mixing rather than by thermodynamic
changes.

At this time, whether an IPN forms a lower or an upper critical solution
temperature phase diagram is unknown because no complete phase diagram
for an IPN has ever been reported. Thus, the effect of temperature on IPN
miscibility is unknown. This factor is important because, like many other
polymer systems, polymerization is carried out at elevated temperatures and
properties are measured at lower temperatures. Thus, if an IPN were more
miscible at higher temperature, its nonequilibrium properties might be
measured at some lower temperature and yield the apparent effect of
increased miscibility.

IPNs undergo both nucleation and growth and spinodal decomposition
kinetics of phase separation (18-21). Spinodal decomposition kinetics often
predominates; see Figure 3 (22). The theory is described in a single paper by
Binder and Frisch (23). Nucleation and growth kinetics tend to produce
spheres of the second phase within the matrix of the first phase. These
spheres grow by increasing their diameter. Spinodal decomposition tends to
produce interconnected cylinders of the second phase within the matrix of
the first phase. These cylinders grow by increasing their wave amplitude.
Later, coarsening and coalescence may cause important changes. However,
these changes may be impeded by cross-links, which keep the domains small.
Provided gelation precedes phase separation during polymerization, phase
separation might be restricted by the cross-links for both kinetic methods,
which increases apparent miscibility.

Note that all of the compositions that exhibit inward glass-transition
temperature shifts were immiscible in both the blend and IPN states. The
only conclusion drawn (very tentatively and perhaps erroneously) under these
circumstances was that a better dispersion was achieved in the IPN than in
the blend.

In the 1980s, quite a different approach was taken because the thermo-
dynamic requirements for polymer—polymer miscibility were much better
understood and a number of miscible polymer pairs had been investigated.
Naturally, a comparison of the miscibility of IPNs with the miscibility of the
blends was of interest. This time, the comparison started with compositions
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Figure 3. Illustration of the kinetic mechanisms of phase domain formation.
(Be"produced with permission from reference 37. Copyright 1988 VCH
Publishers, Inc.)

that were known to be miscible in the blend. The results of a comparison of
six systems are shown in Table I.

In system 1, polystyrene-H-inter-net-polystyrene-D semi-II IPNs were
studied by small-angle neutron scattering (SANS) (25). The H stands for
natural hydrogen (ordinary) material and the D stands for deuterated mate-
rial. Because deuterium scatters differently than hydrogen, it serves as a
probe material. The reasons for immiscibility of the IPN were (1) a positive
thermodynamic, binary interaction parameter, X, value (which leads to phase
separation in the blends at 8 X 10° g/mol in the blend) and (2) an unfavor-
able contribution to the free energy from the elastic stretching of the
first-formed portion of the network. This system is actually a three-dimen-
sional rubber elasticity problem, where the chains have fewer conformations
available than if they were formed in the relaxed state.

The second reason for immiscibility is particular to networks. All net-
works formed under conditions where the first-formed polymer is soluble in
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the remaining monomer will be subject to some elastic deformation. There is
some basis for concluding that the first-formed polymer in a single network is
different from that formed later; frequently the first-formed polymer behaves
as if it were more continuous in space (26, 27). All SINs as well as IPNs are
subject to this unfavorable contribution to the free energy; thus, all such
compositions of matter will have one term that opposes mixing and that is
absent in the corresponding blend.

For system 2, Coleman et al. (28) comment that partial segregation
based on a fractionation of molecular weights takes place. Ethylene—vinyl
acetate (EVA) prefers to associate with the lower end of the resole molecular
weight distribution for a more favorable entropic contribution. This associa-
tion leads to a more or less pure phenolic phase and a mixed resole~EVA
phase.

Systems 3, 4, and 6 (29-31I) all describe systems of poly(vinyl methyl
ether) (PVME) and polystyrene. Whereas system 3 is a semi-II IPN, the
radiation cross-linked system 4 has presumably equal numbers of grafts and
cross-links. Interestingly, system 4 is the only modern study to show the IPN
as more miscible than the blend. Both systems 3 and 6 show that the IPN is
less miscible, as do the other studies, where applicable. Perhaps the grafts
contribute to the increased miscibility. In this way, graft copolymers would be
expected to behave like block copolymers. System 4 was cross-linked after
polymerization, and thus does not suffer from the unfavorable contribution to
the free energy caused by rubber elastic forces.

System 5 (32) is based on poly(2,6-dimethyl phenylene ether) (PPE) and
polystyrene and is one of the most miscible of the polymer blends from a
thermodynamic point of view. In this case, the IPN as well as both SIPNs
were found to be miscible.

The overall conclusion from these studies is that IPNs may be less
miscible (and certainly less homogeneous) than the corresponding blends.
Each of these blends is miscible, whereas those studied in the 1970s were all
immiscible. At this time, the two findings are not necessarily contradictory.
The presence of cross-links may indeed cause small domains with large
interphases; thus, some mixing occurs, whereas less mixing occurs in the
blend. Whether this kind of mixing will eventually have a thermodynamic
basis is unknown. If the polymer blend is miscible, the one identifiable
special force toward demixing seems to be the rubber elasticity chain
deformation contribution.

There is, however, an alternate approach. Work done by de Gennes (33)
points out that AB-cross-linked polymers, described by system 4 in Table I,
may be more miscible than corresponding blends because the chains must be
extended to enable phase separation. Daoud et al. (34, 35) state that the
behavior of the AB-cross-linked polymers should be very different from the
SIPNs shown in Table I.
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The case for full IPNs can be inferred to be more like that of the
AB-cross-linked polymers. Both network chains must be extended (lower
entropy) to enable phase separation. This theory assumes that phase separa-
tion takes place long after gelation, when the networks are already formed, or
the equivalent, which is that the kinetics of phase separation are much slower
than the kinetics of polymerization. If the reverse process is true, then the
networks will tend to be less miscible than the corresponding blend, the
cross-links holding the polymers apart.

Phase Diagrams for IPNs

So far, no complete phase diagram for an IPN has been published. Questions
that might be asked include the effect of cross-link density and composition;
each has a significant effect. However, a phase diagram implies thermody-
namic equilibrium and should be independent of exact method of synthesis.
What kinds of phase diagrams exist? Which kinds would be of interest?

Some of the better known types of phase diagram are shown in Figure 4.
Most of the research on polymer-I-polymer-II phase diagrams has been
temperature—composition diagrams where most polymer blends have been
shown to exhibit lower critical solution temperatures; see Figure 4a. Another
phase diagram of interest is the pressure—composition phase diagram, where
hydrostatic pressure was applied during the polymerization. From a strict
point of view, pressure should be maintained during the actual measure-
ments, assuming equilibrium. However, final observations were all made at
1-atm pressure, assuming kinetic changes to be slow. Pressure—composition
phase diagrams were investigated by Lee and Kim (36), who concluded that
hydrostatic pressure up to 0.2 MPa during polymerization increased the
miscibility of the final product. Thermodynamically, this means that the
one-phase system is denser than the two-phase system because hydrostatic
pressure causes a decrease in the volume, as is illustrated in Figure 4b.

However, the phase diagram most needed universally for polymer blends,
blocks, grafts, and IPNs alike is the polymer-I-polymer-II-monomer-II
system under isothermal and isobaric conditions, where monomer II is
converted into polymer II; Figure 4d. Research to date on ternary phase
diagrams for two polymers and the monomer of one of them is summarized
in Table II (37). There is an excruciating need for more studies on this type
of phase diagram. Schematically, the polymer-I-polymer-II-monomer-II dia-
gram is identical to the polymer-I-polymer-II-solvent situation (Figure 4c).
In this case, monomer II is the “solvent.” For SINs, two polymers and two
monomers (or prepolymers) are simultaneously present, but in ever-changing
concentration.
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Figure 4. Phase diagrams for multicomponent polymer materials. a, Lower

critical solution temperature; b, upper critical solution pressure; c, ternary

phase diagram including a solvent undergoing evaporation from A to B; d,

monomer 1I polymerizing from A' to B'. (Reproduced with permission from
reference 13. Copyright 1992 John Wiley & Sons, Inc.)

Domain Shapes and Sizes

Polymerization of IPNs may result in four distinct stages of morphology
development (18, 19). At first, monomer II may be soluble in polymer (or
network) I. During this first stage of polymerization, polymer II also remains
soluble. At this stage, the polymerizing system may be optically clear. As
polymerization proceeds to stage 2, it suddenly clouds up, which indicates
phase separation. This phase separation may be nucleation- and growth-con-
trolled spheres; see Figure 5 (21). In stage 3 of continued polymerization,
interconnected cylinders develop and increase in number during the latter
stages of polymerization, indicative of spinodal decomposition. In stage 4, the
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Table II. Ternary Phase Diagrams
for Polymer I-Polymer II-Monomer IT

Group Institute System
Reiss et al. (38) Ecole Nationale Polybutadiene—
Superieure de Chimie polystyrene—styrene
de Mulhouse blocks and blends
Rosen et al. (39) Carnegie Mellon Polybutadiene—
University polystyrene—styrene
graft copolymers
Thompson et al. (40) Univ. of Maine Poly(methyl methacrylate)—
at Ontario polystyrene—styrene blend
Lipatov et al. (18) Academy of Science Poly(n-butyl acrylate)-
of the Ukranian polystyrene-styrene,
SSR semi-II IPN
Walsh et al. (41) Imperial College Poly(n-butyl acrylate)—
poly(vinyl chloride)—
vinyl chloride blend
Purvis et al. (42) Rohm and Haas Co. Polyurethane—
poly(methyl methacrylate)—
methyl methacrylate blend
Sperling et al. (22) Lehigh University Polybutadiene—polystyrene—
styrene full IPN

SoURCE: Reproduced with permission from reference 37. Copyright 1988 VCH Publishers, Inc.)

morphology may become less distinct because the high viscosity of the system
very significantly reduces diffusion toward the equilibrium state. The progress
of morphology development shown in Figure 5 is modeled in Figure 6 (21).

The morphology of an IPN depends on the cross-linking level of net-
works I and II. There are several cases to consider; see Figure 7 (43). If
there are no cross-links, a solution graft copolymer exists. If the solution is
stirred during the polymerization, a phase inversion takes place. For the
polybutadiene-blend-polystyrene system, high-impact polystyrene (HIPS) re-
sults (Figure 7, upper left). If the system is not stirred, it does not undergo
phase inversion and polybutadiene remains the continuous phase (Figure 7,
upper right).

If the polymers are cross-linked, there are several additional cases to be
considered. First and most general, the following question must be asked:
Did phase separation or gelation happen first? This question is particularly
important for simultaneous interpenetrating networks. If phase separation
‘occurs before gelation, then the phase domain sizes will tend to be large.
When gelation finally occurs, it will tend to keep the domains apart. If
gelation happens first, the presence of cross-links will tend to keep the
domains much smaller. Here, spinodal coarsening and aging are suppressed.
Obviously, if both polymers reach gelation at different times, further ques-
tions must be asked about the time sequence of events.
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For the sequential IPNs, the presence of a cross-linked network I always
guarantees that gelation happens before phase separation because (in the
simplest case) gelation has happened before monomer II is added. Figure 7,
middle left, illustrates a semi-I IPN, with the polybutadiene cross-linked. If
only polymer II is cross-linked, then a quite different situation exists. Figure
7, middle right, shows a semi-II IPN in which phase separation preceded
gelation of polymer II. Note the relationship between the upper right and
middle right morphologies; both are coarse, polymer I is continuous, and
polymer II is discontinuous.

For the full sequential IPNs, the domains are always finely divided. It
was noted experimentally that increasing the cross-link density decreased the
domain size. Here, the cross-link density on the lower right of Figure 7 is
twice that of the lower left. Although the morphology as seen in these two

7% PS

 80% PS

Figure 5. Transmission electron micrograph of a polymerizing polybutadiene—

polystyrene IPN, as the polystyrene ( PS% is being polymerized. Osmium tetroxide

strains the polybutadiene. As the PS is formed, first spheres and then cylinders

form, which indicates a change from nucleation and growth to spinodal

decomposition kinetics; Figure 3. (Reproduced with permission from reference
21. Copyright 1984 A. M. Fernandez.)
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Figure 6. Model of the electron micrographs of Figure 5. (Reproduced with
permission from reference 21. Copyright 1984 A. M. Fernandez.)

electron micrographs seems to be spheres of polystyrene in a matrix of
polybutadiene, they are now thought to be interconnected cylinders; the
“spherical” appearance is merely the cross-sectioning effects of thin slicing
the material for transmission electron microscopy. Burford et al. (44) recently
obtained direct evidence of the formation of cylinders in this system; see
Figure 8.

Donatelli et al. (45) and Yeo et al. (46) derived equations for estimating
the domain size in sequential IPNs. The domain diameter of polymer II, D,
is related to the interfacial tension, v, the absolute temperature, T, the gas
constant, R, and the concentration of effective network chains v; and v,, and
the volume fractions v, and v, for networks I and II, respectively. The
Donatelli equation may be written (47)

2vv,
D, = 2/3 _ 1
RTvlvl[l/v1 2]

(2)

and the Yeo equation may be written

4y
~ RT(Av, + Bv,)

D, (3)
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where
A= %(1/1}2)(30%/3 — 3013 — v, In vl) (4a)
and

B = ;(Inv, — 3v3/® + 3) (4b)

vy is related algebraically to the thermodynamic interaction parameter, x;.
The advantage of the Yeo equation is that the derivation removed some of the

HIPS GRAFT
PHASE INVERTED

IPN, IPN,
0.1% CROSSLINKING 0.2% CROSSLINKING
Figure 7. Six morphologies of polystyrene—SBR blends, SIPNs, and IPNs, as

described in the text. (Reproduced from reference 43. Copyright 1976 American
Chemical Society.)
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Figure 8. Transmission electron micrographs that show cylindrical structures.
(Reproduced with permission from reference 44. Copyright 1979 Plenum
Publishing Corp.)

approximations inherent in the Donatelli equation. Surprisingly, both equa-
tions give nearly the same numerical results for many systems of interest and
both agree substantially with experimental results.

Both egs 2 and 3 assume spheres of polymer II embedded in a continu-
ous matrix of polymer I. As previously mentioned, current thought is that
these spheres are really cylinders. Surprisingly, eqs 2 and 3 provide the
approximate corresponding dimension of the cylinders.

The results of many investigations on sequential IPNs lead to the
following generalizations:

1. Polymer I tends to be continuous in space for all compositions.
Mid-range and high concentrations of polymer II tend to have
dual phase continuity that is most likely interconnected cylin-
ders for polymer II.

2. Phase separation probably proceeds through a brief period of
nucleation and growth, followed by a region of spinodal de-
composition.

3. Domain sizes vary from about 100 nm for highly immiscible
systems to about 10 nm for microheterogeneous systems. For
the purposes of eqs 1 and 2, immiscibility is defined as having
large values of interfacial tension. Thermodynamically, y can
be related to the free energy of mixing.
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4. The domain size decreases with increasing cross-link density.
For many compositions, the effect is about 10 times as large
for cross-links in network I as for network II.

5. For domains in the size range of 50-100 nm, a potential
application is for tough or impact-resistant plastics. For domain
sizes of about 10 nm, sound and vibration damping materials
should be considered.

If the domains are 1020 nm in size, they are actually smaller than the
primary polymer chains that make up the system.

The morphology is as important for the development of good damping
properties as it is important for the development of tough plastics. Dual
phase continuity leads to an increase in the area under the loss
modulus—temperature curve in the vicinity of the glass transitions (48). For
very small domain sizes, only one broad glass transition is observed. For
tough, impact-resistant plastics, where the domains are larger and the two
polymers are better separated, two distinct glass transitions are often ob-
served.

Supporting Evidence for Dual Phase Continuity. Dual phase
continuity is defined as the continuity of both polymer I and polymer II
domains throughout the macroscopic sample. In terms of spinodal decompo-
sition concepts, the most usual physical situation is expected to be a system
of interconnected cylinders of polymer II stretching through a matrix of poly-
mer 1.

We already showed direct evidence for the cylinders (or ellipsoids of
revolution) in one case; see Figure 8. Supporting evidence comes from
measurements of the modulus of these materials (43), which is much higher
than would be expected for dispersed spheres. For example, 50% dispersed
glassy spheres in a rubbery matrix raises the modulus only a factor of 2; this is
a lower bound case based on the Takayanagi models. On the other hand, a
50:50 system with dual phase continuity is an upper bound case: The
modulus is raised to half that of the glassy phase. Values close to the
Takayanagi upper bound model were observed.

Co-Continuous Networks. The concept of co-continuous networks
must be kept separate from the concept of dual phase continuity. Many (but
not all) IPNs have co-continuous networks, which means that a Maxwell
demon could traverse the entire macroscopic sample by stepping consecu-
tively on the covalent bonds of either network. Such a system might be
miscible or phase separated. If the system is phase separated, dual phase
continuity might be true, but should not be implied. For example, single
network chains of polymer II might traverse a polymer I phase and be
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trapped mechanically. The shape of the polymer II domains might be
spherical.

Although many IPNs have both co-continuous networks and dual phase
continuity, researchers should assume neither case without experimental
evidence.

Phase Inversion. Phase inversion is usually defined as a transposition
of the continuous and discontinuous phases. Important aspects include the
volume fraction, v, of each phase, and the viscosity, m, of each phase. Phase
inversion requirements have been studied by Jordhamo et al. (49) and Paul
and Barlow (50), and improved by Metelkin and Blecht (51). The simplest
relationship can be written (49)

b1 Me
— X — > 1 phase 1 continuous

Uy M
=1 dual phase continuity or phase inversion
<1 phase 2 continuous
where the subscripts 1 and 2 represenf phases 1 and 2, respectively. Experi-

mental data confirm the general relationship; see Figure 9 (49). Shearing is
generally required to bring about a phase inversion. Quiescent systems rarely
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Figure 9. Phase continuity diagram for blends and IPNs undergoing phase
inversion during polymerization, or under shear. (Reproduced with permission
from reference 49. Copyright 1986.)
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phase invert. Equation 5 is a relationship that holds at or near zero shear rate,
and its validity is further limited to nearly equiviscous systems. More general
relationships were recently presented by Utracki (52).

Phase inversion is most important for polymer blends, the so-called
solution graft copolymers (HIPS is a key example), SINs, and the thermoplas-
tic IPNs. In each of the important cases, a polymerization or cross-linking is
in progress while the material is undergoing shear. For a number of industrial
materials, especially the thermoplastic IPNs, one of the components is being
cross-linked. The reaction is stopped when eq 3 equals 1, and dual phase
continuity achieved.

Finally, the theoretical work of Termonia (53) indicates that network
dominance in a sequential IPN is due to the lower extensibility of the first
polymerized network for idealized networks.

Thermoplastic IPNs. The thermoplastic IPNs may undergo cross-
linking, neutralization of ionic groups, or development of crystallinity during
shear. Studies of some of the basic phenomena underlying phase inversion
were investigated by Siegfried et al. (54). Siegfried et al. described a series of
thermoplastic IPNs prepared from Kraton rubber, polystyrene-block-
poly(ethylene-stat-butylene)-block-polystyrene (SEBS), and poly(styrene-stat-
sodium methacrylate). These materials were called chemically blended ther-
moplastic IPNs because the styrene—methacrylic acid mix was swollen into
the block copolymer and polymerized in situ. The corresponding mechani-
cally blended system was made by separately synthesizing the two polymers
and mechanically blending the two together later. In general, chemically
blended and mechanically blended thermoplastic IPNs are expected to have
different properties.

Davison and Gergen (55, 56) made mechanically blended thermoplastic
IPNs from SEBS and polyamides, polyesters, or polycarbonates. These and
other thermoplastic IPNs seem to have the very special property of dual
phase continuity.

The most important commercial system involves ethylene—propylene—di-
ene monomer (EPDM) in combination with isotactic polypropylene (PP).
The EPDM is blended with the PP under conditions where the EPDM
undergoes cross-linking through the diene moiety. The reaction is stopped
when eq 5 equals unity. The result is a series of leathery materials that have
great energy-absorbing capacity. End uses include automotive bumpers.

Table IIT (2) summarizes some of the patent literature concerning the
EPDM-PP thermoplastic IPNs. Each patent represents a different approach
to the same problem: how to achieve and control dual phase continuity.

This new class of IPN was invented by Fischer (57) in the early 1970s.
Fischer blended i-PP and EPDM, and partly cross-linked the EPDM during
the shearing action. The result is described in systems 1, 2, and 3 of Table
III. These ideas were carried further by Coran and Patel (58-61) who



Published on May 5, 1994 on http://pubs.acs.org | doi: 10.1021/ba-1994-0239.ch001

22 INTERPENETRATING POLYMER NETWORKS

Table IIIL. Polypropylene-EPDM or Polyethylene Thermoplastic IPN Patents

No. Major Feature Company U.S. Patent No.
1. EPDM precured then blended Uniroyal 3,758,643
2. EPDM blended then cured Uniroyal 3,806,558
3. EPDM of high molecular weight Uniroyal 3,835,201
4. Dynamically fully cured Monsanto 4,130,535
5. High ethylene length index (with PE) Goodrich 4,046,840
6. High ethylene sequence index (with PP) Goodrich 4,036,912
7. 70-85% (by weight) of ethylene EPDM with
dicyclopentadiene Uniroyal 4,031,169
8. Dual phase continuity Exxon 4,132,698

SOURCE: Reprinted from reference 2. Copyright 1986 American Chemical Society.

learned to prepare thermoplastic vulcanizates with the rubber completely
cured; see Table III, system 4. If the EPDM is prepared with long ethylene
sequences so that it crystallizes slightly, no cross-linking at all is required; see
Table III, systems 5, 6, and 7. This thermoplastic IPN is based on two
semicrystalline polymers. When both melt, the material flows. Dual phase
continuity is emphasized in system 8.

Triglyceride Oil-Based IPNs

A brief description of the triglyceride-based IPNs will be given. As with many
other IPN developments, a strong international character pervades the scene.
All of the triglyceride oils are renewable resources. Castor oil is widely used
commercially for paints and adhesives. Other oils derived from wild plants
seem to offer unusual industrial and economic opportunities. The oil content
of the seeds ranges from 30-45%, in the commercially acceptable range.

Research on castor oil-polystyrene IPNs began in 1974 as a cooperative
research program between the Universidad Industrial de Santender, in
Bucaramanga, Colombia, and Lehigh University in the United States. Castor
oil is a triglyceride that has a hydroxyl group on each of its acid residues:

I ?H
CH,—0—C—(CH,),—CH=CH—CH,—CH—(CH,);—CH,

I N
CH—O0—C—(CH,),—CH=CH—CH,—CH—(CH,);—CH,

(0] OH

| |
CH,—O0—C—(CH,);—CH=CH—CH,—CH—(CH,);—CH,
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The hydroxyl group can be reacted to form urethanes or esters, and hence a
polymer network. The glass-transition temperatures of castor oil polyesters
are on the order of —50 °C (62). A series of tough plastics and reinforced
elastomers was made. For demonstration purposes, a pair of shoe heels was
fabricated in 1978 that has outlasted its leather sole counterparts.

This research was subsequently broadened to include lesquerella oil, a
hydroxy-bearing oil plant native to Arizona, and vernonia oil, which contains
oxirane (epoxy) groups and is native to Kenya and India. More importantly,
many other laboratories began research on these IPNs. For example, a group
long interested in vernonia oil is led by Dr. F. O. Ayorinde of Howard
University (63). Research on castor oil-based IPNs has been carried out by
Tan and Xie (64) and also Song and Donghua (65) in the People’s Republic
of China, Patel et al. (66) in India, and Liang et al. (67) in Taiwan.

Most recently, Dirlikov et al. (68) at Eastern Michigan University have
become interested in vernonia oil as well. Dirlikov is interested in reactive
diluents for high-solids coating formulations and for modification of epoxy
resins. Barrett and Sperling (69) are making SIPNs of castor oil with
poly(ethylene terephthalate) (PET) to increase the crystallization rate of the
PET. The research to date has been reviewed recently (70).

The double bond in castor oil serves excellently in staining with osmium
tetroxide for transmission electron microscopy; see Figure 10 (62). Here,
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Figure 10. Castor oil—polyester—polystyrene SIN phase inversion. Osmium
tetroxide stains the castor oil-rich phase. (Reproduced from reference 62.
Copyright 1979 American Chemical Society.)
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castor oil—polyester compositions are made into SINs with polystyrene.
Figure 10 shows the phase inversion process that results in a continuous
polystyrene phase and droplets of castor oil-polyester. Within the droplets of
castor oil—polyester, however, there are smaller domains of polystyrene.
These phase-within-a-phase-within-a-phase systems may be cylindrical in
nature and may be formed through spinodal decomposition relatively late in
the polymerization.

Sound and Vibration Damping with IPNs

Sound and vibration damping are important in the world today for the
automotive industry, appliances, aircraft, tall buildings, and submarine tech-
nology. One of the most important methods of damping involves polymeric
materials which are often in the glass-transition range (7).

There are two basic engineering mechanisms for the use of polymers in
damping: extensional damping, where a polymer is placed as a free layer on a
resonating vibrating system, and constrained layer damping, where a stiff
material is placed on top of the polymer to increase the shearing action.
Sometimes a simple sandwich arrangement is used, where two thin layers of
sheet metal (the bread) have a thin layer of polymer between them (the jelly),
which is very effective. Extensional dampers tend to work best when the
polymer is at the low temperature (stiff) end of the glass-transition range,
whereas constrained layer dampers tend to work best at the high-temperature
(rubbery) end of the transition.

A simple example of constrained layer damping is for earthquake protec-
tion of tall buildings. Here, the girders are arranged with constrained layer
damping sections. The frequency is low, generally below 1 Hz—the time to
complete one back and forth sway of the entire building.

Why IPNs? Many IPNs exhibit a microheterogeneous morphology;
see Figure 11. When the domains are on the order of 10-20 nm, the whole
system is substantially all interphase material. Subsequently, the glass-transi-
tion temperature, T, tends to be very broad and stretches the range between
the two polymers. Although other multicomponent materials can be made to
do the same thing, it seems especially easy with IPNs. Using the time—tem-
perature superposition principle, a broad temperature transition also means a
broad active frequency range of damping. Such materials are excellent for
outdoor applications, aircraft, and variable temperature machinery.

The number of IPN research teams interested in damping is astonishing;
see Table IV (37). Table IV includes a commercial material (71), vinyl—phe-
nolic, useful particularly at elevated temperatures.
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Figure 11. Two types of IPN phase domains. A, Microheterogeneous [poly(ethyl

acrylate)—poly(methyl ‘methacrylate)]; B, cellular structure [poly(ethyl acry-

late)—polystyrene]. gieproduced from reference 147. Copyright 1972 American
Chemical Society. )

Damping Optimization. The measurement of damping effective-
ness involves several terms: the storage modulus, E’, the loss modulus, E”,
and their ratio, E"/E' = tan 8. What is the definition of the best damper?
Should it be the polymer with the highest tan 8 or E"? That question might
be answerable if the engineering specification is for a monofrequency isotem-
perature problem, which is rather rare in practice. To the extent that a range
of frequencies and temperatures must be dealt with, broader (but controlled)
widths of the glass-transition temperatures are required.

If indeed we are working with an IPN, (or other multicomponent
polymer material) to broaden the transition, how shall success be deter-
mined? A recent discovery showed that the area under the loss
modulus—temperature curves in the glass-transition region is controlled by
the structure of the mer or mers and can be quantified through a group
contribution analysis (7, 72-74, 98-101). This theory applies for one-phase
systems such as homopolymers, statistical copolymers, and miscible or nearly
miscible IPNs. The data were treated by plotting the linear loss modulus
versus temperature and correcting for background, as shown in Figure 12
(100).

When the IPNs phase separate, however, aspects of morphology had to
be considered (91). The loss area, LA, the area under the linear loss
modulus—temperature curve, could be increased by proper morphology con-
trol; see Figure 13 (99). Dual phase continuity or large volumes of higher Tg
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Table IV. Research Teams in the Area of Sound and Vibration Damping

with IPNs
Group Institute IPNs Studied® Ref.
Sperling and Lehigh University Full, semi-, and 72-81
Thomas filled IPNs based
on acrylic polymers
Hourston University of 1. Polyurethane— 82—-86
Lancaster acrylic polymer
based on full and
semi-SINs.
2. poly(vinyl isobutyl 87
ether)—poly(methyl
acrylate
3. polyurethane— 88
modified polyester-
based semi-II SINs
4. Latex IPNs based 89, 90
on acrylic polymers
Fox Naval Research Polyurethane /poly(n- 91
Laboratory butyl acrylate-stat-
n-butyl methacrylate)-
based IPNs and SINs
Klempner and University of Polyurethane— 92
Frisch Detroit epoxy-based SINs
Williams University of Polyurethane—epoxy- 93
Toronto based semi-II SINs
Meyer Louis Pasteur Polyurethane— 94, 95
University poly(methyl methacrylate)
semi- and full SINs
Satgurunthan and Courtaulds Acrylics —b
Campbell Research
Sorathia and David Taylor Polyurethane—epoxy 96
Yeager Research Center,
U.S. Navy
Yamamoto and Hitachi Chem. Co.  Vinyl—phenolic 71
Takahashi
Ting Naval Res. Lab. Polyurethane—epoxy 97
(Orlando)

“ IPNs, sequential interpenetratng polymer networks; SINs, simultaneous interpenetrating poly-

mer networks; Full, both components in IPNs were cross-linked; semi-I (or -1I), component 1

(or 2) in IPNs was cross-linked.
R. Satgurunthan and A. M. Campbell, private communication.

Sourck: Reproduced with permission from reference 37. Copyright 1988.

polymer dispersed in the lower T, polymer seemed to increase LA. Lower
cross-linking levels also increased LA; see Table V (99).

The corresponding values for tan 8—temperature plots, TA, are clearly
important also. However, the areas are not “fundamental” from a polymer
physics point of view because they involve the ratio E"/E’. The storage
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Table V. Summary of General Conclusions Regarding

TA and LA
tan 6 Area Loss Modulus Area
Effect (TA) (LA)
Decrease cross- 1 1
link density
Increase network l 0
11 (glassy)
composition
Decrease Goes through maxima
miscibility /
mixing

SoURCE: Reproduced with permission from reference 48. Copyright
Society of Plastics Engineers.

modulus, E', decreases by 3 orders of magnitude through the glass-transition
temperature range, but so far has defied theoretical prediction of its exact
shape.

Polyurethane-Based IPNs

Although several papers on IPNs have already described the use of
polyurethane-based compositions (32, 62—69), the importance of poly-
urethane-based IPNs needs special emphasis. Such materials are relatively
easy to synthesize and have outstanding properties. The polyurethane elas-
tomers may serve as network I in a sequential IPN synthesis or, in prepoly-
mer form, may serve as one component in simultaneous interpenetrating
networks. Several methods of synthesis between the classical sequential and
simultaneous methods have been worked out.

One of the more interesting series of papers is by Meyer and co-workers
(94, 95, 102-104), who investigated the composition cross-polyurethane-in-
ter-cross-poly(methyl methacrylate). In general, the synthesis involved an
aromatic triisocyanate and a polyether glycol catalyzed by stannous octanoate.
The poly(methyl methacrylate) (PMMA) network resulted from an AIBN-ini-
tiated (azobisisobutyronitrile-initiated) free radical polymerization with a
trimethacrylate cross-linker. All of the components were mixed together. The
polyurethane (PU) network was allowed to form first at room temperature,
followed by heating to initiate the polymerization of the methyl methacrylate
(MMA) monomer. The resulting IPNs exhibited two loss peaks in tan 8—tem-
perature studies, but the glass-transition temperatures were shifted inward
significantly and broadened. Thus Meyer et al. concluded that these materials
exhibited incomplete phase separation.

More recently, Jin and Meyer (105) studied the kinetics of reaction of
these IPNs via Fourier transform infrared spectroscopy (FTIR). The PU
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network was formed at room temperature again; then the PMMA was free
radical polymerized at 60 °C. The authors adopted the term “in situ”
sequential IPNs for such materials to emphasize that all the reagents are
introduced simultaneously, but that the networks are formed sequentially.
This formulation is an example of kinetics partway between sequential and
simultaneous syntheses.

Continued work by Jin et al. (106) showed that the polyurethane has two
effects on the formation of the acrylic phase: (1) By conferring a very high
viscosity on the reaction medium from the very beginning of the polymeriza-
tion process, an initial high reaction rate and early gelation effect is induced.
(2) the polyurethane clearly acts as a diluent and keeps the T, of the reaction
medium below the T, of the PMMA; hence, complete monomer to polymer
conversion at 50—70 °C is allowed. Polymerization usually stops at or just
beyond the point of glassification, due to slowed diffusion processes (107).

In an early series of six papers, Allen et al. (108—113) carried out an
interstitial polymerization of vinyl monomers within PU gels. The reaction
scheme was as follows:

PU catalyst
———

Elastomer precursors + MMA PU gel swollen with MMA

MMA initiator SIPN

Allen et al. pointed out that the maximum swelling capacity of the gel
should not be exceeded (taking into account x,) or macrosyneresis will occur.
On the other hand, the cross-link density must be high enough to prevent
macroscopic phase separation on polymerization of the MMA. For all of the
systems considered by Allen et al., the PU was gelled at room temperature
and the MMA was initiated at elevated temperatures, in a manner similar to
the work of Meyer et al. (105, 106).

Although the focus of these papers has been on the polyurethane, note
that each of these papers also has poly(methyl methacrylate) as the mate
polymer. This pair develops excellent mechanical behavior over a wide range
of compositions.

Other workers interested in polyurethane-based IPNs include Frisch et
al. (114), Hourston et al. (84, 85), Klempner et al. (92, 115), Fox et al. (91,
116), Akay et al. (117), Hourston and Zia (118), Lipatov et al. (119), Mai
and Johari (120), Hur et al. (121, 122), Ting et al. (123), and Sorathia et al.
(124). Hur et al. (122) present a brief review of these materials.

Applications of IPN Technology

The IPNs have many applications, both proposed and in practice. Some
commercial materials are shown in Table VI (2). Although most applications
involve bulk polymeric materials, ion exchange resins make a particularly
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Table VI. IPN Commercial Materials

INTERPENETRATING POLYMER NETWORKS

Trade
Manufacturer Name Composition Application
Shell Chemical Kraton SEBS—polyester Automotive
Company IPN parts
Petrarch Systems Rimplast Silicone rubber— Gears or
Inc. PU medical
ICI Americas ITP PU-polyester— Sheet
Inc. styrene molding
compounds
DSM N.V. Kelburon PP-EP Automotive
rubber—PE parts
Shell Research B.V. — Rubber-PP Tough plastic
Reichold TPR EPDM-PP Auto bumper
Chemical Co. parts and wire
and cable
Rohm & Haas — Anionic—cationic Ion exchange
resins
Monsanto Santoprene EPDM-PP Tires, hoses,
belts, and
gaskets
Du Pont Somel EPDM-PP Outdoor
weathering
BFGoodrich Telcar EPDM-PP Tubing, liners,
or PE and wire
and cable
Exxon Vistalon EPDM-PP Paintable
automotive
parts
Freeman Chemical Acpol Acrylic—urethane— Sheeting
polystyrene molding
compounds
Dentsply Trubyte Acrylic-based Artificial
International Bioform teeth
Hitachi Chemical — Vinyl-phenolics Damping
compounds

SourcE: Reproduced from reference 2. Copyright 1986 American Chemical Society.

interesting application. IPN ion exchange resins usually have anionically and
cationically charged networks within the same suspension particle, whereas
other types have charged networks on different particles. One way to produce
such a particle is to have a mixture of monomer I, cross-linker, and a suitable
solvent that dissolves the monomer, but not the polymer. Under conditions of
dense cross-linking, polymer I precipitates to a reticulated or macroporous
form. Monomer II plus cross-linker are then swollen into the pores and
polymerized. If we assume that, in the end, the two polymers can be
positively or negatively charged by further reactions, an IPN ion exchange
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resin can be made (125). For the best results (1), the ionic charges should be
close to one another, but not in juxtaposition.

As previously mentioned, Hitachi Chemical has a new high-temperature
sound and vibration damping material (71). Aspects of these developments
will be discussed elsewhere in this volume.

Although many IPNs are combinations of a plastic and an elastomer,
glassy—glassy IPNs have also found applications. An outstanding example is
artificial teeth made by Dentsply. According to Dentsply patents (126), the
material is substantially a homo-IPN of poly(methyl methacrylate). A homo-
IPN is an IPN where both network polymers are based on the same
monomer. Polymer network I is suspension polymerized and dispersed in
monomer II plus cross-linker and activator. Some, but not all, of the
monomer IT mix swells into the suspension particles. The remaining mix is
fully dense. The monomer II mix is then polymerized to make a type of
sequential homo-IPN.

There are two advantages claimed in the patents and advertising litera-
ture for the IPN over an hypothetical product made from either a linear
PMMA or a single network: (1) Swelling by solvents is reduced (salad oil is a
wonderful plasticizer for linear PMMA) and (2) the dentist can grind the IPN
better because the product is removed as a fine powder, whereas the single
network or linear material tends to burn or char under the burr. The reason a
fine powder forms is perhaps because the polymer I suspension-sized parti-
cles “remember” their interface and fracture along those surfaces.

There are many new or proposed applications. One especially interesting
composition is a gradient IPN used for constant rate of delivery medication.
In this case, a polymer network I is made into suspension-sized particles. Two
extra ingredients are dissolved into the network: the drug to be delivered and
one of the components of a condensation polymer (127). The particles are
then rolled in the second component of the condensation polymer, which
swell into the suspension particle. As it diffuses, the second component meets
the first component and reacts to form a network. A list of the two mating
component monomers is given in Table VII (128).

Exciting prospective IPN materials include a flexible solid electrolyte
(129), improved molding properties for poly(ethylene terephthalate) and
sulfone—epoxy resin granules (130), high-temperature polymers as SIPNs
(131), adhesive bonding of denture basis resins to plastic denture teeth (132)
and hydrogels based on gelatin and polyacrylamide (133), latex printing ink
compositions (134), and latex binders for nonwoven products (135). Thus,
not all application of IPNs involve mechanical behavior.

An interesting commercial series of latex IPNs and related materials
known as Hevea Plus is based on natural rubber (NR) latex and PMMA.
Hourston and Romaine (136) continued earlier latex IPN work (90, 137) by
synthesizing natural rubber—PMMA latex IPNs and SIPNs. Transmission
electron microscopy studies on cast film indicated a core—shell structure for
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Table VII. Gradient IPN Polymer II Components

Function A Function B Reaction Product
—OH —NCO Polyurethane
—COOH Polyester
—CO0cl Polyester
—NH,, )NH —NCO Polyurea
—COOH Polyamide
—Cocl Polyamide
0]
/\
—C—C— Epoxy resin
0]
/ \
—COOH —C—C— Epoxy resin
[
—NCO —C—0—C— Polyamide

SOURCE: Reference 128.

an 80:20 NR:PMMA IPN with the PMMA as the core. Stress—strain studies
support the notion that these materials are reinforced elastomers with tensile
strengths of 5-8 MPa for 90:10 NR:PMMA compositions.

History of IPNs

The patent literature shows that IPNs were invented over and over again,
beginning in 1914. Each time, the idea was lost and reinvented. In the same
sense that Columbus was the last person to discover America, this author
hopes that IPNs will never have to be rediscovered another time.

The first known person to invent an IPN was Aylsworth, who in 1914
combined the then new phenol-formaldehyde compositions with natural
rubber and sulfur (138, 139). Jonas Aylsworth was Thomas Edison’s chief
chemist. Edison had switched from the cylinder-type record to the platter
and used the new phenol-formaldehyde materials. (Edison was then working
in West Orange, New Jersey; Leo Baekeland, inventor of the phenol—for-
maldehyde resins, was working across the river in Yonkers, New York.)
However, the new phonograph records were brittle and had to be made very
thick.

In effect, by adding natural rubber and sulfur, Aylsworth made the
world’s first rubber-toughened plastic, decades before rubber-toughened
styrenics were commercial. Thus, credit should be placed where it is fully
deserved. There is evidence that Aylsworth’s composition was used for
toughening phonograph records and other materials from 1914 to 1929, when
Edison left the phonograph record business, and then the idea was lost.

The patent (138), however, does not mention IPNs, polymer networks,
or even use the term polymer. The year 1914 was six years prior to H.
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Staudinger’s enunciation of the macromolecular hypothesis, which was the
first statement that certain colloids had the structure of long chains.

The next known discovery of IPNs was by Staudinger (son of H.
Staudinger) and Hutchinson as revealed in a patent with a 1941 application
date (140). To smooth the surfaces of transparent plastic sheeting for esthetic
reasons, Staudinger and Hutchinson took sheets of cross-linked polystyrene
or PMMA and swelled-the sheets with the same monomer mix as network I.
After polymerization, the swelled sheets were stretched to reduce the wavi-
ness or surface imperfections of the original material.

The next independent invention of IPNs was by Solt in 1955 (141). Solt
developed cationic—anionic ion exchange resins using suspension-sized parti-
cles and both networks oppositely charged. The idea of both charges on the
same particle (rather than different particles) was that the exchange effi-
ciency would be improved if both charges were in juxtaposition, but still
separated in space. Indeed, the charges must be separated, even by a fraction
of a nanometer, to prevent coacervation.

The term “interpenetrating polymer networks” was coined by Millar
(142) in 1960. Several investigating teams found IPNs independently in the
1960s. Early work by Shibayama and Suzuki (143), Lipatov and Sergeeva
(144), Frisch et al. (145), and Sperling and Friedman (146) set the pace for
modern development, founding the field of IPNs.

Concluding Comments

Interpenetrating polymer networks and related materials represent one of the
fastest growing fields in polymer science. Although most of these materials
are phase separated, the presence of cross-links reduces the phase domain
size and provides a method of controlling properties. Many of these materials
possess dual phase continuity. Although combinations of elastomers with
plastics produce both tough plastics and reinforced elastomers, depending on
the composition, IPNs see applications as damping materials and as ion
exchange materials.

Outlook

The outlook for IPNs is exceedingly bright. These new materials have the
following advantages:

1. IPNs form a series of tough plastics, broad-temperature damp-
ing materials, and reinforced elastomers that can be used
wherever thermosets are required.

2. The presence of cross-links in a multiphase material gives an
added mode of control over the morphology, especially in the
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development of finely divided domains or dual phase continu-
ity.

3. The thermoplastic IPNs and the gradient IPNs provide a series
of physical and mechanical properties that may be difficult to
match with other polymers or combinations of polymers.
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Polyurethane—poly(vinyl chloride) pseudo-IPN (interpenetrating poly-
mer network) elastomers, polyurethane—poly(vinyl ester) IPN foams,
and polyurethane—epoxy—unsaturated polyester two- and three-com-
ponent IPN foams and elastomers were studied by dynamic mechani-
cal spectroscopy sound absorption (impedance tube technique), com-
pressive hysteresis, resilience (ball rebound), and other measurements.
The IPN systems were tailored to possess broad glass-transition tem-
peratures, and the effects of this broad viscoelastic region on the
energy-absorbing properties were determined. Materials with broad
transitions resulted in enhanced mechanical-energy-absorbing proper-
ties, but not always improved absorption of airborne noise. The results
suggest that sound attenuation can be more a function of cell morphol-
ogy rather than polymer morphology.

Sound and Vibration Damping

The ability of polymers to damp vibration and absorb sound is a function of
their viscoelastic nature, specifically their glass-transition behavior. Four
mechanisms of sound attenuation can occur: (1) scattering by inhomo-
geneities, (2) mode conversion at boundaries, (3) redirection, and (4) intrinsic
absorption by conversion to heat with viscoelastic materials (I). In solid
elastomers vibration damping through intrinsic absorption depends on Young’s
modulus, which is expressed as E* = E' — iE", where E* is the complex
modulus, E' is the storage modulus, and E" is the loss modulus. When a
viscoelastic polymer is adhered to a vibrating substrate, internal friction

0065—2393/94/0239-0039310.25/0
© 1994 American Chemical Society
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created by segmental chain motions results in heat buildup within the
polymer and absorption of the vibrational waves. In a free viscoelastic layer
on a vibrating substrate, the composite loss factor is given by

(tan 8)composte = k(EL/EF)(ho/hy)* tan 3, (1)

where E* and h are the Young’s modulus and thickness, respectively,
subscripts 1 and 2 refer to the substrate and viscoelastic layer, respectively,
and k is a constant. In a constrained layer configuration the composite loss
factor is given by

(tan 8)composite = k(E% /E3 )(hg/h,)tan 3, (2)

where subscripts 1, 2, and 3 refer to the substrate, viscoelastic layer, and
constraining layer, respectively. Therefore, damping is dependent on the
material loss factor, the material modulus, the substrate modulus, and the
constraining layer modulus. The deformation of the viscoelastic material is
described as extensional in the configuration in eq 1 and a combination of
extensional and shear in the configuration in eq 2. Damping through a
viscoelastic polymer affixed to a vibrating surface is, therefore, efficient due
to the forced extensional and shear deformations imposed on the viscoelastic
material.

Sound absorption through solid elastomers is not as efficient. Sound
waves (acoustics) refer to wave propagation through fluids (air or liquid) as
opposed to vibrations through solids. In fluids, the shear modulus equals zero
and, therefore, propagation occurs through longitudinal waves only. For a
coating of solid viscoelastic polymer, Jarzynski (I) showed that incidental
longitudinal waves may generate longitudinal and shear waves within the
coating (mode conversion) as well as other modes of wave propagation that
result from scattering. Also, by making inclusions (such as microcells or large
voids) in the materials, the incident longitudinal waves may be converted to
shear waves. In this manner, viscoelastic foams may actually absorb sound
and vibrational energy. The inclusion of voids within a viscoelastic material
increases the likelihood of sound attenuation through more of the mecha-
nisms stated previously. That is, viscoelastic foams may attenuate sound
through intrinsic conversion to heat and mode conversion (like viscoelastic
solids) as well as through scattering by inhomogeneities.

Simplified Theory of Damping. The ability of materials to damp
vibrations is characterized by dynamic mechanical terms. The storage modu-
lus (E') and loss modulus (E") are the quantities of energy stored through
elastic behavior and energy lost through conversion to heat via molecular fric-
tion, respectively. When a polymer is in its viscoelastic region (see Figure 1),
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which is the transition (relaxation) between the hard glassy state and the soft
rubbery state, it exhibits the highest level of damping. In this region, the
glass-transition region (T,), there is a distribution of phases. When the
material is forced to vibrate (as is done with a shaker during dynamic
mechanical measurement or when adhered to a vibrating substrate), some
molecules exhibit viscous flow while others remain rigid. Molecular friction
rises, which results in heat buildup and a decreased amount of transmitted
energy.
The expressions are as follows:

E* =E —iE (3)
tan 8 = E"/E' (4)
H =mE"/€ (5)

where H is the actual heat gained by the material for each cycle and €}
represents the magnitude of deformation.

When vibration-damping polymers are formulated, it is desirable to
maximize E"; however, there is a limit. Maximizing E" results in lower elastic
response and, therefore, poor physical and mechanical properties may result.

Keskkula et al. (3) were able to quantify damping performance by
expressing it as the area under the tan d versus temperature curve. Although
this quantification is better than reporting the maximum value or width of the
tand peak, it is often difficult to determine because the sample fails or
becomes too soft to allow the instrument to record at elevated temperature. A
better method is to express the area under the linear loss modulus curve as
the damping function (4) or the loss area (LA) (5, 6). The loss area as
derived along with tA, the area under the tan d—temperature curve, by
Chang, Thomas, and Sperling (5, 6) is given by

LA=[TREudTE(Eé; _Ei’x)R/(Ea)avg[’lT/Q,]Tz (6)
Tc g

where Eg and Ej are the storage moduli in the glassy and rubbery states,
respectively, T and Ty are the glassy and rubbery temperatures just below
and above the T,, (Ea),,, is the average activation energy of the relaxation
process, and R is the gas constant. Also,

tA = [Mtan 8 dT = (In E; — In Ep) R/(Ea)ug[m/2]T7  (7)
e

Evaluation of damping performance was furthered (5, 6) by the applica-
tion of group contribution analysis as shown in Figure 2. The LA obeys a
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Linear Loss Modulus —»

Background

Temperature —»

Figure 2. The idea of group contribution analysis for dynamic mechanical
spectroscopy (E" vs. temperature plot) ( 73/.

simple mixing rule based on the weight averages of the individual polymers
species in an interpenetrating polymer (IPN); that is,

(LA)IPN = WI(LA)I + WII(LA)II (8)

where Wy and Wy are the weight fractions of polymer components I and II,
respectively (Figure 3). Also note that tA does not exhibit this simple
additivity principle because it is dependent on the ratio E"/E’ and 1/E' is
not expected to obey additivity (5) (Figure 4). From this information and
assuming that the total loss area is a combination of the weight additive
contribution of the individual structural repeat units,

LA = ¥ (LAY, M/M — ¥ G/M ©)

i—1 i—1

where M; is the molecular weight of the ith group in the mer, M in the
molecular weight of the whole mer, G; is the molar loss constant for the ith
group, (LA), is the loss area contributed by the ith group, and n represents
the number of units in the mer. The molar loss constants and contribution to
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Figure 3. Test of additivity of the homopolymer LAs to predict corresponding
IPN areas: %, IPN-1; O, IPN-2; @, IPN-3; O, IPN-4; v, IPN-5; A, IPN-6; O,
IPN-7; &, IPN-8; a, IPN-9; v, IPN-10(7).
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Figure 4. Test of additivity of the homopolymer tAs in predicting the
corresponding IPN areas: O, IPN-1; O, IPN-2; @, IPN-3; &, IPN-4; v,
IPN-5; O, IPN-6; W, IPN-7; @, IPN-8; a, IPN-9; v, IPN-10 (7).
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the loss area have been reported for a significant number of structural groups
(8). Group contribution analysis, however, may be unable to predict the LA
of filled polymers and composites (9) because the analysis is based only on
molecular structure. Additionally, group contribution analysis may not accu-
rately be able to predict LA of partially miscible (microheterogeneous) IPNs
that exist in a “forced” phase state (10); that is, group contribution analysis
contradicts current thought on controlling IPN morphology to enhance
energy-damping properties. Further experimental work is required to deter-
mine the effect of the degree of phase separation on the LA values, an area
where IPNs are uniquely suitable.

Acoustic Theory. As previously stated, absorption of impinging
acoustic waves by a solid viscoelastic material is not efficient. To improve
performance, open-cell porous materials are primarily used to allow the
waves to enter the foam, reverberate, and eventually dissipate or become
absorbed. Most commercial sound-absorbing foams are of this type and
perform with increasing efficiency at higher frequencies. The ability to
quantify the relative amounts of energy actually absorbed through conversion
to heat as opposed to decay is not yet possible. Chen and Williams (11)
report that relevant parameters for sound absorption by a homogeneous,
isotropic porous material are porosity (H), specific flow resistance (R*),
structural factors (m), frequency of the applied sound, and the geometry of
the foam sample such as length, width, thickness, and density. For inhomoge-
neous, nonisotropic materials such as IPNs the parameters would also include
cell orientation and morphology.

Another method of preparing sound-absorbing materials is to incorporate
heavy fillers such as lead or rubber into the foams. The filler is thought to
work in one or all of the three following ways: (1) it can resonate by absorbing
some of the impinging sound waves; (2) it can reflect impinging sound waves
back through the polymer, thereby allowing the foam to absorb more energy
while also redirecting and dlSSlpatlng it; (3) each filler particle can act as a

“miniature constrained-layer system”.

When inhomogeneities that are macroscopic (such as previously de-
scribed) are present, the acoustic wave that propagates through one medium
encounters the boundary layer of the other: Some energy is transmitted and
some is reflected (12) (Figure 5). The sound power transmission coefficient

(T) is given by
T=47,Z,/(Z, + Z2)2 (10)

where Z is the acoustic impedance and the subscripts refer to the two media.
The acoustic impedance is defined as the ratio of acoustic pressure to the
particle velocity associated with wave motion.
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Figure 5. Major echoes reflected from a single finite layer of material.
(Reproduced from reference 12. Copyright 1990 American Chemical Society.)

Hilyard and MacFarland (13) recently described both concepts of air-
borne noise insulation and structure-borne noise isolation with respect to
polymeric foams. For airborne noise, which is typically responsible for
automobile noise above 500 Hz, acoustic wave transmission is dependent on
two factors: the acoustic impedance at each interface of a panel and compos-
ite and the attenuation of acoustic wave propagation through the foam. Again,
the foam modulus, density, and air flow resistivity govern these factors. The
transmission loss (TL) (14-16) is given as the ratio of sound pressure in the

incident and transmitted fields, P, and P,, respectively:

system TL = 10log[ P,/P,]* (11)
panel TL = 10log[1 + (@M, /p,C,)*)| (12)
composite TL = system TL — panel TL (13)

where o is the angular frequency, M, is the mass density, and p,C,, is the
acoustic impedance.

IPNs as Damping Materials. Effective ways to broaden or shift
the T, range include the use of plasticizers and fillers, blending, grafting,
copolymerization, or the formation of IPNs.
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IPNs are an intimate mixture of two or more cross-linked polymers in
which one network is formed in the presence of another (17). IPNs can be
formed simultaneously (18-20), sequentially (7, 21, 22), or by the latex
technique (2, 23). Ideally, interpenetration occurs only through physical
cross-links (catenane-type structures) and mixing is on a molecular (mono-
mer) scale as long as no covalent bonds exist between the differing polymers.
In this case, a single phase material results when dynamic mechanical
measurements are used. However, these materials possess some level of
phase separation (domain size on the order of 5.0 nm) as evidenced by
transmission electron microscopy (TEM). If mixing is incomplete (domain
sizes of greater than 30 nm), such as when cross-linking occurs after phase
separation, then two phases result. However, microheterogeneous morpholo-
gies (domain sizes of 5.0-30 nm) can occur and result in broad glass-transi-
tion regions (Figure 6) with respect to temperature and frequency. The
advantages that IPNs present over other transition-broadening techniques
include more control over the resulting morphology, longer phase stability
(due to cross-linking), and broader glass-transition regions.

The use of IPNs as energy-damping materials was first reported by
Huelck et al. (24). Latex IPNs based on poly(ethyl acrylate) and poly(methyl
methacrylate) were observed to exhibit high tan 8 values that stayed high over
a broad temperature range (Figure 7). Because the polymer components

log
MODULUS

log
tan 8

Temperature

Figure 6. Generalized mechanical loss and modulus behavior for d(z:tferent types

of polymer blends. Case 1 (dashed—dotted line), miscible; case 2 (dashed line),

limited miscibility; case 3 (dotted line), microheterogeneous; case 4 (solid line),
heterogeneous.

American Chemical Society
Library
1155 16th St., N.W.
Washington, D.C. 20036
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were isomers, it was reasoned that the heat of mixing would be near zero and,
therefore, the IPN must lie near the phase boundary; that is, the IPNs
exhibited a microheterogeneous morphology.

Further work led to the development of “silent paint”, which is a latex
IPN based on cross-poly(ethyl methacrylate)-intercross-poly(n-butyl acrylate)
constrained with epoxy resin (25) and a constrained layer configuration
prepared from the IPN itself (26). These IPNs were prepared by the
sequential method. Monomer II was only allowed to swell the outer regions
of network 1, which was a soft viscoelastic material before curing. In this
manner an IPN was formed that had a hard outer surface and a soft
viscoelastic core.

Recent Types of IPN Materials Being Studied for Energy-
Damping Applications. Klempner et al. studied a series of
polyurethane—epoxy (PU-E) full and semi-IPNs (27, 28). The vibration-
damping performance of the elastomers, which was characterized by tan 8
measurements (Rheovibron), was tailored to exhibit highest performance
centered around room temperature. Further work led to the development of
PU-E IPN cellular plastic foams (29, 30). These viscoelastic materials were
based on elastomer formulations that exhibited broad and high tan 8 versus
temperature peaks centered around room temperature. The sound attenua-
tion properties were characterized by the impedance tube technique (stand-
ing wave apparatus). The IPN foams, some of which are high density, did not
absorb more energy than the lower density foams, which suggests the
importance of cell structure. Although most of the IPN foams exhibited
higher sound absorption properties than PU foams, no direct correlation
could be made with respect to damping performance.

Chang et al. (31) broadened the concept of group contribution analysis
by comparing theoretical damping performance to experimental data for
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homopolymers, statistical copolymers, and IPNs based on acrylic, vinyl, and
styrenic monomers. Fay et al. (32) studied the effect of the loss modulus on
the damping behavior of poly(vinyl methyl ether)—polystyrene blends and
IPNs. Other studies include kinetic aspects of IPN formation that influence
damping performance (33) and the effects of fillers on PU-E IPNs (34).

Recent findings (35) suggest that for airborne sound attenuation by
foams, the effects of cell structure may be more significant due to scattering
than due to intrinsic absorption (viscoelastic foam morphology). A polyimide
foam with low density (less than 1% solid polymer), highly irregular-shaped
open cells, and very high glass-transition temperature (T,) exhibited signifi-
cantly higher sound absorption coefficients (impedance tube technique) than
did a viscoelastic open-cell polyurethane foam with a density 10 times greater
(Figure 8). No correlation was found between sound absorption and ball
rebound, hysteresis, or compressive measurements (Table I). The polyimide
foam (36) was compared to toluene diisocyanate-based urethane foams that
are characterized as highly resilient, semiflexible, or viscoelastic.

IPN Studies
Polyurethane-Poly(vinyl chloride) Semi-IPNs. Pseudo- or

semi-interpenetrating polymer networks (SIPNs) were prepared from various
polyurethanes (PU) and poly(vinyl chloride) (PVC). These SIPNs are a class

% Absorption
100 P -

—a~ SF PU (86.40 kg/m3)
80 ~¥- Confor™(102.40 kg/m3)
== Polyimide (9.76 kg/m3)

<=~ HR PU (55.36 kg/m3)

60

40

20

L

100 1000 10000
Frequency (Hz)

1 L L L it

Figure 8. Sound absorption of various foams parallel to foam rise (foam
thickness is 2.54 cm).
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of sequential IPN in which only one component is in network form. The
polyurethane was based on a mixture of two polyols: poly(e-caprolactone diol)
(PCL) and poly(oxypropylene diol) (PPG). PCL is miscible in all proportions
with PVC (37) and when it is included in polyurethanes as the soft segment,
PU-PVC alloys that form are more homogeneous. PPG diol is immiscible
with PVC and results in phase separation between the polyurethane and
PVC. To obtain SIPNs with microheterogeneous morphologies, the poly-
urethanes were based on a mixture of these two polyols. The microheteroge-
?eo;ls morphologies result in broadened T, and frequency damping ranges
38).

The materials used in this study are listed in Table II. Dynamic mechani-
cal spectroscopy (DMS) was carried out on a dynamic mechanical thermal
analyzer (Rheovibron DDV-II-C type, Toyo Baldwin Co., Ltd.) from —60 to

Table I. Properties of Foam Employed for Normal Incidence Sound
Absorption Measurement

Property HR*® SF® VE® Polyamide
Density (kg/m?) 55.36 86.40 102.40 9.76
Ball rebound (%) 55 20 2.3 32
Hysteresis (%) 18.5 63.6 —-100 —
Compressive stress (kPa)
25% deformation 2.28 37.74 1.93 10.49
65% deformation 6.07 85.49 4.49 31.40

Z HR, high-resilience.

SF, semi-flexible.
° VE, viscoelastic commercial foam CONFOR supplied by Specialty Composites Corporation
(company data).

Table II. Materials Used in IPN Studies

Molecular
Chemical Weight Equivalent
Composition Trade Name  Supplier ( g/ 'mol) Weight  Designation
Poly(oxypropylene Pluracol BASF 1,992 996 PPG-2000
glyc’(:)l? P-2010
Poly(e-caprolactone ~ Tone 0240 Union 1,996 998 PCL-2000
glycol) Carbide
4,4'-Diphenylmethane Mondur M Mobay 250 125 MDI
diisocyanate
Triethanolamine — Matheson 149 49.7 TEOA
Poly(vinyl chloride) =~ VC-106 PM Borden 58,000 — PVC
Dibutyltin dilaurate ~ Dabco T-12 Air Products  — — T-12
Tetrahydrofuran — Fisher — — THF
Scientific
Barium—cobalt-zinc  BC-103 Interstab — — BC-103

salt
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100 °C at a heating rate of 1-3 °C/min and 110 Hz. Tensile testing (Instron
Table Model 1130 Universal Tester) was carried out according to ASTM
D-1708 at a strain rate of 50 mm/min using microdie-cut samples. To study
the phase behavior and to determine the lower critical solution temperature
(if any exists), annealing was carried out on samples equal in size to samples
required for DMS analysis (4 X 4 X 0.25 mm). Samples were wrapped in
poly(tetrafluoroethylene) sheets and then in aluminum foil and annealed in
an electronically controlled oil bath. Next the samples were quenched in
liquid nitrogen and the dynamic mechanical spectra were then obtained.
Turbidity was determined visually by viewing through the 1-mm-thick speci-
mens over printed white paper. Pure cast PVC was used as a control and any
reduction in clarity was designated turbid. The DMS data were used as a
measure of miscibility and energy damping properties. Composition and
turbidity are given in Table III.

IPNs prepared from 100% PCL-based PU and PVC were homogeneous
as evidenced by single, composition-dependent tan 8 maxima (shown for a
single composition in Figure 9); that is, the glass-transition (T,) temperatures
exhibited simple additivity (by weight) when plotted against composition. The
IPNs were annealed at temperatures up to 200 °C and various lengths of time
to induce phase separation, although none was observed (Figure 10). Anneal-
ing above 200 °C resulted in severe degradation of the films; therefore, no
lower critical solution temperature (LCST) could be found.

All SIPNs prepared from 80% PCL:20% PPG-based polyurethane and
PVC also exhibited single transitions (shown for a single composition in
Figure 11). The transitions, however, are significantly broader than those of
the IPNs based on 100% PCL, which suggests a broader distribution of phase
sizes (Table IV). This suggests a co-continuous microheterogeneous morphol-
ogy in which the intermediate compositions lie near the phase boundary.
From a practical standpoint, this morphology is ideal for damping considera-
tions. Broader T, ranges equate to higher damping efficiency over both
broader temperature and frequency ranges. The time—temperature superpo-
sition principle that uses the Williams—Landel-Ferry (WLF) equation en-
ables a demonstration that increasing the glass-transition range by 10 °C
corresponds to an increased frequency-damping range of 5-6 decades.

Annealing under various temperature and time conditions resulted in two
distinguishable phases of intermediate composition (Figure 12), although
phase separation was not complete. A phase diagram (Figure 13) was derived
from these data and showed that an LCST exists at 120 °C. Note that the
interval between annealing temperatures was 20 °C.

All TPNs based on 100% PCL and 80% PCL:20% PPG-based PU were
clear, whereas the individual polyurethanes were turbid because of PCL
crystallinity. The clarity of the IPNs partly may be due to similar refractive
indices for PVC (9.6) and PU (9.5-9.6) rather than solely due to miscibility.
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Table III. Composition and Turbidity of Pseudo-IPNs

Sample Prepolymer PU PVC

Code Composition (%) (wt%) (wt%) Turbidity®
A-1 100 PCL 100 0 T
A-2 100 PCL 80 20 C
A-3 100 PCL 60 40 C
A4 100 PCL 50 50 C
A-5 100 PCL 40 60 C
A-6 100 PCL 20 80 C
B-1 80 PCL:20 PPG 100 0 T
B-2 80 PCL:20 PPG 80 20 C
B-3 80 PCL:20 PPG 60 40 C
B-4 80 PCL:20 PPG 50 50 C
B-5 80 PCL:20 PPG 40 60 C
C-1 70 PCL:30 PPG 100 0 T
C-2 70 PCL:30 PPG 80 20 C
C-3 70 PCL:30 PPG 60 40 C
C-4 70 PCL:30 PPG 50 50 C
C-5 70 PCL:30 PPG 40 60 C
C-6 70 PCL:30 PPG 20 80 C
C-7 70 PCL:30 PPG 0 100 C
D-1 60 PCL:40 PPG 100 0 T
D-2 60 PCL:40 PPG 80 20 C
D-3 60 PCL:40 PPG 60 40 C
D4 60 PCL:40 PPG 50 50 C
D-5 60 PCL:40 PPG 40 60 ST
D-6 60 PCL:40 PPG 20 80 ST
E-1 50 PCL:50 PPG 100 0 T
E-2 50 PCL:50 PPG 80 20 ST
E-3 50 PCL:50 PPG 60 40 ST
E-4 50 PCL:50 PPG 50 50 ST
E-5 50 PCL:50 PPG 40 60 ST
E-6 50 PCL:50 PPG 20 80 ST
F-1 50 PCL:50 PPG 100 0 T
F-2 50 PCL:50 PPG 80 20 T
F-3 50 PCL:50 PPG 60 40 T
F-4 50 PCL:50 PPG 50 50 T
F-5 50 PCL:50 PPG 40 60 T
F-6 50 PCL:50 PPG 20 80 T

T indicates turbid; C indicates clear; ST indicates semi-turbid.

Higher quantities of PPG such as in PU based on 70% PCL:30% PPG
exhibited decreased linearity of the T, versus composition curve, as expected.
These IPNs exhibited the highest level of damping. Intermediate composi-
tions lay on or near the spinode, which was evidenced by an LCST of 80—
100 °C, nearly the temperature at which the materials were cured. These
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Figure 9. Dynamic mechanical spectrum of pseudo-IPN composed of 50%
polyurethane (100% PCL-based) and 50% PVC.

materials did not appear to phase separate over time when kept for more
than 1 year at uncontrolled ambient conditions. This lack of phase separation
suggests that cross-linking of the PU component inhibited phase separation to
some degree. On the other hand, IPNs that contained 40% or more PPG-
based urethane exhibited two phases, which suggests that even with kineti-
cally controlled mixing, phase separation processes occurred sooner and
controlled the overall morphology. The level of cross-linking, the rate of
urethane gellation, or the rate of solvent removal are factors that may
influence the balance between thermodynamic processes (phase separation)
and kinetic processes (“forced miscibility”). Other parameters that effect this
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Figure 10. Dynamic mechanical spectrum of pseudo-IPNs composed of 50%
polyurethane (100% PCL-based) and 50% PVC, annealed at 200 °C for 20 min.

balance and that are now being investigated include reaction temperature and

pressure.

Polyurethane-Poly(vinyl ester) Hybrid-IPN Foams. In this
study, polyurethane and polyurethane—poly(vinyl ester) (PVE) hybrid-inter-
penetrating polymer network foams were prepared and low-frequency
(100-500 Hz) sound absorption measurements and dynamic mechanical
analysis (DMA) were performed (39).
The purpose of this study was twofold: (1) to determine the low-frequency
sound absorption properties of filled and unfilled polyurethane-based IPNs
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and (2) to investigate the relationship between viscoelastic response (damping
curves) and sound absorption properties. The effect of cell structure, cell

orientation, density, and foam thickness were determined as well.

The foams (Table V) were prepared by the one-shot free-rise method at
room temperature using a high-speed constant-torque mixer. The PVE used
(Derakane 470-36) contains 36% styrene in a low molecular weight (470)
resin based on isophthalic ester. The polyurethane foams based on toluene
diisocyanate (TDI; T-80, Dow Chemical, and 80:20 mixture of 2,4- to 2,6-

toluene diisocyanate) were post-cured at 70 °C for 16 h. The density (ASTM

D 1622), Bashore rebound (resilience, ASTM D 3574 H), compressive
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Table IV. Dynamic Mechanical Data of Pseudo-IPNs

Temp. at Temp. at
E”" max  tan® max  Height of  Half-Width of

Sample Code (°c) (°c) tan & Peak tan & Peak
A-1-a, turbid sample —-33, -2 -25 0.49 51
A-1-b, clear after heating ~ —31,0 —22 1.58 17
A-2 -19 -6 1.05 25
A-3 -3 16 0.85 36
A4 10 34 0.91 37
A-5 20 45 0.76 51
A-6 49 86 0.68 53
B-1-a, turbid sample -36, =5 —-29 0.67 16
B-1-b, clear after heating ~ —39, —2 —25 1.69 18
B-2 —-20 -3 1.01 30
B-3 -9 18 0.68 52
B-4 4 39 0.68 54
B-5 13 63 0.53 86
B-6 50 94 0.61 50
B-7 77 98 0.97 37
C-1, a turbid sample -30 -16 0.99 32
C-1-b clear after heating —-33 -17 1.49 26
C-2 -20 0 1.00 35
C-3 -8 21 0.68 60
C-4 5 48 0.57 77
C-5 20 66 0.53 61
C-6 64 92 0.80 40

hysteresis at 25 and 65% deformation, and dynamic mechanical properties
(DuPont, DMA 900 series) were measured. Sound absorption coefficients
were measured by the impedance tube technique using Bruel and Kjaer
equipment (standing wave apparatus tube 400z, beat frequency oscillator type
1014, and frequency spectrometer type 2112). Because low frequencies were
of interest, only the large-diameter tube (101.6 mm) was used. The thickness
of all foams was 25.4 mm. The properties of the foams are given in Table VI.
Three isocyanate—polyol combinations were used to prepare the PU foams:
TDI-Pluracol 726, TDI-Pluracol 1003, and 4,4'-diphenylmethane diiso-
cyanate—Pluracol 1003 (MDI-Pluracol 1003). Note that these IPNs are of
the intercross or hybrid type due to the probable reactions of isocyanate with
the hydroxy groups and, to a lesser extent, with the acid groups on PVE. The
overall polyol:diisocyanate equivalence ratio is believed to be lower than
ideal.

The sound absorption coefficients of the three PU foam compositions are
shown in Figure 14 and their respective loss modulus curves are shown in
Figure 15. Note that the curves are offset with respect to relative log E” for
clarity. The PU based on MDI and Pluracol 1003 exhibited the broadest
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Figure 12. Dynamic mechanical spectrum of pseudo-IPNs composed of 50%
polyurethane (80% PCL:20% PPG-based) and 50% PVC, annealed at 200 °C for
15 min.

transition and highest sound absorption coefficients (SAC), although differ-
ences in density were not accounted for.

The sound absorption coefficients (Figure 16) of TDI-Pluracol 726-based
PU and PU-PVE IPNs exhibited a maximum at PU:PVE = 90:10 and the
coefficients decreased at nearly all frequencies for PU:PVE = 80:20. Note
that the SAC of pure PU and PU:PVE = 80:20 are nearly identical. This
behavior may be due to phase separation; that is, at a composition of
PU:PVE = 90:10, a microheterogeneous morphology probably exists because
there is too little PVE component to result in complete phase separation
(Figure 17). At PU:PVE = 80:20, phase separation resulted, as evidenced by
DMA loss modulus versus temperature curves, and the sound absorption
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Figure 13. Phase diagram of pseudo-IPNs composed of polyurethane (80%
PCL:20% PPG-based) and PVC.

characteristics are similar to the PU control. This situation suggests that the
IPN morphology and, in particular, the degree of PU-PVE phase separation
may influence the sound absorption properties similar to its influence on
damping properties in viscoelastic materials.

There are two considerations necessary: one is related to these experi-
ments and the other is related to acoustics. First, these results reflect only
one SAC measurement taken for each foam. Although three specimens of
each formulation were prepared, only enough material was available for these
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Table V. Six Formulations of Flexible Polyurethane and
Polyurethane-Poly(vinyl ester) IPN Foams

Designation 1 2 3 4 5 6
PU-PVE ratio 100 100 100 90:10 90:10 90:10
Pluracol 726 100 — — 100 — —
Pluracol 1003 — 95 95 — 95 95
Voranol 220-530 — 5 5 — 5 5
Water 1.5 15 1.5 3.5 1.5

DC-5043 1.0 — — 1.0 — —
DC-190 1.0 — — 1.0 —
Dabco 33LV 0.40 0.20 0.20 0.40 0.20 0.20
Dabco T-9 0.05 — — — — —
Dabco T-12 — 0.15 0.15 0.15 0.15 0.15
CFC-11 — — 5 — — —
Isonate 2143L — — 39.5 — — —
Lupranate T-80 24.6 23.8 — 45 23.8 —
Isocyanate index 105 105 105 105 105 105
Derakane 470-36 — — — 16.6 14.1 15.8
DMA — — — 0.80 0.80 0.80
Co-octoate — — — 0.01 0.10 0.10
MEKP — — — 0.17 0.14 0.16

Table VI. Properties of Six Flexible Polyurethane and PU~PVE IPN Foams

Property 1 2 3 4 5 6
PU-PVE ratio 100 100 100 90:10 90:10 90:10
Polyol Pluracol Pluracol Pluracol Pluracol Pluracol Pluracol
726 1003 1003 726 1003 1003

Isocyanate TDI TDI MDI TDI TDI MDI
Density (kg/m?) 6343 6615 6279  40.85 1268 9114
Ball rebound (%) 35 43 31 31 28 13
Hysteresis (%) — 40.0 50.3 53.9 49.2 63.7
Compressive stress

(kPa)

25% deformation — 8.3 11.0 4.1 15.1 15.7

65% deformation — 15.9 11.9 9.4 63.3 40.3

measurements after all other characterizations were performed and no statis-
tics could be gathered. Second, repeated observations at the University of
Detroit Mercy and by others indicate that IPN morphology may or may not
influence sound attenuation. This ambivalence can be due to various factors.
First, the measurement of SAC is the measure of actual sound attenuation
and includes contributions from scattering, redirection, mode conversion, and
intrinsic absorption. On the other hand, IPN (or any alloy) morphology
should only contribute to the intrinsic absorption contribution. Thus if the
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Figure 14. Effect of chemical structure on sound absorption coefficients of PU
foams.

other parameters are large in magnitude, the effects of morphology will not
be as great, or may even be undetectable. If the other contributions are small
in magnitude, then morphology may have a higher net effect on the overall
SAC. Second, the sound absorption properties are dependent on the charac-
teristic of the impinging sound waves. In damping vibrations, the viscoelastic
polymer is forced to vibrate because it is in direct contact with the vibrating
metal surface and energy transfer from metal to polymer is high. Efficient
absorption can occur. When airborne waves contact foam cell walls, the
sound pressure must be high enough to induce energy transfer. The behavior
of the previous IPNs is similar to IPNs based on TDI and Pluracol 1003,
although different morphologies exist. The pure PU exhibits similar sound
absorption coeffients to both PU:PVE = 90:10 and PU:PVE = 80:20 IPNs
(Figure 18). DMA results suggest that the PU and its respective IPNs possess
microheterogeneous morphologies (Figure 19), as evidenced by relatively
broad loss modulus versus temperature transition ranges.

IPNs based on MDI and Pluracol 1003 exhibit similar sound absorption
properties (Figure 20) to the respective PU, even with different densities.

The effect of fillers on a single IPN composition (PU:PVE = 80:20)
based on MDI and Pluracol 1003 is shown in Figure 21. Note that zinc
powder and 40-mesh rubber powder resulted in some decrease in sound
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Figure 16. Sound absorption coefficients of TDI-Pluracol 726-based PU and
PU-PVE IPN foams.

absorption coefficients at low frequencies, whereas rubber (10-mesh size)
enhanced the property.

Polyurethane-Epoxy-Unsaturated Polyester Two- and
Three-Component IPNs. In this study two- and three-component IPN
elastomers and foams were prepared from polyurethane, epoxy (E), and
unsaturated polyester (UPE) by the simultaneous technique (40). The en-
ergy-absorbing ability of the elastomers were demonstrated by dynamic
mechanical spectroscopy (Rheovibron), ball rebound, and hysteresis measure-
ments. Foams formulations that were based on high damping elastomers
were also tested for sound absorption properties. The effects of graphite,
rubber, and plasticizers on the IPN foams and elastomers were examined.

The materials used are given in Table VII. Polyol (Niax 31-28), epoxy
(DER-330), and chain extender (Isonol-100) were vacuum dried overnight at
80 °C. All other materials were used as received.

For preparation of the polyurethanes, ethylene-oxide-capped PPG con-
taining 21 wt% grafted polyacrylonitrile (Niax 31-28, Union Carbide; MW =
6000) was blended with a carbodiimide-modified diphenylmethane diiso-
cyanate (Isonate-143L, Dow Chemical) N, N’-bis(2-hydroxypropyDaniline
(Isonol-100, Dow Chemical) and dibutyltin dilaurate (Dabco T-12, Air Prod-
ucts).
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Figure 18. Sound absorption coefficients of TDI-Pluracol 1003-based PU and
PU-PVE IPN foams.

The IPN elastomers (formulations shown in Tables VIII-X) were synthe-
sized by mixing two components. In the case of two-component PU-E IPN
elastomers, one component contained Niax 31-28, Isonol-100, Dabco T-12,
and epoxy catalyst (BF; etherate; Eastman Chemical). The other component
contained epoxy resin (DER-330, Dow Chemical) and Isonate-143L. In the
case of three-component IPN elastomers, unsaturated polyester and ¢-butyl
perbenzoate catalyst (TBPB) were premixed in component one and epoxy
resin was mixed in component two.

The blend was mixed for 60 s at ambient temperature, then poured into
a hot mold (100 °C) and cured for 30 min on a platen press under a pressure
of approximately 2.8 MPa. The elastomers were then post-cured in an oven at
100 °C for 16 h and conditioned at 25 °C and 50% relative humidity for 3
days prior to testing.

PU foams were prepared by the one-shot free-rise method. A homoge-
neous liquid mixture of Niax 31-28, Isonol-100, silicone surfactant DC-193
(Dow Corning), Dabco T-12, Niax A-1 (Union Carbide), trichlorofluo-
romethane (Freon 11A, DuPont), and water was mixed thoroughly with
Isonate-143L, then poured into a open cold mold, and allowed to free rise.



65

IPNs as Energy-Absorbing Materials

2. SOPHIEA ET AL.

"NdI (%™ 0Z:08)
AAd—-d PSPG-£00T 10o04md—I (1L fo smmpows a3v.103s pup smmpows ssoj fo uosrvdwoy

(9,) ainesadwa
00l 0S 0

0G—
1

‘61 2413

001—

Ndl 3Ad/INd — ——

nd
uonisodwo)

(ed) 3 60)
(ed) ,360|

Z00Y0'6€20-¥66T280/TZ0T 0T :1op | BiosJesgnd,/:diy uo #66T ‘G A2\l UO paus!iand



Published on May 5, 1994 on http://pubs.acs.org | doi: 10.1021/ba-1994-0239.ch002

66 INTERPENETRATING POLYMER NETWORKS

Sound Absorption Coefficient (%)

60

160

Frequency (Hz)

- E EX]
PU/PVE Ratio: 100/0 90/10 80/20
Density Kgm™) 78.81 91.14 108.60
Figure 20. Sound absorption coefficients of MDI-Pluracol 1003-based PU-PVE
IPN foams.

Two-Component IPN Elastomers. The two-component polyure-
thane—epoxy IPNs (Tables VIII-X) were formulated in compositions ranging
from 60:40 to 40:60, respectively, with and without various fillers. Again,
these IPNs are better characterized as intercross-IPNs due to the probability
of some diisocyanate reacting with terminal hydroxy or epoxy groups. The
isocyanate index was again less than ideal and was not determined. The
unfilled IPN (No. 2, Table VIII) exhibited a microheterogeneous, co-continu-
ous morphology as evidenced by a broad loss tangent curve that was larger in
total area than the pure PU component. Only a single DMS reading was
taken on each specimen. Also, due to the tendency of the materal to become
very soft at elevated temperatures, the total area under the tand versus
temperature curve was difficult to determine. However, the recorded values
are believed to represent the most accurate values possible.

The fillers, which included various grades of graphite, mica powder, and
plasticizer (Benzoflex 988) (Tables XI-XII), also resulted in significant dif-
ferences in the total loss area. The breadth and position of the tan 8 maxima
were effected also.

In general, graphite filler (all grades) resulted in lower tan 8 maximum
values and broader damping ranges.
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60Sound Absorption Coefficient (%)

A

100 126 160 200 260 316 400 500
Frequency (Hz)

o Z & NEN
PU/PVE Ratio: 80/20 80/20 80/20 80/20
Filler Type None Zinc Rubber Rubber
(15 wt%): 40 mesh 10 mesh
Density (Kgm™) 108.60 116.78 110.04 120.62

Figure 21. Effect of zinc and rubber fillers on sound absorption coefficients of
MDI-Pluracol 1003-based PU-PVE IPN foams.

Three-Component IPN Elastomers. Three-component IPNs based
on polyurethane, epoxy, and unsaturated polyester (PU-E-PVE) (Table
XIII) were prepared to further broaden the glass-transition region because
unsaturated polyester is immiscible with both the urethane and epoxy compo-
nents. The loss tangent curves stayed high over a significantly broader
temperature range and thus no specific value could be ascribed to tand
maximum; rather a range was reported.

Two-Component IPN Foams. Two-component IPN foams that con-
sisted of polyurethane and epoxy were prepared based on the elastomer
formulations that exhibited the broadest and highest tan 8 curves. The foam
formulations and properties are given in Tables XIV and XV.

In general, the IPN foams possessed greater mechanical energy absorp-
tion with respect to the polyurethane foam as evidenced by hysteresis and
ball rebound. This observation agrees with the expected morphology, based
on the elastomer studies in which the IPNs possessed a broader glass-transi-
tion region. Less enhancement in sound absorption resulted (Figure 22),
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Table VII. Materials

Designation Description Supplier
Isonate-143L Carbodiimide modified diphenyl- Dow Chemical Co.
methane diisocyanate
Niax 31-28 Graft copolymer of Union Carbide
oly(oxypropylene)
E)oxyethylene) adduct of glycerol
Isonol-100 N, N'-Bis(2-hydroxypropyl) aniline Dow Chemical Co.
DER-330 Diglycidyl ether of bisphenol A Dow Chemical Co.
Unsaturated Unsaturated polyester Budd Chemical
polyester
T-12 Dibutyltin dilaurate Air Products
Niax A-1 70% Bis(2-dimethyl- Union Carbide
aminoethyl)ether
solution in dipropylene glycol
BF, C(C,Hy), Boron trifluoride etherate Eastman Chemical
TBPB (+)-Butyl perbenzoate Aldrich
DMP-30 2,4,6-Tris(dimethylamino methyl) Rohm & Haas
phenol
XU-213 BCl;-Amine complex Ciba-Giegy
Freon-11A Trichlorofluoromethane DuPont
DC-193 Silicone copolymer surfactant Dow Corning
L-540 Silicone copolymer surfactant Union Carbide
L-5303 Silicone copolymer surfactant Union Carbide
L-548 Silicone copolymer surfactant Union Carbide
1,4-BD 1,4-Butanediol rubber powder BASF
Santicizer 141 2-Ethylhexyl diphenyl phosphate Monsanto
Santicizer 148 Isodecyl diphenyl phosphate Monsanto
Santicizer 160 Butyl benzyl phthalate Monsanto
Stan-Flux LV Aromatic processing oil Harwick Chemical
Benzolfex 988 — Velsicol Chemical
TCP Tricresyl phosphate C.P. Hall Co.
Sundex 748 T Aromatic oil plasticizer Sun Graphite
Graphite flake No. 1 Size: —20 mesh + 80 mesh Asbury Graphite Mills
Graphite flake No. 2 Size: —50 mesh + 200 mesh Asbury Graphite Mills
Graphite flake No. 3 Size: —80 mesh down Asbury Graphite Mills
Dicaperl FP 1010 Hollow glass sphere filler Grefco Inc.

especially at low frequencies. Density and cell structure had a more impor-
tant effect on the sound absorption.

These experiments also show the effect of several fillers: graphite, rubber
powder, and various plasticizers. Graphite (20 wt%), rubber powder (10
wt%), butyl benzyl phthalate (Santicizer 160, 20 wt%), and isodecyl diphenyl
phosphate (Santicizer 148, 20 wt%) all resulted in a slight increase in sound
absorption properties with respect to their IPN and PU control foams.
However, the fillers did not contribute significantly to the hysteresis or ball

rebound values.
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Table VIII. Formulations of Polyurethane-Epoxy Two-Component
IPN Elastomers

Component 1 2 3 4 5 6 7 8 9

Polyurethane
Isonate 143L 648 389 389 389 389 389 3.89 389 3.89
Niax 31-28 62.24 37.35 37.35 37.35 37.35 37.35 37.35 37.35 37.35

Isonol-100 127 076 0.76 0.76 0.76 0.76 0.76 0.76 0.76

T-12 006 006 006 006 006 006 0.06 0.06 0.06
Epoxy

DER-330 — 280 280 280 280 280 28.0 28.0 280

BF, Etherate — 0.6 0.6 06 06 06 06 06 06
Fillers

Graphite No.1 — - 70 — — — — — —

Graphite No.2 — — — 7.0 — — — — 3.5

Graphite No.3 — — — — 7.0 — — — —

Dicaperl

FP 1010 — — — — — 7.0 — — —
Plasticizer

Benzoflex 988 — — — — — — 70 350 35.0

PU-epoxy ratio  100:0 60:40 60:40 60:40 60:40 60:40 60:40 60:40 60:40

Nortz: All values (except ratios) are grams.

Table IX. Formulations of Polyurethane-Epoxy Two-Component
IPN Elastomers

Component 10 11 12 13 14 15 16 17

Polyurethane
Isonate 143L 380 389 38 38 324 324 259 259
Niax 31-28 3735 3735 3735 3735 31.12 3112 249 249

Isonol-100 076 076 076 076 064 064 051 051

T-12 0.06 0.06 0.06 0.06 0.04 0.04 0.04 0.04
Epoxy

DER-330 28.0 28.0 28.0 28.0 35.0 35.0 42.0 42.0

BF; Etherate 0.6 0.6 0.6 0.6 0.6 0.6 0.6 0.6
Plasticizers

Benzoflex 988 — — — — 21.0 — 21.0 —

Santicizer 160  35.0 — — — — 14.0 — 14.0

Stanflux LV — 7.0 14.0 — — — — —

Sundex 748T — — — 7.0 — — — —

PU-epoxy ratio  60:40 60:40 60:40 60:40 50:50 50:50 40:60 40:60

Nortg: All values (except ratios) are grams.
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Table X. Formulations of Polyurethane-Epoxy~Unsaturated Polyester

Three-Component IPN Elastomers

Component 20 21
Polyurethane
Isonate 143L 3.24 2.60 2.60
Niax 31-28 31.12 24.9 249
Isonol-100 0.63 0.50 0.50
T-12 0.065 0.065 0.052 0.052
Epoxy
DER-330 14.0 14.0 7.0
BF, Etherate 0.30 0.30 0.15
Unsaturated
Polyester Resin
Polyester resin 21.0 28.0 35.0
TBPB 0.066 0.055 0.088 0.110
PU-E-UPE ratio 50:20:30 50:25:25 40:20:40 40:10:50

Nortg: All values (except ratios) are grams.

Table XI. Comparison of Dynamic Mechanical Spectroscopy Results

for IPN Elastomers

Sample Temp. (°C) at Temp. Range Area Under

Number System tan & max tan & max (°c) tan 6 Curve

1 100% Polyurethane 0.96 —24 —43-20 35.16

2 60:40 PU:E 0.65 40 —20-108 43.90

3 60:40 PU:E + 10% 0.71 32 —40-128 49.77

phite No. 1

4 60:40 PU:E + 10% 0.68 32 —40-120 45.62
graphite No. 2

5 60:40 PU:E + 10% 0.68 30 —40-104 47.08
graphite No. 3

6 60:40 PUE + 10% 0.65 48 -20-100 41.57
dicaperl

7 60:40 PUE + 10% 0.85 20-24 —40-40 36.39
Benzoflex

8 60:40 PU:E + 50% 1.70 0 —-36-12¢ —
Benzoflex

9 60:40 PUE + 10% 1.20 5 —40-32° —
graphite No. 2 + 50%
Benzoflex

¢ Actual temperature range is greater than the specified by +5-20 °C.

Summary

Two- and three-component IPN elastomers and foams were prepared and
characterized by dynamic mechanical spectroscopy, hysteresis, ball rebound,
sound absorption, and ultimate property measurements. The IPNs studied
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Table XII. Comparison of Dynamic Mechanical Spectroscopy Results

for IPN Elastomers

Sample Temp. (°C) at Temp. Range Area Under

Number System tan & max  tan & max (°c) Curve tan 6

10 60:40 PU:E + 50% 1.65 -7 —40-4° —
Santicizer 160

11 60:40 PU:E + 10% 1.20 8 —26-34° —
Stanflux

12 60:40 PU:E + 20% 0.93 16 —40-64° 50.73
Stanflux

13 60:40 PU:E + 10% 0.72 40 —40-60° —
Sundex

14 50:50 PU:E + 30% 0.80 24-28 -12-60° 34.25
Benzoflex

15 50:50 PU:E + 20% 0.90 12 —28—44 31.10
Santicizer-160

16 40:60 PUE + 30% 1.20 20 —39-56 42.71
Benzoflex

17 40:60 PUE + 20% 1.34 20 —12-71 48.03

Santicizer-160

* Actual temperature range is greater than the specified by +20—40 °C.

Table XIII. Comparison of Dynamic Mechanical Spectroscopy Results

for IPN Elastomers

Sample Temp. ( °C) at Temp. Range®

Number System tan & max tan & max (°c)

18 50:20:30 0.75 60° —32-80
PU:E:UPE

19 50:25:25 0.81 8b —36-68
PU:E:UPE

20 40:20:40 0.72 52—68 —32-100
PU:E:UPE

21 40:10:50 1.02 68—100 —32-120
PU:E:UPE

¢ Beyond instrument range.
tan 8 never returned to its pretransition value. Samples became too soft to continue measure-
ments.

were PU-PVC SIPN elastomers, PU-PVE hybrid IPN foams, and
PU-E-PVE IPN foams and elastomers.

Enhanced mechanical energy absorption was shown to result when the
IPNs possess a microheterogeneous morphology. Viscoelastic foams that
possess broad glass-transition temperatures centered around use temperature
do not, however, necessarily absorb or attenuate airborne sound more effec-
tively than nonviscoelastic foams. Cell morphology (geometry, size, orienta-
tion) can affect the sound-absorbing properties at least as much as polymer
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Table XIV. Formulations of Polyurethane and IPN Foams
Designation 1 2 3 4 5 6 7 8 9 10

Isonate 143L. 25 25 75 174 214 214 25 175 24 24
Niax 31-28 100 100 60 50 50 50 100 60 50 50

Water 1.05 1.05 077 0.76 095 095 105 0.77 0.90 0.90
1,4-BD — — — — — — — — 112 112
A-1 006 006 006 006 0.06 006 006 006 006 0.06
T-12 0.02 002 002 0.02 0.02 0.02 0.02 002 002 0.02
DC-193 05 05 01 01 05 05 05 01 02 02
L-540 05 05 03 03 05 05 05 03 03 03
DER 330 — — 86 292 482 482 — 86 325 325
XU-213 — — 025 040 072 072 — 025 049 049
DMP-30 — — 012 022 036 036 — 012 024 0.24

Freon11A 15 15 20 20 20 20 20 20 2 26

Plasticizer - - - = = = — 174 2% 92c
Filler —  25¢ - —  —  94° 125¢ — - —
PU:epoxy 100:0 100:0 90:10 70:30 60:40 60:40 100:0 90:10 70:30 70:30
Filler (%) — 20 - -  — 20 10 — — —
Plasticizer (%) — — — — — — — 20 20 20

Nortg: All values (except ratios and percents where indicated) are in grams.
a Santicizer 160.

® Santicizer 148.

¢ Graphite.

¢ Rubber powder.

Table XV. Polyurethane and Polyurethane-Epoxy IPN Foam Properties

Formulation Stress
and PU: Tensile at 50%
Epoxy Hysteresis  Density ~Rebound  Strength  Elongation ~Compression
Ratio (%) (kg/m?) (%) (kPa) (%) (kPa)
1 100:0 28 54.5 35 158 120 15
2 100:0
+20 graphite 31 68.9 32 138 107 16
3 90:10 39 38.4 20 140 100 21
4 70:30 47 41.7 8 114 130 13
5 60:40 73 49.7 8 89 150 15
6 60:40
+20 graphite 69 64.1 6 58 95 12
7 100:0
+10 RP* 35 68.9 39 207 124 15
8 90:10
+20 $160” 27 51.3 18 50 90 10
9 70:30
+20 S148° 30 46.5 3 37 116 17
10 70:30
+20 S160° 37 59.3 6 75 116 10
“ Rubber powder.

Santicizer 160.
¢ Santicizer 148.
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Figure 22. Total change in relative sound absorption from 100:0 to 60:40
PU:epoxy ratio.

density or foam thickness as further evidenced by comparison with previous
studies on polyimide foams.

Fillers may have positive or negative effects on sound absorption proper-
ties of polymeric foams. Fillers that did not alter the polymer morphology
contributed to the improved sound attenuation due to scattering and mode
conversion.

Outlook

Research in damping technology utilizing IPNs will continue to receive
attention from both academia and industry. Currently, vibration-damping
relationships are well understood for both the viscoelastic materials and their
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composites. The relationships for acoustic absorption are less understood
from a practical aspect. The effects of morphology, chemical structure,
macroscopic structure such as voids, and their effects on sound absorption by
foams require more research. New materials will capitalize on IPN formation
to control the morphology and optimize damping and absorption for specific
applications.

Attempts should be made to separate the contributions of sound attenua-
tion in cellular materials into scattering, mode conversion, redirection, and
absorption. Also, the ability to predict the required sound pressure level at
which to transfer energy into the viscoelastic material would be beneficial in

solving this problem.
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Thermodynamics and Kinetics
of Phase Separation

L. A. Utracki

National Research Council of Canada, Industrial Materials Institute,
75 de Mortagne, Boucherville, Quebec, Canada J4B 6Y4

The morphology of multiphase polymeric systems, polymer alloys,
blends, and interpenetrating polymer networks depends on kinetics of
polymerization and cross-linking (in reactive systems), composition,
degree of polymerization and branching, miscibility (defined in terms
of equilibrium thermodynamics), dynamics of phase separation, and
flow conditions. In this review, the latter three aspects are briefly
discussed.

POLYMER BLENDS are defined as mixtures of high molecular weight ingredi-
ents, polymers, copolymers, or elastomers (I). Dependent on Gibbs free
energy of mixing, AG,, polymer blends are either miscible, AG, <0, or
immiscible, AG,, > 0. A polymer alloy is an immiscible polymer blend that
has a modified interface and morphology. The process of modification is
known as compatibilization. Most polymer alloys and blends (PAB) are
prepared by mechanical mixing or compounding. With increasing frequency,
compatibilization is achieved through the reactive process. The morphology
of PAB depends on the concentration and chemical nature of the ingredients,
as well as on the compatibilization and compounding methods. Both dis-
persed and co-continuous structures with phase dimensions varying from 0.1
to 10 pm have been prepared (2-5).

Interpenetrating polymer networks (IPNs) are defined as materials that
contain two or more polymers in network form, each chemically cross-linked
(6, 7). The thickness of the network strand usually varies from 10 to 1000
nm. IPNs are prepared as either sequential, simultaneous (SIN), or latex
type. In the sequential case, the first cross-linked polymer is swollen by

0065—2393/94/0239—0077$12.75/0
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monomer of the second polymer, which is then polymerized and cross-linked.
Depending on the kinetics and extent of swelling, as well as on the rate of
subsequent polymerization, cross-linking, and phase separation, IPNs with
different structure and properties can be generated. By contrast, SINs are
prepared by simultaneous polymerization of a mixture of two monomers. Like
the case of sequential IPN, here also the morphology and properties depend
on the component miscibility, as well as relative kinetics of polymerization,
cross-linking and phase separation. Latex IPNs are made by emulsion poly-
merization and the IPN structure is limited to each latex particle.

IPNs have been used as (i) impact resistant polymers, (ii) reinforced
elastomers, (iii) sound and vibration damping materials, (iv) rubber blends,
(v) electrical insulators, (vi) diffusion-selective compositions, (vii) coatings,
and (viii) ion exchangers (6). The advantageous properties of IPNs originate
from co-continuity and excellent compatibilization (obtained by co-reactions)
that result in fine dispersions. Often the IPNs do not possess co-continuity of
networks (required by the cited definition); rather, one phase forms fine
droplets dispersed in another phase, and the diameters range from d = 10 to
100 nm. However, because the system has been prepared via the standard
methods of IPN preparation, it is labeled as such (8-10).

Thus, there are two classes of multiphase polymeric mixtures, PABs and
IPNs, that very much resemble each other. Historically, the principal differ-
ence has been the method of preparation (mechanical blending for PAB
versus polymerization and cross-linking for IPN) and the resultant difference
in dispersion (PAB with d < 100 nm is difficult to prepare). Today, however,
there is more and more chemistry involved in PAB preparation (for compati-
bilization as well as for stabilization of morphology, e.g., by low degree of
cross-linking). Furthermore, owing to environmental concerns, there is in-
creased pressure to make IPNs recyclable (i.e., to reduce the density of
chemical cross-links). This concern led to recognition of a new class of
polymeric mixtures: the thermoplastic IPNs.

A thermoplastic IPN is a material that contains two or more physically
cross-linked polymers, each in network form. Here the cross-links originate in
crystals, ion clusters, hard blocks of block copolymer, and so forth. Thus, for
example, blends of (i) polyethylene (PE) or polypropylene (PP) with ethyl-
ene—propylene rubber (EPR of EPDM), (ii) PP with polyamide-66 (PA-66),
(iii) maleated styrene—butadiene—styrene (SBS) or poly(styrene-stat-sodium
methacrylate) copolymer with PA-66, (iv) “molecular composites” (blends of
rigid macromolecules in a thermoplastic matrix) prepared through dissolution
of rigid-rod polymer in monomer of a second polymer and then polymeriza-
tion (5, 6), can all be labeled as either PAB or thermoplastic IPN. In
principle, both phases of IPN should be in a network form; that is, they
should be co-continuous. However, in view of the previously discussed case of
IPNs, this criterion is not sine qua non. Finally, there are semi-IPNs that
have one chemically cross-linked polymer and the other polymer remains
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linear. A blend of PA-cross-linked poly(phenylene ether) (PPE) can serve as
an example.

Thus, the IPN nomenclature covers a whole spectrum of materials from
the original thermoset IPN to physical mixtures of thermoplastic resins that
are traditionally classified as polymer blends or alloys. The clear distinction
between PAB and IPN is becoming increasingly fuzzy. A brief summary of
the definitions is given in Table I. In principle, IPNs should be considered a
special class of polymer alloys that is characterized by fine dispersion and
co-continuity of phases.

Both PAB and IPN are subject to the same physical laws. Park et al. (11)
observed that in SIN the degree of dispersion depends on such factors as
composition, polymer—polymer miscibility, relative rates of polymerization
and of cross-linking, the degree of cross-linking and polymerization at the
time of gelation, and, finally, the kinetics of phase separation.

On the basis of the equilibrium thermodynamics, Donatelli et al. (8, 9)
developed relations that allow for calculation of the dispersed phase diameter
in sequential IPNs:

d, = 4v12¢2/RTx1¢1(2¢f2/3 - 1) (1)

where vy, is the interfacial tension coefficient, ¢; = 1 — ¢, is the volume
fraction of the matrix phase with the cross-link density equal to x,, R is the
gas constant, and ¢, is the volume fraction of the dispersed phase. An
example of the predictive capability of eq 1 is shown in Figure 1 (12, 13).
Equation 1 was later generalized by Yeo et al. (12) to describe the drop
formation in any IPN system.

Table I. Summary of Blend and IPN Definitions

Phases
Material Definitions TS TP  Continuity
Polymer blend A mixture of polymers or copolymers ~ * ®  Not required
Polymer alloy A compatibilized or modified blend ¢ ®  Not required

IPN (and SIN) A mixture of finely dispersed, Yes No Required
chemically cross-linked polymers
in network form

Thermoplastic A mixture of physically cross-linked No Yes Required

IPN polymers in network form

Semi-IPN A mixture of at least two polymers in
network form, where only one
polymer is chemically cross-linked;

the other is linear

b b Required

¢ The polymer (or copolymer) may have either thermoset (TS) or thermoplastic (TP) character.
b One phase is TS; the other is TP.
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Figure 1. Measured vs. calculated diameters of dispersed drops in IPNs;

poly(cross- (n-butyl acrylate))-inter-poly(cross-styrene) (PnBA/PS) (12), sty-

rene—butadiene rubber—polystyrene (SBR /PS) (12), and castor oil—polystyrene
(C-0il /PS) (13).

To interpret PAB glass-transition temperature, T,, Utracki and Jukes
(14) proposed the relation

by In(T,/Ty,) + kdy In(T,/Ty,) = 0 (2)

where k is a measure of the degree of dispersion (or miscibility) that is
usually determined by computer fit to the experimental data. Because assign-
ment of index 1 and 2 is arbitrary, from the symmetry principle for k # 1,
two branches of the dependence are expected: one branch corresponds to k
and the other branch corresponds to 1/k.

Equation 2 is expected to be applicable to IPNs. In Figure 2 the Yenwo
et al. (13) data for compositional variation of a castor oil-polystyrene IPN are
presented. Judging by the two well-separated values of T, in the mid-com-
position range, the system is immiscible. The two broken fines (one for eq 2
parameter k = 0.133 and the other symmetrical for 1/k) were computed
from eq 2. The relation 2, derived for T, versus composition dependence in
polymer blends, describes this dependence in IPNs quite well.

Assuming that the effect of chemical cross-linking on T, is small, the
following relation was proposed (6):

Tg/TgO =1+ Ad)c/(l - d)c) (3)

where A = 1-1.2 is a dimensionless parameter of the equation and ¢, is the
volume fraction of cross-linked monomer units.



Published on May 5, 1994 on http://pubs.acs.org | doi: 10.1021/ba-1994-0239.ch003

3. Urtrackl Thermodynamics and Kinetics of Phase Separation 81

_______ .. T T T
—. Be-ep .

360} Tt .
9 [\ _
~— ] \

o ) \
F 200l N C-OIL/PS N
'\ k = 0.133 \
- ‘\ \‘ -

280} 3

.2 '.

240 1 | | LT T

0 20 40 60 80 100

C-0il (wt%)

Figure 2. Composition dependence of the glass-transition temperature of castor
oil—polystyrene IPN. Points are experimental (13); the lines are computed from
eq 2.

In the following text the equilibrium thermodynamics and the dynamics
of phase separation will be discussed. The aim is to indicate their implications
as far as morphology of PAB and IPN is concerned. The influence of flow will
also be mentioned.

Equilibrium Thermodynamics

Conditions for Phase Separation. In a closed, single-phase sys-
tem contained in volume, V, with n; moles of ith species at temperature, T,
and pressure, P, the infinitesimal change of the Gibbs free energy is given by:

dG=VdP —SdT + Y p;dn;  p;, = (8G/9n,)|p 1, 4

where S is the system entropy and p; is the chemical potential of specimen i.
The equilibrium thermodynamics allows one to predict phase separation (15)
on the basis of excess functions, AF =F — F,, for F=G,H,S,n,,...,
where F and F, are intrinsic functions in the mixture and pure state,
respectively (H is the enthalpy).

As shown in Figure 3, there are three regions of miscibility:

1. Single-phase, miscible region on the outside of the binodal.
2. Metastable phase region, between the binodal and spinodal.
3. Phase-separated (or spinodal) region enclosed by the spinodal.
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Figure 3. Construction of phase diagram for two-component systems. Upper
part: Gibbs free energy of mixing vs. composition at constant temperature and
pressure; T =T,, P =P,. The intercept of the tangential line provides a
measure of the chemical potential. Lower part: Phase diagram at constant
pressure, P =P;; that is, a plot of the phase separation temperature vs.
composition. Solid (bmodal b) and dotted (spmodal 39 lines represent collections
of b points and s points, respectively. UCST stands for upper critical solution
temperature. Symbols b', b", ¢/, and " indicate, respectively, the binodal and
spinodal points at temperature T;.

All three regions meet at the critical point, either lower critical solution
temperature (LCST) or upper critical solution temperature (UCST). At the
binodal point the chemical potential of each specimen i has the same value in
both phases, \; = W (here the superscripts prime and double prime indicate
the two phases at equilibrium). At the spinodal and at the critical point,
respectively, the second and the third derivative of AG,, (with respect to
concentration) must be equal to zero. Furthermore, for the phase to be
located in the stable region, the fourth derivative must be positive:
(0*AG,,/343)p 1 > 0.

To compute the phase diagram requires knowledge of how AG,, varies
with independent variables, P, T, composition, molecular weight, and poly-

dispersity.
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Huggins-Flory Theory of Miscibility. In 1941 the following
equation was published independently by Huggins (16) and by Flory (17):

AG,/RTV = L(o;lnd))/V,  +  xybidy (5)
configurational heat of mixing,
entropy, AS ¢ AH,

where

Xij = 2 Aw;; 1y /kgTV,

and V is the total volume of the system, V; and &, are, respectively, the
molar volume and volume fraction of specimen i, X;; is the thermodynamic
binary interaction parameter, z is the lattice coordination number, Aw,, is
the energy change due to formation of 1-2 interaction pairs, r, is the site
fraction of specimen 1 (r; = V,/V), and kj is the Boltzmann constant.

In eq 5 the first term represents the athermal (configurational or,
according to present terminology, conformational) entropy of mixing, whereas
the second (originating from the “zeroth approximation” heat of mixing) is
directly related to the van Laar—Hildebrand enthalpy of mixing in the theory
of regular solutions:

AH, = Véiby(8, — 8;)" = 0 (6)

where 3, represents the Hildebrand solubility parameter.

Application of the aforementioned critical conditions to eq 5 (i.e., take
second and third derivatives of AG, with respect to concentration and
equate the result to zero) allows the critical values of the solubility parameter
to be expressed as

_ _ 2
X12,c = (rl Y2+ Ty 1/2) /2 (7)

where r) and r, are proportional to degrees of polymerization of components
1 and 2, respectively. Thus:

For mixtures of low molecular weight liquids, (r; ~r, ~ 1),
Xiz,c = 2.
For polymer solutions (r, ~ 1, ry = ®), X}, . = 1/2.

For mixtures of polymers (r; ~ ry = ®), x;, . = 0.

Two comments should be made regarding the applicability of eq 5 to
polymer mixtures:

1. Because in the first term |, In ¢,/ < 1 and polymer molar
volume V; > 1000, AS, . is negligibly small for polymer
blends.
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2. Equation 6 specifies that enthalpy of mixing is never negative,
AH_ > 0, but because AS, ;= 0, then eq 5 predicts that all
polymer blends are immiscible.

However, there are at least 400 miscible polymer blends (1). Evidently the
assumptions on which the Huggins—Flory equation is based are not adequate
for these systems and another approach must be taken.

Newer Theories. During the intervening 50 years a number of
modifications to the Huggins—Flory equation as well as several new theories
have been proposed (I). The modifications attempted to include the free
volume and specific interaction effects. The contribution of these to the total
binary interaction parameter is schematically shown in Figure 4 (I18). The
newer theories include surface interactions (19), continuous thermodynamics
(20), and strong interactions (21). For more detailed discussion of this topic,
see reference 1.

T T
Figure 4. Schematic of binary interaction parameter vs. temperature dependence
that shows contributions from (1) dispersion forces, (2) free volume, and (3)
specific interactions. Solid lines represent the total effect. Dotted line x,
indicates critical value of the interaction parameter. The graph on the left is
usually found for solutions, whereas the graph on the right is found for polymer

blends. (Reproduced from reference 18. Copyright 1978 American Chemical
Society.)

-
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Two approaches have been particularly successful for polymer mixtures.

Koningsveld. Because AS_  is negligibly small, from eq 5 (22, 23),

con
1

2
AG,/RTV = Xij¢i¢] where Xij = Y| X aijTj
i=0|j=-1

b5 (8)

(a;; are empirical parameters). Note that in eq 8 the Huggins—Flory assump-
tion that the thermodynamic binary interaction parameter X originates exclu-
sively from the enthalpic effects has been relaxed. In the Koningsveld
formalism ¥ is considered an empirical function of composition and tempera-
ture (and pressure) that represents both the entropic and enthalpic contribu-
tion to the free energy of mixing. Equation 8 can describe the isobaric phase
diagram provided that at least five empirical parameters a;; (two that
describe the temperature and three that describe the concentration depen-
dence) are known. An example of the x = x(T, ¢) dependence is presented
in Figure 5.

Nies and Stroeks. Nies and Stroeks (25, 26) modified the Simha—
Somcynsky equation of state to introduce two binary interaction parameters:
volumetric and energetic. The new theory reproduced the complicated
changes in the critical temperature, an accomplishment no other theory could
match. The phase behavior with UCST and LCST for a series of polystyrenes
with different molecular weight was theoretically predicted with accuracy of
+3 °C. Good agreement with experimental data was obtained down to the
fourth derivative of AG,, (see Figure 4 in reference 26).

Interactions. Neither the configurational entropy nor the dispersive
and free volume contributions can be used alone for interpretation of
polymer—polymer miscibility. To explain this behavior, the effects of specific

interactions and intramolecular repulsions must be considered.

Specific Interactions. Several types of specific interactions have been

identified (1):

1. m-hydrogen bonding, as in poly(phenylene ether)—polystyrene
(PPE-PS) blends.

2. Hydrogen bonding between viny]l =CH— and =CO ester
(or other polar) group, as in poly(vinyl methyl ether)
(PVME)-PS, or poly(vinyl chloride)-polycaprolactone
(PVC-PCL) blends.

3. Direct hydrogen bonding as in poly(hydroxy ether) of bisphe-
nol A (Phenoxy)—PCL, or in poly(ethylene oxide)—polyacrylic
acid (PEO—PAA) blends.
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Figure 5. An average interaction parameter, X, vs. temperature for indicated

volume fraction of PVME in its blends with PS. Dotted lines represent spinodal

conditions. (Reproduced with permission from reference 24. Copyright 1983
American Institute of Physics.)

4. Electron donor—acceptor complexes.

5. Tonic interactions between ions or between ions and dipoles.

Repulsive Interactions. Another source of miscibility is the presence
of strong repulsive interactions within the macromolecule. Interactions with
another polymer may reduce the internal stresses and thus be energetically
favorable. This idea is particularly useful to explain the window of miscibility
in homopolymer—copolymer blends (27, 28).

If the configurational entropy of polymer blends is vanishingly small,
then Huggins—Flory eq 5 can be written as

AG, /RT = AH,, = (V, + V3) Bd,by; Xa = BV,/RT (9)

where B is a redefined binary interaction parameter.
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The assumption that entropy is limited to configurational effects is very
strong indeed, and as Greenhill et al. (29) found, not always valid. In Figure
6a the enthalpy of mixing versus composition for a series of low molecular
weight analogs of poly(methyl methacrylate) (PMMA) or polystyrene (PS)
blends with acrylic esters is presented. Evidently, the mixture of the low
molecular weight analog of PS with that of poly(n-butylacrylate) (PnBA)
shows the most negative value of AH, ; that is, the negative value of the
binary interaction parameter. Thus, if the entropy is limited to configurational
entropy, AS, (conf) = 0, then the polymeric homologues of this system
should be miscible. However, as Figure 6b indicates, this is not the case.
Here, the dynamic mechanical loss tangent data indicate two, well-separated
(glass) transition temperatures—evidence of phase separation.

There is little doubt that in polymer blends the configurational entropy is
small, but other entropic effects remain. Thus, following the Koningsveld
postulate, one must relax the restrictive consequences of eq 6 and consider
the parameters X and B to have both enthalpic and entropic character.
Under these circumstances, treatment of polymer A as a copolymer of mers 1
and 2, and treatment of polymer B as made of mer 3 enables the free energy
of mixing to be written as

AG,/RT = (V, + Vz) 1 B;;d;b; — VsBo &1 ¢, (10)

i>j

where ¢, + ¢, = 1 represents composition of polymer A. From egs 9 and
10,

B = By3d, + Byydy — By, (11)

Thus, the larger the positive value of By, > 0 (i.e., the larger the repulsive
interactions within polymer A), the more negative is the overall interaction
parameter B, and the blend is more miscible. Ellis applied this concept to
mixtures of aliphatic and aromatic polyamides, PA; he treated the PAs as
copolymers of aliphatic, aromatic, and amide “mers.” A good description of
the miscibility of the blends was obtained (28).

In the preceding discussion of equilibrium thermodynamic properties of
polymer—polymer systems, linear macromolecules were implicitly assumed.
The listed relations can also be used for cross-linked systems, provided that
the interaction parameters are appropriately adjusted. Owing to reduction of
the entropic contribution to the free energy of mixing, AG,,, the cross-linking
decreases miscibility that results in an increase of the binary thermodynamic
interaction parameter: X(cross-linked) > x(linear). Thus, in general, the
cross-linked systems are less miscible, but at the same time less prone to
morphological changes, viz. phase separation or coarsening. Note that in the
foregoing reasoning it is implicitly assumed that cross-linking does not change
molecular conformation of the two polymeric components. This assumption is
valid for most systems.
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Figure 6. Experimental values of the excess heat of mixing vs. composition for

low molecular weight analogs of PS or PMMA blended with either polymeth-

acrylates or polyacrylates 51). Note that the system identified as PS—PnBA

shows the most negative heat of mixing (i.e., strong miscibility). Tensile loss

tangent vs. temperature for PS—PnBA semi-IPN (b). The two loss peaks indicate
immiscibility. Data from reference 29.
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Dynamics of Phase Separation

Although equilibrium thermodynamics describes the overall tendency for
the system to stay miscible or to phase separate, the dynamics allows for
determination of the rate of the process, interdiffusion coefficient, and binary
thermodynamic interaction parameter, as well as for prediction of the blend
structure. Dependent on the depth of quenching (i.e., the distance of the
temperature jump from the miscible to immiscible region), two types of
phase separation are distinguished: spinodal decomposition (SD) and nucle-
ation and growth (NG). The morphologies generated by these two mecha-
nisms are illustrated in Figure 7 (30). These mechanisms originate from quite
different, time-dependent concentration fluctuations and are presented
schematically in Figure 8 (I, 31).

Cahn-Hilliard Theory. In 1958, Cahn and Hilliard (32) proposed
an approximate, mean field theory of phase separation in metallic alloys that
allowed for calculation of the short time spinodal decomposition. Owing to
the large radius of gyration of polymer molecules, {rg ), and slow diffusion in
polymer blends, the theory was found to be particularly suitable to describe
these systems. The theory expresses time (¢) dependence of the virtual
structure function (determined by the time-dependent, spatial concentration
variation of one component in the mixture) as:

S(q) = Spexp{R(q)t};  R(q) = —Mq2[(9°G/a4?) + 2¢°x,] (12)

where M is the Onsager-type mobility factor and k, is the gradient energy
coefficient that arises from effects of localized composition fluctuation (.e.,
related to the interfacial effects). In scattering experiments, the wave vector,
g, can be expressed as a function of the wavelength, A, and the scattering
angle 0:

g = (4w/\)sin (08/2) =27/A (13)

where A is the wavelength of the concentration fluctuation (see Figure 7).
Furthermore, extrapolation of the rate of concentration fluctuation function,
R(q)/q*, to zero wave vector allows for determination of the mutual diffu-
sion (or interdiffusion) coefficient:

D = Dy = lim R(q)/q* = lim 2R(qn) /4 (14)

In eq 14 the second method of determination of apparent interdiffusion
coefficient, D,,, = Dy, is also indicated. Here q,, is the wave vector at
which the scattering intensity is at maximum (33). From eqs 12 and 14 it is
evident that D, changes sign at the spinodal: D,,, is positive on the
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outside, zero at the spinodal, and negative within the spinodal region.
Therefore, within the spinodal region the molecules diffuse uphill, from low
to high concentration. This is the mechanism responsible for the initial phase
coarsening,

From Dy one can calculate the binary interaction parameter x (31):

Dy = 24,4,(x, — X)(N,Dfb, + N, D3 ) (152)
Xs = (I/Nib, + 1/N;d,) /2 (15b)

In eq 15a, the symbol D} represents the “tracer” diffusion coefficient
(defined in terms of a single molecule of polymer 1 diffusing through
polymer 2). An example of the temperature dependence of x at different
concentrations was shown in Figure 5.

The “random phase approximation” (34) allows the parameter k to be
expressed in terms of the statistical segment length, b,, its molar volume, V,
and volume fraction in the mixture, &;:

k, = (RT/36) 1. b}/V,b, (16)

At the early stage of spinodal decomposition, when the system tempera-
ture, T, is near the spinodal temperature, T — T,, and the interfacial tension
factor Kk, is small, eq 12 predicts that (35):

R(q)/q*> = —M[D + 2¢°]
- R(q)/q* = D,[(T = T,)(8In x /9T )z, — q*r®> /36]  (17)

where D, is the self-diffusion coefficient—a measure of a single molecule
that diffuses in an identical matrix. Derivation of eq 17 assumed that the two
monodisperse polymers have the same degree of polymerization, Kuhn
statistical segment length, and self-diffusion coefficient. These assumptions
are equivalent to postulating validity of the mean-field Ising model.

To illustrate the experimental observations, the scattering pattern that
results from SD is shown in Figure 9. The data are usually recorded as
scattering intensity versus scattering angle (given by the radial position in
Figure 9) converted into the g wave vector. An example of such a plot is
shown in Figure 10.

Determination of the Structure Factor. There is a simple corre-
lation between the virtual structure function, S(g, t), and the scattering
intensity, I(q, ¢):

I(g,t) =1, + KS?(q,t)
I(q,t) = (KS, + Ib) + K(SO - S,) exp{QR(q)t}
I(q.t) = L, + (I, + L) exp{2R(q) 1} (18)
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Figure 9. Observed scattering pattern that results from phase separation of a
polybutadiene—polystyrene blend by the SD mechanism. Note that in SD the
maximum scattering angle is always greater than zero.

where I, is the background scattering, K is constant, and S, and S, are,
respectively, the structure factor at time ¢t = 0 and at equilibrium. To extract
the concentration fluctuation function R(q), eq 18 suggests a semilogarithmic
plot In [I(g, t) — L.] versus ¢, such as presented in Figure 11 (35).

An alternative relation was proposed by Sato and Han (36):

{t/(1(q.t) = L)}""* = A[1 = R(q)t/3 + -]
A=1/[2(1, — LYR(¢q)]"” (19)

The authors noted that eq 19 provides better precision in determination of
R(q, t) than the customarily used method of plotting In I(g, ¢) versus t. As
evident from Figure 12 the PS-PVME isothermal data follow the proposed
dependence quite well (36).

Spinodal Decomposition. The interpretation of spinodal decompo-
sition is based on eq 17. Thus, a plot of R(q)/q® versus g should result in a
linear dependence. Such a dependence is shown in Figure 13 (37). On the
other hand, near the spinodal temperature, T, (where k is negligibly small),
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Figure 10. Variation of light scattering intensity during phase separation in a

polybutadiene—polystyrene blend by the spinodal decomposition (SD)

mechanism, as observed by the time-resolved light scattering photometer.

Variation of light scattering during early stage, t > 80 min (b) and variation of

scattering profiles at later stages (a). (Reproduced with permission from reference
33. Copyright 1987 Carl Hanser Verlag.)

the data at small wave vectors should be free of the g* term. In this case, a
plot of R(q) versus g* should result in a linear dependence that starts at the
origin of the axes as illustrated in Figure 14 (36).

Figure 15 indicates that the Cahn—Hilliard theory can describe SD in
both (mixing and demixing) directions. Furthermore, the mutual diffusion
coefficient indicates that the temperature dependence of the process is
continuous across the spinodal (36).

As shown in Figures 9 and 10, within the SD region the scattering
intensity versus g vector goes through a local maximum at q = q,. It has
been observed that:

1/q, =1+ 0.05(tD/¢?) (20)
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Figure 11. Variation of the scattering intensity with time at early stage of SD
phase separation in polybutadiene—polystyrene blend. (Reproduced with
permission from reference 33. Copyright 1987 Carl Hanser Verlag.)

where { is the concentration correlation length (38). The dependence was
found to be universally valid for binary liquids, inorganic glasses, metal alloys,
and polymer blends. A more recent observation indicates that the universality
may be limited to non-entangling systems (39).

During the SD phase separation, the concentration fluctuation can be
expressed as:

(6 - &) =5%(q,1) =1(q.t) (21)

where ¢ and & are, respectively, the volume fraction of one polymer in the
phase-separated phase and its average value. From eqs 12 and 21 the rate of
concentration variation can be expressed as

dd/at = 8S(q) /ot = 25(q)[R(q) + (3R(q)/3t)t]  (22)

Because at the early stage of SD, the function R(q) varies linearly with depth
of quenching, T — T;, the rate is also expected to follow this dependence. An
example of cited data (40) is presented in Figure 16.
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Figure 12. Light scattering intensity vs. time for a deuterated

polystyrene—poly?vinyl methyl ether) blend (PSD—PVME) plotted according to

eq 19. For clarity each data set but the first was vertically displaced. (Reproduced

with permission from reference 36. Copyright 1988 American Institute of
Physics.g
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Figure 13. Plot of R(g)/q® vs. q® for early stage demixing in styrene—
butadiene—styrene three-block copolymer blended with polybutadiene at the
indicated temperatures. The apparent mutual diffusion coefficient, D,,,, is
given by the intercept of the straight lines with the y axis. (Reproduced with
permission from reference 37. Copyright 1985 American Institute of Physics.)

Nucleation and Growth. Numerical simulation of the phase separa-
tion by Petschek and Metiu (30) led to the correct prediction of SD and NG.
The change of the mechanism followed from the assumed changes of the
initial and final temperature and concentration. Thus, the same physical laws
control both mechanisms of phase separation.

The off-critical shallow quenching into the metastable region results in
phase separation by the NG mechanism. In contrast to SD, in NG (owing to
irregularity of structure) the dependence of scattering intensity versus g does
not go through a local maximum (for SD shown in Figures 9 and 10), but
rather monotonically decreases with g. Furthermore, as evident from data in
Figure 17, the time dependencies of I(g = constant) versus ¢ for SD and
NG regions are quite different: in the SD region, the dependence is
exponential; in the NG region the dependence is a power-law type (33).

The Cahn—Hilliard theory provides a good description of SD for polymer
blends, especially within the linear range of small ¢ and ¢t. However, eq 12
overemphasizes the difference in the mechanism of phase separation at the
spinodal point; for 8°G/3¢* < 0 (i.e., within the SD region) the system
spontaneously decomposes, whereas for 3G /dd*> > 0 (NG region) the sys-
tem will not phase separate. To describe the phase separation by the NG
mechanism another approach must be found.
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Figure 14. R(q) vs. q° for deuterated polystyrene—poly(vinyl methyl ether)

blend (PSD-PVME) at the indicated temperatures. The upper part is quenched

from 80 °C; the lower part is reverse-quenched from 149.9 °C. Note the negative

slopes of the dependence for data within the spinodal region, T > T, = 151.2

°C, which indicates uphill diffusion. (Reproduced with permission from reference
36. Copyright 1988 American Institute of Physics.)

Such an approach was recently used by Matsuda (41), who assumed that
the activation energy of the formation of critical nuclei has contributions from
the free energy of mixing as well as from the interfacial energy:

AE, = (4/3) AG,, wry + 4mriv = (16m/3)v> AG2 (23)
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151.2 °C) = 0. Note that the interdiffusion coefficient within the spinodal region

is negative. (Reproduced with permission from reference 36. Copyright 1988
American Institute of Physics.)

where ry is the critical radius of the nucleus and v is the interfacial tension
coefficient. If the nucleation process follows a simple exponential rule,

dN/dt = ky exp{ —AE,x/kgT} (24)
and the growth rate of nuclei depends on the concentration gradient,

ab/dt = DV (25)
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Figure 16. Initial rates of SD for polystyrene—poly(vinyl methyl ether) blends
(PS-PVME). (Reproduced from reference 40. Copyright 1991 American
Chemical Society.)

then the rate of growth of the drop radius can be expressed as:

ary/ot = (1/8¢r%) [ [ad(r, 1) /8t] & dry (26)

TNO

For the PS—cyclohexane system, ry was found to vary with polymer concen-
tration from 0.5 to 9000 wm. The rate of the relative growth of the reduced
drop radius, 7 = r/ry (llustrated in Figure 18) depends on the concentra-
tion as well as on the volume ratio of the two phases (41).

Coarsening. The later stages of phase separation are complicated by
breakdown of the SD structures and growth of drops, known as coarsening.
Siggia (42) distinguished three regions of phase coarsening:

1. Early stage, d, < d < 5d,, that obeys the Ostwald ripening
mechanism, d o t'/3.

2. The flow stage, kpT/v < d*® < v/g Ap, where d a't
(Tomotika’s mechanism).

3. Gravitational or divergent.

The initial diameter of the segregated region, d,, depends on the depth of
quenching. For PS~=PVME at 94-82 °C, Voigt-Martin et al. (43) calculated
dy = 2-9 nm.
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Figure 17. Time dependence of the scattering intensity for

polybutadiene—polystyrene blends at the wave vector q = 2750 nm ™! for SD

(filled circles) and for NG (open circles). (Reproduced with permission from
reference 33. Copyright 1987 Carl Hanser Verlag.)

The Ostwald ripening process is enhanced by imposition of flow (44):
(d/dy)" =1+ Kt wheren = 3-3/2 (27)

Flow also broadens the particle size distribution.

The coarsening is observed directly in the scattering intensity versus
wave vector plot. When the coordinates for maximum intensity are defined as
I, = I(g,,, t), then the time dependence of I, and g, is expected to follow
the “power law” relations:

I,=tP q,=t" withp>3n (28)

Under special circumstances the coarsening process progresses only to a
certain stage and then the structure is “pinned”. This process is illustrated in
Figure 19 for three concentrations of a poly(styrene-stat-butadiene) blend
with polyisoprene; SBR:PI = 1:4, 3:7 and 1:1 (45). Because q,, = 2mw/A , as
the composition approaches a 1:1 ratio, the pinning occurs at longer coarsen-
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Figure 18. Time dependence of the average drop size; at different polymer
volume fraction, ¢,, (a) and at different ratio of the two-phase volume, R (b).
Reproduced with permission from reference 41. Copyright 1991.)

ing times and at more advanced stages. The pinning originates in the
transition from dynamic percolation to cluster formations, when the thermo-
dynamic freezes the molecular diffusion, caused by a high kinetic barrier
(proportional to x NRT) (45).

Rheological Considerations

The main task in the manufacture of high-performance multiphase polymeric
systems (blends, alloys, IPNs, composites, or filled polymers) is control of
morphology. For different applications, different morphologies are required.
For example, a blend for containers with high gas or liquid barrier properties
should have a layered morphology; to toughen engineering resins, a fine
dispersion of drops is desired. However, in most cases for the preparation of a
multicomponent system it is desirable to generate material with high modulus
and high maximum strain at break. There criteria can be accomplished by
securing a co-continuous structure. Phase co-continuity may be generated by
chemical (IPN), thermodynamic (SD), or rheological (phase inversion) means.
As an example, the temperature dependence of the storage modulus for
homopolymers and two blends with different structures is presented in
Figure 20 (46).
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Figure 19. Time dependence of q,, for the critical (50:50) and off-critical
SBR-PI mixtures at 60 °C. t, is the time of pinning. (Reproduced with
permissin from reference 45. Copyright 1989.)

In the context of this review two aspects of rheology must be considered:
(1) the interrelation between rheology and thermodynamics and (2) the
interrelation between rheology and morphology. The first relationship con-
tains two elements: the effect of the phase separation on rheology and the
effect of flow on phase separation. Furthermore, there are two aspects of the
interrelation between morphology and flow: the phase inversion and the flow
imposed structures.

From the point of view of blend morphology, the flow should be
evaluated for the presence of vorticity, type of strain, and homogeneity of
stress field. For example, small strain dynamic flow in a cone-and-plate
geometry engenders the least amount of structure modification. By contrast,
steady-state extensional flow leads to the most extensive modification of blend
structure. Different types of flow are summarized in Table II.

Influence of Thermodynamics on Rheology. For linear vis-
coelastic functions near phase separation, Larson and Fredrikson derived
(47) the equations

G'(0) = @A/ gy =y = AT (299)

G"(0) = ®A™%/2; n(y) = A73/2 (29b)
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Figure 20. Storage shear modulus vs. temperature for hydrogenated styrene—

butadiene—styrene three-block copolymer (SEBS), polycarbonate, (PC), and

their blend SEBS:PC = 70:30 wt%. The blend marked “DISPERSION” contains

PC as a dispersed phase, whereas in the blend marked “IPN”, both phases are

co-continuous (thermoplastic IPN). (Reproduced with permission from reference
46. Copyright 1984 Huethig (Heidelberg)).

Table II. Classification of Flow Type

Stress
Flow Vorticity Strain Homogeneity
Shear
Steady state Yes Large } Only for cone
Dynamic Yes Small and plate
geometry
Extensional
Steady state No Large Yes
Dynamic No Small Yes

where A = 2[(xN), — (xN)] is a measure of thermodynamic distance from
the spinodal. The theory indicates that at the spinodal the linear viscoelastic
functions go to infinity; in other words, the system becomes rheologically
nonlinear (47). Numerically, near the spinodal, the theory predicts that the
ratio Y, /§; = —1.35, instead of the usual ¥, /Y, = —0.05 to —0.20. Equa-
tion 29 is valid at low strains; for large strains (such as those encountered in
steady-state shear or extensional flow) the basic assumption loses its validity;
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the system becomes perturbed and eq 29 overestimates the effects. As the
authors noted, their theory predicts stronger influence of thermodynamic
criticality than the earlier mean field theories for small molecule mixtures.

All the data for diverse liquid systems indicate that when phase separa-
tion is approached, the viscosity should increase with the correlation length;
viz. Figure 21 (48). Both the rate of the increase and the absolute magnitude
vary from one system to another. The effect depends on the deformation rate
and is more pronounced in high molecular weight systems.

Influence of Rheology on Thermodynamics. In a sense, the
situation discussed in this section is a mirror image of the situation treated in
the preceding one. Previously the question was “How does approach to the
critical conditions affect the flow properties of miscible blends?” Now the
question is “How does shearing the phase-separated liquids affect the critical
conditions?”

The response of heterogeneous systems to a stress field allows them to be
placed in two categories: (i) those in which stress induces irreversible changes
(e.g., precipitation, denaturation of protein, crystallization, etc.) and (ii) those
in which the changes are reversible. The classification is not perfect because
the type and magnitude of the stress field can be crucial, but it does provide a
guide: In most cases, miscibility in the first type of system is reduced by
stress, whereas miscibility in the second is increased. In other words, if a
system can be irreversibly modified by rheological means, its solubility will be
reduced. Prediction of which one of the reversible systems will show en-

a, '
16 » Series - |.
o Series - Il
~-= Calculated _|
for Series - I.

1.2~ -

Figure 21. The temperature gradient of
viscosity, a;, vs. composition for miscible
(triangles) and immiscible (circles) blends
of polyet};ylenes. The broken line is theo-
retical. (Reproduced with permission
0 02 04 06 08 1.0 from reference 48. Copyright 1987 Soci-
2 ety of Plastics Engineers.
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hanced and which will show reduced miscibility is more difficult; for example,
a solution of polystyrene in tert-butyl acetate belongs to the first category,
whereas the same solution in dioctyl phthalate belongs to the second category
(D).

Strain compatibilization at low, steady-state stress was considered by
Lyngaae-J@rgensen (49), from whose work a relation between shear stress, o,
and its effect on the spinodal was derived (1):

o2 =a,T(T, — T); T<T, (30)

where a, is a material parameter. An example of the experimental values of
strains required to increase T, by AT, = 3-12 °C and those calculated from
eq 30 are presented in Table III. Thus, in this case the flow enhanced the
blend miscibility. For systems with LCST the spinodal point is shifted to
higher temperature. Values of a, = 0.26 and 0.53 (kPa/K)* were calculated
for block copolymers and poly(styrene-co-acrylonitrile)—poly(methyl
methacrylate) blends, respectively. This result may indicate that the homoge-
nization mechanism is similar for block polymers and blends.

Owing to the deformability of droplets, emulsions as well as polymer
blends are elastic. The stored elastic energy may be responsible for drops
bursting and the resulting homogenization. Following this idea Mazich (50)
studied the effects of shear on spinodal temperature variation in PS-PVME
blends at constant storage modulus, G'(w) = 400-780 Pa (50). Mazich’s
results are summarized in Figure 22. The effect amounts to an increase of the
miscible region by T,y — T, = 1 to 7 °C (T,y, is the T, value at constant
normal stress, N, = 2G").

The homogenizing effect of flow is not limited to shear. In a planar
extensional flow at € = 0.013-26 s™' the phase-separated PS-PVME was
homogenized at temperatures 3-6 °C above T,. The critical parameter of
homogenization was found to be the strain: €, = ét, = 44 + 14, where ¢t is
the critical time to achieve miscibility at various ¢, T, and €. The constancy
of €, indicates that the main mechanism of flow-induced miscibility is related

Table IIL Planar Flow Strain Effect on Spinodal

Temperature
Strain, €

Calculated AT,

Experimental from eq 30 (°c)
32+ 7 30 3
63 + 4 61 6
88 + 3 104 9
174 + 4 161 12

SOURCE: Reproduced with permission from reference 51. Copyright
1986 Springer-Verlag New York, Inc.
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Figure 22. Phase diagrams (for three PVME—-PS blends) determined under
equilibrium (solid lines) and during dynamic shearing (50).

to deformation; after cessation of flow, the deformation dissipates and the
homogenized blend phase separates within 20~70 s (51).

By contrast, large stresses can cause demixing in colloidal (e.g., denatura-
tion of proteins) and polymeric systems. In polymeric systems, precipitation
from poor solvent solution, shear crystallization, and stress-related phase
separation are known. For example, PS-PVME under planar stresses at
0}, < 10 MPa shows the previously discussed strain compatibilization (see
Table III), whereas at o;, > 30 MPa it exhibits stress demixing (51). The
stress demixing seems to be related to stress-induced extension of macro-
molecular coils that leads to negative entropy of mixing.

The blend morphology depends primarily on the viscosity ratio, X, and
the capillarity number, «:

A=m/m, and k=do/v), (31)

where m, and m, represent the viscosity of the dispersed and matrix phases,
respectively, d is the drop diameter, o is the deforming stress, and v, the
interfacial tension coefficient (1).

In shear field the drops can be deformed only if A < 3.8 and k > 0.1.
For k > 4 the drops deform affinely with matrix into fibrillar structures,
which upon cessation of flow disintegrate (under the influence of the capillary
forces) into mini-drops. The diameter of these drops is about twice as large as
that of the initial fibers.

Three factors complicate this simple image:

1. The processes are kinetic and the time scale of the event
depends on the system properties.
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2. The theoretical description is valid only for infinitely diluted
Newtonian systems.

3. For concentrations of the dispersed phase that exceed 0.5
vol%, coalescence effects must be taken into account.

More detailed discussion of this topic can be found in references 1 and 52.

Phase Inversion. There are two expressions that predict the phase
inversion concentration from the viscosity ratio (1):

b1/ by =m/My =N or by =1/(1+N\) (32a)
bor = 1/[1 + NF(N)] (32b)
with
F(\) =1 + 2.25(log \) + 1.81(log \)?

where ¢;; = 1 — ¢y is the volume fraction of liquid 1 at the phase inver-
sion. Equation 32a, proposed by Paul and Barlow (53), is empirical, whereas
eq 32b was derived from the filament instability equation by Metelkin and
Blekht (54). The viscosity ratio N should be taken at the shear stress used to
prepare the blends. Jordhamo et al. (55) found the Paul and Barlow depen-
dence valid for several liquid-liquid systems. However, as the viscosity ratio
increases, both dependencies in eq 32 predict far too rapid a change of &y,
(56).

To generate co-continuous structure in a thermoplastic polymer blend
(i.e., to generate thermoplastic IPN) the components’ viscosity ratio must be
adjusted in such a way as to ascertain that the phase inversion occurs at the
commercially viable composition. The alternative is to stop the phase inver-
sion process at the moment when the phase percolation reaches its maximum.
However, adjusting the viscosity ratio leads to stable IPN morphology (several
commercial polymer blends are known to possess such a structure), whereas
stopping the phase inversion is kinetic; any further processing may result in
the change of morphology from co-continuous to disperse with an associated
reduction of performance (for example, see Figure 20).

New Theory. By analogy with emulsions, adding polymer 1 to polymer
2 or polymer 2 to polymer 1 should increase the viscosity: n(A) = n(,) and
M(B) = n(d,). Because polymer 2 constitutes the matrix in blend A, whereas
in blend B, polymer 1 constitute the matrix, at concentration ¢,; = 1 — by
the phase inversion is expected. As the viscosities in both A and B systems
increase at the inversion concentration they must reach a common, maximum
value.

The easiest way to express the viscosity—concentration behavior is by
means of the relative viscosity, m, = m/m’, where 1’ is the matrix viscosity.
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Krieger and Dougherty (57) derived the simple dependence:
n. = (1= ¢/d,) Mer (33)

where [] is the intrinsic viscosity and ¢,, is the maximum packing volume
fraction. Equation 33 allowed the computation of m(A) = nin,(¢,) and
M(B) = n{m,(d,) curves shown in Figure 23. The solid line represents
Mn(B) = q)n,(d,) with m? = 1, whereas the other lines represent m(A) =
nim,(db,) with mJ = 0.05, 0.5, 5, 50, 500, and 5000. The six points of
intersection represent the isoviscous conditions for dispersion of liquid 1 in
liquid 2 and liquid 2 in liquid 1; in other words, the conditions for phase
inversion. At the isoviscous point,

N = [(dn — bor) /(b — b)) ™em (34)

Equation 34 provides a new relation between \ and the inversion concentra-
tion. Taking the logarithm of eq 34 and expanding it into the MacLaurin
series leads to

log X = [n](d1; — bsp) =[n](1 — 2dyy)

dyr = (1 — log A/[n]) /2 (35)
For 0 < [log \| < 1, eq 35 provides a good approximation.

or

4
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Figure 23. Concentration dependence of emulsion viscosity. The solid line

represents 1 = n,(¢,); the other lines represent the same dependence for

1 = mom,(¢;). The intercepts correspond to the isoviscous conditions that define
the phase inversion concentration, ¢g; = 1 — ¢;;.
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In shear flow, for N > 4 the dispersed drops deform elastically but do not
break (I, 58). Here the phase inversion may occur only through coalescence
of tightly packed drops at the concentration that corresponds to the maximum
packing volume fraction, ¢, (59). In extension, drop deformation was
observed in a very wide range, up to N\ < 2000 (1, 60, 61).

Experimental Verification. Extensive studies of the relationship be-
tween the morphology of the blends and the compounding parameters were
undertaken (1, 62, 63). Within the range of 0.3 < X < 4 (defined in terms of
the mixer torque ratios, instead of m) these data are well represented by eq
35 with [n] = 1.9.

In Figure 24 other experimental data of ¢, variation with the viscosity
ratio, \, for thermoplastic blends is presented. The numbers denote the
following polymers refer to: 1, acrylonitrile-butadiene-styrene (ABS)—poly-
sulfone (PSO) (64); 2, EPDM-polybutadiene (PB) (55); 3 and 4, PS—PB
(55); 5, PS-=PMMA (65); 6 high-density polyethylene (HDPE)-PS (66); 7,
PC—PP (67); 8, low-density polyethylene (LDPE)-PS (68); 9, PS-PMMA
(61); 10, PMMA-PE (61); 11, PS—PB (61); 12, 13, and 14, PS-PE (69); 15,
PP-linear low-density polyethylene (LLDPE) (70); 16, natural rubber
(NR)/HDPE (71); 17 and 18, PP/LLDPE (72). The horizontal and vertical
lines represent the conditions between which the phase inversion was ob-
served. Clearly eqs 34 and 35 provide good approximation.

In a recent publication it was demonstrated that onset of phase co-con-
tinuity occurs at a nearly constant value of volume fraction, ¢, = 0.19 £ 0.09,
that corresponds to the three-dimensional (3D) percolation threshold, ¢, =
0.16 (59). For one dimension (1D) the percolation threshold depends on the
direction: d)cr” =0 and ¢, =025 Thus, the theoretical values of the
maximum packing volume fraction for polymer blends depend on the type of
deformation field, ¢, =1 — ¢, = 0.84 in shear and ¢, = 1.0 in elonga-
tional flow field, respectively. Consequently, the phase co-continuity in
blends prepared in extension is observed in a much broader range of
composition than in shear (73).

Concentration Dependence of Blend Viscosity. Polymer blend vis-
cosity can be expressed as the sum of two terms:

log m = log m;, + A log m® (36)

The first term in eq 36 originates from the interlayer slip (74):

log m; = —log[l + [312(¢1¢2)1/2] = log(d/m + by/mp)  (37)
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where B, = B ,(0,) is the interlayer slip factor, whereas the second term,
Alog mE, is an excess term derived from the concept of the emulsionlike
behavior of PABs (75):

Alog mE = m {1 = [(61 = 610)*/(0:18% + bo0h)]}  (38)

where m_,. is a measure of the effect.

Because &,; can be calculated from \ = m,/m,, eqs 36—38 have two
adjustable parameters, m,,, and B. To examine their usefulness, over 30
polymer blends were analyzed. Examples presented in Figures 25 (76) and 26
(77) indicate that for immiscible polymer blends, eqs 36—38 well describe
and m versus ¢ relation.

From the n—¢ data analysis the following observations were made:

1. The interlayer slip parameter B increases with temperature
and with shear stress, but decreases upon addition of a compat-
ibilizer.

2. The emulsion effect (as measured by the m_,,) decreases with
temperature and shear stress, but increases with the molecular
weight and compatibilizer content.

3. Comparison of the dynamic (dyn) and steady state (ss) shear
flows at the same level of stress reveals that B(dyn) < B(ss),
whereas nmax(dyn) > nmax(ss)'

2.8
2.6
24

22

T = 160°C; G G"=1kPa

logn', logn (kPas)

error bars= £ ¢
¢ 1 | 1

0 0.2 0.4 0.6 0.8 1

Permvia

Figure 25. Concentration dependence of dynamic, ', and steady-state, m, shear

viscosity at 160 °C of PE blended with PMMA. Points are experimental and the

error bars indicate standard error of measurements (76). The curves were
computed from eqs 36—38 with parameters B = 0.001 and ,,,, = 0.4.
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Figure 26. Concentration dependence of constant stress shear viscosity at

200 °C of PS—PMMA blends. Points are experimental and the error bars

indicate standard error of measurements (77). The curves were computed from

eqs 36—38 with parameters B;, = 4.6 and 42 and ,,,, = 0.45 and 1.36 for
015 = 50 and 100 kPa, respectively.

Flow-Imposed Morphology. In polymer blends the morphology
changes with stress and strain. The interrelation between the morphology and
flow is best described in terms of the apparent yield stress and the strain-in-
duced modification.

Yield Stress. The yield stress can be accounted for by means of the
relation

where Oy and o, are, respectively, the apparent and the yield stress. In
numerous polymer blends o, was found to depend on time or rate of
deformation, v:

o, = oy [1 — exp{ —79}]" (40)

where oy, T, and u are parameters (I).

Dispersion (Mechanical Compatibilization). In Figure 27 the effect
of shearing on the relative magnitude of drop size is presented. It is evident
that as the rate of shear increases, the dispersed phase drop size decreases.
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Figure 27. Relative drop size vs. rate of shear for HDPE /PA-6 blend that
contains 10 and 20 wt% PA-6. The open symbols indicate the diameters found
near the die wall; the filled symbols represent diameters found near the flow

center line.

Encapsulation of One Phase by Another. This phenomenon is usu-
ally observed in steady-state flow through a tube (see Figure 28). Encapsula-
tion originates in the relative magnitude of shear viscosity and elasticity of the
phases. The less viscous or more elastic phase tends to migrate toward the
high shear stress area near the tube wall, encapsulating the more viscous or
less elastic phase.

Fibrillation. The optimum conditions for elongation of dispersed drops
are (i) steady-state extensional flow (e.g., flow through a convergence), (ii)
low viscosity of the dispersed liquid, (iii) low concentration of the dispersed
phase (to prevent coalescence), and (iv) rapid quenching, for preservation of
the fibrillar structure. Under these circumstances up to 61,500 microfibrils
per fiber cross-section were observed (78).

When deformed drops are unable to relax and regain their spherical
shape, long fibrils with large aspect ratio, p — %, can be generated. An
example is presented in Figure 29, where extrusion of PA-6 well below the
melting point prevented fiber breakup (79). Another more recent example is
fibrillation of liquid crystal polymers (LCP) in thermoplastic matrixes (80).

Coalescence. During convergent flow the flow lines approach each
other and create favorable conditions for coalescence. This is indeed observed
in the micrograph presented in Figure 29, where fibrillation was accompa-
nied by drop coalescence. Shear-induced coalescence is also well known (81).
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Figure 28. Schematic representation of
250°C the PA-6:HDPE = 1.9 @mhology after
extrusion through a capillary at T = 150
and 250 °C (note that melting of PA-6
occurs at T,, = 219 °C).

~ N e -

Figure 29. Scanning electron micrograph of PA-6:HDPE = 3:7 blend, a

crystalline—crystalline thermoplastic IPN, extruded through a convergent die at

150 °C; that is, 69 °C below T,, of PA-6. (Heproduced with permission from
reference 79. Copyright 1986 Society of Plastics Engineers.)

Interlayer Slip. Assuming a telescopic pipe flow with interlayer slip,
Lin derived the relation (74)

1/m = [1 - (312/012)(’”1’”2)1/2][wl/'fh +w,/m] (41)

In this dependence, B, represents the specific slip factor and w; is the
weight fraction of polymer i (see also eq 37). Evidence for interlayer slip can
be found in many micrographs of immiscible systems; viz. Figure 30.

One of the consequences of flow modification of morphology is that
measurements carried out under different flow conditions characterize mate-
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Figure 30. Scanning electron micrograph of PA-6:HDPE = 3:7 blend extruded
through a convergent die at 250 °C. Note the tree-ring structure of the extrudate
(a) and interlayer fractures that occur after crystallization (b). (Reproduced
with permission from reference 79. Copyright 1986 Society of Plastics Engineers.)
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rials with differing structures; that is, different materials. For example,
measuring shear viscosity under a low-strain dynamic field yields a different
dependence than obtained from large-strain capillary flow. An example is
shown in Figure 31. Here the shear flow data for a 50:50 wt% polycarbon-
ate—linear low density polyethylene (PC-LLDPE) blend, determined in
dynamic oscillatory (low-strain) mode (solid points), are compared with data
measured under the steady-state capillary flow conditions (open points; the
solid line was computed from eq 41) (82). Obviously, there is a large
difference of rheological response between the two sets of data. Thus, if the
measurements are to be performed for characterization of a blend, the
capillary instrument (which modifies the morphology and thus gives false
information) should be avoided.

These few types of flow-induced changes in blend morphology provide
only an example of the variety of modification that occurs during flow while
measuring or processing multiphase polymeric materials. Because the molten
thermoplastic IPNs (polymer alloys) may be subjected to flow-induced mor-
phological changes, the knowledge of rheology is of critical importance.

Owing to slow rate of cooling, the observed morphology frequently is
part-way toward a steady-state structure. Thus, to observe the effects of flow
or to preserve the morphology created during the processing (i.e., perfor-
mance), stabilization of the system may be required. There are several

1001
::\\ 50PC, 245°C R
\.‘:\A:A ] T]'
<l ° M

> 10 I S

I
/
o
4

n.n'n* (kPa.s)
Y
/\,././

0.1 | I
107 10° 10’ 102 108
C,,,G"(kPa)

Figure 31. The dynamic (solid points) and capillary shear viscosities for a 50:50

PC:LLDPE blend at 245 °C. The solid line was computed from Lin’s eq 41.

(Reproduced with permission from reference 82. Copyright 1990 Society of
Plastics Engineers.
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chemical and physical methods known to science and industry. Among these
methods, quenching and crystallization are most common, but radiation
cross-linking is used with increasing frequency (83).

Summary and Conclusions

1. IPNs as compatibilized mixtures of macromolecular species
constitute a subgroup of polymer alloys.

2. The morphology of IPNs depends on the interplay between
reaction kinetics, miscibility, dynamics of phase separation,
and flow.

3. The miscibility of high molecular weight specimens depends
on the presence of specific (attractive) or repulsive interac-
tions.

4. The dynamics of phase separation can be followed by scatter-
ing methods.

. The early stage of phase separation depends on interdiffusion.
. Later stages of phase separation depend on coalescence.

. At the late stage, flow controls the morphology.

o 1 O U

. In uncross-linked polymer systems the concentration at phase
inversion is determined by relative viscosity of the polymers
(measured under conditions of blend preparation) and the

type of flow.

9. In polymeric systems the phase inversion occurs within a wide
concentration range. The range depends on the type of flow
field and is larger for extensional than for shear flow.

10. To a great extent the morphology controls flow behavior and
product performance.

11. The final morphology of a polymer—polymer two-phase sys-
tem depends on the flow field and the rate of quenching.

12. Cooling rate, as well as other methods of morphology fixation,
has an important influence on the final structure and perfor-

mance of polymer blends.

Nomenclature
Abbreviations

ABS acrylonitrile—butadiene—styrene
C-ail castor oil
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EPDM
EPR
EVA
HDPE
HIPS
LDPE
LLDPE
NG
NR

PA
PAA
PAB
PB

PC
PCL
PE
PEO
Phenoxy
PI
PMMA
PnBA
PP
PPE
PS, PSD
PSO
PVC
PVME
RMS
RSR
SBR
SBS
SEBS

SEC
SIN
TP
TS

Symbols
a,b,k,K,n, u,B
T
(re)

B = xRT/V
b

ethylene—propylene—diene terpolymer
ethylene—propylene rubber
ethylene—vinyl acetate copolymer
high-density polyethylene

high-impact polystyrene

low-density polyethylene

linear low-density polyethylene
nucleation and growth

natural rubber

polyamide

poly(acrylic acid)

polymer alloys and blends
polybutadiene

polycarbonate

polcaprolactone

polyethylene

poly(ethylene oxide)

poly(hydroxy ether) of bisphenol A
polyisoprene

poly(methyl methacrylate)
poly(n-butyl acrylate)

polypropylene

poly(phenylene ether)

polystyrene, deuterated PS
polysulfone

poly(vinyl chloride)

poly(vinyl methyl ether)

Rheometrics Mechanical Spectrometer
Rheometrics Stress Rheometer
styrene—butadiene rubber
styrene—butadiene—styrene three-block copolymer
styrene—ethylene /butene—styrene three-block copoly-
mer

size-exclusion chromatography
simultaneous interpenetrating polymer networks
thermoplastic resin

thermoset resin

equation constants

reduced drop radius

unperturbed, average radius of gyration

reduced binary thermodynamic interaction parameter

binodal
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b, segment length

d droplet diameter

D, Dy, Dq diffusion, interdiffusion, and self-diffusion coefficients
AE activation energy

AG, Gibbs free energy of mixing

AG, reduced Gibbs free energy of mixing
AH, heat of mixing

F intrinsic thermodynamic function

G Gibbs free energy

G’ loss shear modulus

G’ storage shear modulus

H enthalpy

kg Boltzmann constant

M Onsager-type mobility factor

M, number-average molecular weight
M, weight-average molecular weight

M, z-average molecular weight

n, number of moles per unit volume
N, =0y, — 0y first normal stress difference

P pressure

q wave vector

R ideal gas constant

R(q) fluctuation function

ry radius of the critical nucleus

S entropy

s spinodal

S(q), S, virtual structure function

T temperature

t time

Tg glass transition temperature

UCST upper critical solubility temperature
\ volume

Bio interlayer slip factor

X binary thermodynamic interaction parameter
A thermodynamic distance from the spinodal;

A = 2[(xN), — (xN)]

Hencky strain in extension

rate of straining in extension

Ly volume fractions of the dispersed and matrix phase
volume fraction of the cross-linked monomer units
percolation threshold volume fraction

volume fraction of phase i at phase inversion
maximum packing volume fraction

shear strain

o

]

Reoooemn
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v shear rate

mn viscosity

n dynamic viscosity

n* complex viscosity

> Ny viscosity of the dispersed and matrix phase

N, relative viscosity

[l intrinsic viscosity

K =o0d/vy, capillarity (or Taylor) number

K, gradient energy coefficient

A distortion wavelength

A=mn,/M, viscosity ratio

N, wavelength

Vio interfacial tension coefficient between phase 1 and 2
g stress

oy extensional stress

Oy — Oy first normal stress difference

o shear stress

o, yield stress

o, permanent yield stress

T relaxation time

® angular frequency

Uy, Py first and second normal stress difference coefficients
4 concentration correlation length
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Equilibrium and Nonequilibrium
Microphase Structures

of Interpenetrating Polymer
Networks

Yuri S. Lipatov

Institute of Macromolecular Chemistry, Ukrainian Academy of Sciences,
253160, Kiev, Ukraine

Formulation of a new approach to the structure of interpenetrating
polymer networks (IPNs) is the objective of this review of the author’s
experimental works. As a whole, IPNs are not thermodynamically
equilibrium systems because, in the course of chemical reactions
leading to gelation, simultaneous phase separation proceeds due to
increased thermodynamic immiscibility. However, the phases that
evolve preserve the inherent structure of the state of mixing at an
earlier stage of the reaction, before the onset of phase separation.
Thus, the IPN is considered to be in a state of quasi-equilibrium with
the molecular level of mixing. As a consequence, the nonequilibrium
microphase structure of the IPN is described as a microheterogeneous
system with a lack of molecular mixing of the two constituent networks
throughout the bulk, but with a limited level of forced molecular
mixing in each of the phases.

PROPERTIES OF INTERPENETRATING POLYMER NETWORKS (IPNs) depend on
both the thermodynamic miscibility of the constituent networks and the
kinetic conditions of the cross-linking reaction. The principal work on IPNs
has been done by Sperling (1) and Frisch et al. (2). Research has established
that IPNs have a complex structure and morphology and frequently exhibit
dual-phase continuity (3). Thermodynamic considerations have yielded equa-
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tions that predict domain sizes in IPNs (4, 5), and the two-phase morphology
was investigated by direct structural methods (6-9). A phenomenological
theory was formulated for chemically quenched binary IPNs and the condi-
tions of their phase stability were elucidated by Binder and Frisch (10). All of
these results support the conclusion that IPNs cannot be considered as
systems with a molecular level of mixing of the two networks. With some
exceptions, IPNs have a heterogeneous structure and are multiphase systems.
The structural heterogeneity in IPNs is caused by the thermodynamic immis-
cibility of the networks that arises at a definite degree of conversion in the
course of the chemical reactions of polymerization and cross-linking. The
thermodynamic immiscibility leads to microphase separation that proceeds in
accordance with the spinodal mechanism (11). This chapter provides a review
of the critical papers produced in Kiev on the microphase structure of IPNs.
The principal features of the mechanism and the kinetics of IPN formation
and microphase separation will be discussed.

Development of Thermodynamic Immiscibility in IPNs

The thermodynamic immiscibility of the constituent networks in an IPN
begins at low degrees of conversion [both for full and semi-IPN (SIPN)]. For
example, Figure 1 shows the phase diagrams of SIPNs based on a styrene—di-
vinylbenzene copolymer and poly(butyl methacrylate). The regions that corre-
spond to the two-phase SIPN (hatched areas) are much larger than the
regions of the one-phase state. In the phase diagram, heterogeneous regions
are separated from the homogeneous regions by a binodal curve. In the
course of SIPN formation, the polymerizing system passes from point A to
point A, which correspond to the initial mixture and to the SIPN, respec-
tively. Phase separation occurs after the border of the two-phase region (point
0) is passed. An increase in the reaction temperature does not change the
shape of the diagram; however, the area of the one-phase state slightly
increases, which is typical for systems with an upper critical solution tempera-
ture. Analysis of the region of IPN compositions situated inside the triangle
BB,C shows that polymerization of mixtures with poly(butyl methacrylate)
(PBMA) content above some critical value is accompanied by phase separa-
tion (12) almost from the very beginning. Figure 2 presents kinetic curves of
the reaction of cross-linking polyurethane in the presence of poly(butyl
methacrylate). The arrows indicate the onset time of phase separation.
Microphase separation begins very early and depends on the kinetic condi-
tions. Characteristics of the system are given in Table I.

These data show the dependence of phase separation time on the
reaction conditions and composition of the system. From these data it follows
that an interconnection exists between the kinetic conditions of reaction and
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Figure 1. Phase diagrams of SIPN: styrene—divinylbenzene—poly(butyl
methacrylate) network copolymer at temperatures of 333 (a), 343 (b), 353 (c),
and 363 (d) K (12).

the properties of the phase-separated system. An absence of inflection points
on the kinetic curves at the onset of microphase separation is noted. The lack
of an inflection point often shows an absence of volume changes brought
about by microphase separation, although the volume change itself does not
affect the reaction rate. Such a situation may be possible only when phase
separation leads to the appearance of two phases that have compositions very
close to one another (a sign of spinodal decomposition).

The existence of a definite correlation between the kinetic conditions of
chemical reactions leading to IPN formation and the degree of microphase
separation has been shown in many cases (13). Concurrently, a definite
mutual influence of the reaction mixture components on the kinetics of
formation of constituent networks in IPNs exists: the rate of cross-linking of
each network is dependent on the network ratio (Figure 3). The conversion
degree of the components that form the IPN at the onset of phase separation
also depends on the cross-linking level of each network.
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Figure 2. Kinetic curves of polyurethane formation in the presence of 15 wt% of
PBMA. « is the conversion degree. For designations, see Table 1. (Reproduced
with permission from reference 13. Copyright 1990.)

Superposition of Chemical and Physical Kinetics

Both processes that accompany IPN formation—chemical reaction of cross-
linking and physical process of microphase separation—proceed simultane-
ously in the time interval between the onset of phase separation and the gel
point of each network. Such superposition results in a complicated IPN
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Table I. Physicochemical Parameters of Eight SIPNs Based
on PU~PBMA (85:15)

Parameters 1 2 3 4 5 6 7 8
Curing temperature,

+1(K) 333 333 313 333 333 333 353 313
Catalyst mass fraction,

+0.001 0.005 0.010 0.010 0.010 0.005 0.050 0.010 0.010

Reaction rate constant,
X107 (kg /mol s) 346 763 190 262 13 8.1 7.05 0.73
Phase separation onset,

11 (min) - —  — 43 100 28 30 29
Conversion degree at
phase separation, a - —  — 023 013 039 056 048

Conversion degree at

anamorphose inflection

point, a, +0.01 — — — 068 058 074 082 047
Glass-transition

temperature of

PU-enriched phase,

+1(X) 253 251 255 253 261 248 265 249
Glass-transition

temperature of

PBMA-enriched phase,

+1(K) — — — 316 333 323 315 318
Segregation degree (SD) — — — 033 032 035 032 0.34

NoTE: Data were taken from reference 3.

microphase structure. In this case, when curing occurs simultaneously with
growth in conversion degree, the composition and molecular weights of the
network fragments change with time. The onset of phase separation takes
place when the thermodynamic interaction parameter, X5, reaches a critical
value or, more generally stated, when the free energy of mixing becomes
positive. The rate at which this critical value is achieved depends on the rates
of two independent curing reactions. After reaching the critical value, x,p
continuously changes with increasing cross-link density. As a result, the
thermodynamic immiscibility of the IPN components and the driving force
for phase separation increase as well. Despite the nonequilibrium conditions
for both chemical and physical processes and because of their superposition,
the phase separation may be described as a spinodal decomposition. The
experimental data show the corresponding relationships (11).

Incomplete Phase Separation

Both the chemical reactions and the phase separation proceed under
nonequilibrium conditions. After some high degree of chemical conversion
and cross-linking is reached, however, microphase separation is impeded and
the system fixes at a nonequilibrium structure characterized by incomplete
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Figure 3. Kinetics of formation of simultaneous IPN: Curing polyurethane

(curves 1-3) and polymerization of butyl methacrylate (curves 4—6) at various

component ratios: 85:15 (curves 1 and 4); 75:25 (curves 2 and 5); 65:35 (curves
3 and 6). a is the degree of conversion of the components.

phase separation. Thus completion of the IPN polymerization evolves in two
phases. The separated system may be characterized by the segregation degree
(11), which can be calculated from small-angle X-ray scattering (SAXS) data
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