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ABSTRACT

The failure properties of rubbery networks exhibit a maximum as a function of cross-link density or modulus. To avoid
excess creep, elastomers are usually formulated such that their state of cure falls past this maximum, which means there is an
inevitable compromise between modulus and failure properties (stiffness and strength). This review describes various
approaches to circumventing the problem by the use of unconventional network structures. The obtainable improvements in
mechanical properties can be substantial (e.g., threefold increases or greater in strength), although these methods entail
additional processing steps or the use of blends and may affect the hysteresis of an elastomer; thus, their practical utility
cannot be assessed a priori. [doi:10.5254/rct.13.86988]
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I. INTRODUCTION

The mechanical properties of rubbery networks do not depend strongly on chemical
structure, which means that elastomers in general have very similar mechanical behavior, at
least through moderate strains. Failure properties such as the strength and fatigue life can vary
among polymer types, due to, for example, the effect of strain crystallization, and may depend
on the type of cross-links. The most direct method of controlling failure properties is to change
the concentration of cross-links. It is well known that these properties pass through a
maximum versus cross-link density, reflecting the countervailing effects on network integrity
and embrittlement. This is illustrated Figure 1,' showing the tensile strength of four natural
rubber compounds plotted versus the modulus at 100% extension. The practically useful range
of cross-linking falls past the maximum, which means that in general, elastomer failure
properties decrease with increasing modulus. As seen in Figure 1, for a given degree of cross-
linking, labile cross-links such as polysulfidic linkages and ionic bonds provide better
properties than carbon—carbon covalent bonding, because bond dissociation under stress
allows network chains to change their topology and alleviate local overstressing. For this
reason, ionomers, which often have an inorganic salt grafted to the chains, can exhibit very
high levels of strength and extensibility.'™ Of course, when formulating a rubber compound,
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FIG. 1. — Tensile strength as a function of modulus (measured at nominal strain rates of 0.1 s~') for natural rubber (NR)

elastomers with cross-links having different degrees of mechanical lability, both filled (solid symbols) and unfilled (open
symbols)." Failure properties go through a maximum as a function of the degree of cross-linking.

consideration is given to a range of properties beyond stiffness and strength, for example,
hysteresis.* The focus of this review is how, for a given cross-link density and type, the failure
properties can be altered by changing the nature of the network structure. Five network
architectures are discussed: interpenetrating polymer networks (IPNs), double networks,
bimodal networks, blends of miscible elastomers with different component cross-linking, and
deswollen networks. Note there is some overlap among these network types, for example,
IPNs and blend networks. Also, the nomenclature is not standardized; for example, hydrogel
double networks® are not the same as the material commonly referred to in the rubber literature
as double network elastomers. The effect of cross-link type — carbon—carbon bonds, sulfidic
linkages, ionic cross-links, slide-ring networks® — are not considered herein, although they
represent another obvious route to better elastomeric properties.
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FIG. 2. —Dynamic mechanical loss tangent for interpenetrating networks of polydimethylsiloxane and acetate butyrate
cellulose; the concentration by weight of the former is indicated.'” For most compositions, the phase morphology is
sufficiently fine to yield only one glass transition.
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FIG. 3. — Temperature dependence of the mechanical loss tangent of a semi-IPN of equal concentrations of
polybutylmethacrylate and polyurethane, along with data for the corresponding neat components.'® The behavior is
consistent with a homogeneous phase morphology.

A. INTERPENETRATING POLYMER NETWORKS

The term interpenetrating polymer network refers to amethod of network preparation in which
polymerization and cross-linking are carried out on two components to obtain co-continuous,
interlocking networks (catenanes).’~® This co-continuity relies on kinetic retention of an initially
homogenous mixture, with the formation of a network precluding phase segregation of the
thermodynamically immiscible polymers.'®!" Generally, although gross phase segregation is
avoided, homogeneity on the segmental level is not achieved.

IPNs can be made simultaneously or sequentially. The former involves the polymerization and
cross-linking of premixed monomers or linear prepolymers. The increasing molecular weight of the
components during the reaction reduces the combinatorial entropy, tending to induce phase
separation; this is countered by the slower dynamics, with the spatial extent of the segregation
inhibited by the cross-linking. To synthesize a sequential IPN,'*™'* a network is swollen in
monomers, which are then polymerized and cross-linked. The latter can be done rapidly using
radiation. Phase separation is more extensive for sequential IPNs, but co-continuity has still been
reported. Semi-IPN refers to IPNs in which only one component is cross-linked.'>'® The glass
transition temperature, 7, of an IPN is intermediate to those of the pure components, as shown in
Figure 2 for an IPN'” and Figure 3 for a semi-IPN.'® The phase morphologies are not homogeneous,
but the domains are small, so that properties such as the segmental dynamics tend to be averages.
Because T} is size dependent for domain sizes on the order or smaller than the cooperativity length
scale, changes in the glass transition temperatures of the components do not necessarily indicate
mixing on the segmental level. If there is a distribution of phase sizes, very broad glass transitions
result. This property of IPNs makes them attractive for acoustic damping and vibration isolation
applications, where broadband and temperature-insensitive damping are desired.'?*°

The process of synthesizing an IPN assumes there is no interference between the
polymerization and cross-linking reactions; however, this is not necessarily the case. Grafting
between the components can occur, which affects both the morphology, by inhibiting phase
separation, and the properties.”>'>* The interlocked networks of an IPN can confer greater strength
than a phase-separated blend, yielding properties that are not merely additive in the component
properties. Recently, a model incorporating the role of damage accumulation to the mechanical
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FIG. 4. — Mechanical properties of an interpenetrating polymer network of nitrile rubber and poly(vinylidene fluoride-co-
hexafluoroproylene).?* Failure properties exhibit a maximum versus composition.

properties of IPNs has been proposed.>” The potential for better properties is illustrated”’ in Figure 4
for an IPN of a fluoroelastomer and nitrile rubber. With increasing content of the latter, the hardness
decreases and the failure strain increases, but the failure properties go through a maximum versus
composition.

An interesting approach to IPNs that incorporates a feature of double networks (discussed
below) is the polymerization and cross-linking of monomers absorbed into a stretched network.
The second network is formed under compression, so that at mechanical equilibrium, the
components of the IPN are mechanically balanced. The method shows promise for actuators,
potentially functioning as artificial muscles.

B. DOUBLE NETWORKS

A special type of IPN is a double network rubber, in which the chain segments belong to two
networks distinguished by their different orientations. A double network is formed by cross-linking
the material twice, the second time while the elastomer is in a deformed state (usually tension).
Because the properties of an elastomeric network depend not only on the cross-link density but also
on the distribution and orientation of the chains, the properties of double networks can be quite
different from those of the corresponding single network at equal degrees of cross-linking,
including greater stiffness and strength. Early studies of the effect of trapped entanglements on the
modulus of elastomers employed double networks.?’** Double networks can arise spontaneously
via chain scission>° (a process referred to as chemical stress relaxation’!), strain-induced
crystallization,>*** or as a result of reinforcing fillers.>* Liquid crystal elastomers prepared by
cross-linking the material in the nematic state are another type of double network.?>~

Analysis of double networks relies on the independent network hypothesis,””*° which
assumes there is no coupling of the behavior of the component networks, whereby the observed
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FIG. 5. — Engineering stress versus stretch ratio for double networks of polyisoprene having the indicated strain during the
second cross-linking.*’ The total cross-link density was the same for all samples, but there is a systematic increase in stiffness
with cross-linking strain, which corresponds to increasing residual strain. The stress at 100% strain is shown in the inset.

mechanical response is the sum of the individual contributions. The equilibrium configuration of
each network corresponds to that existing during network formation, so the strain energy of a
double network is

Wpn(h) = Wi(h) + Wa(h/rx) (1)

in which the numerical subscripts refer to the first and second network, and Ay is the stretch ratio
during the second cross-linking (the initial network being formed in the unstressed, isotropic state).
The stretch ratio in Eq. 1 is referenced to the undeformed network; hence, A=2% and A, =A/Ax. The
residual strain at zero stress of the double network represents the state for which the forces from the
initial network, which is subsequently extended, are balanced by those from the second,
compressed network. Although the stress in Eq. 1 is given simply as the sum of the component
stresses, modeling of the mechanical behavior is still limited by the poor ability of elasticity theories
to describe simultaneously tensile and compressive strains.*'*?

The orientation of the network chains gives rise to anisotropic mechanical properties.
Generally, the modulus increases parallel to the strain during cure, with negligible changes in the
transverse direction. This modulus enhancement is illustrated in Figure 5 for a series of elastomers
having the same total cross-link density*” but with different strains during the second cross-linking.
For double networks reinforced with carbon black, lower electrical conductivity® and suppression
of the Payne effect’’ have been observed, both consistent with deflocculation of the filler particles
by the strain imposed during curing.

Although the experimental results are scattere the strength of a double network appears
to be marginally lower than that of the corresponding single network at equal cross-link density.
Because their modulus is higher, the strength of a double network is higher when the comparison is
made at equal modulus; thus, double networks circumvent the compromise between the stiffness
and strength of conventional elastomers. Moreover, double networks of strain-crystallizing rubbers
having substantially larger fatigue lifetimes (Figure 6).**>* This appears to result from retention of
crystallinity through the minimum of the strain cycle,’” analogous to the greater fatigue life of
crystallizing rubbers subjected to nonrelaxing strain cycles.”

According to the stress optical law, the birefringence, An, is proportional to the stress, o,

43-48

d,43—48

An =n,—ny, =n,—n, = Co, (2)
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FIG. 6. — Fatigue life as a function of the recoverable strain energy for single (hollow symbols) and double (solid symbols)

networks of Hevea natural rubber (squares), deproteinized natural rubber (triangles), and guayule rubber (inverted triangle),

measured in tension parallel to the curing strain.***> The order of magnitude increases for the double networks are in contrast
to the behavior of non-strain-crystallizing elastomers.

where C is the stress-optical coefficient, a material constant determined by the chemical structure of
the repeat unit. The principal components of the refractive index, n,, n,, and n,, become unequal
upon orientation, causing birefringence. As illustrated in Figure 7, double networks are birefringent
in the absence of external stress,*’** contrary to Eq. 2. Such stress-free birefringence can be
rationalized from constraint models of rubber elasticity,>> which predict that the ratio of the
birefringence to the true stress varies with strain. This means that the birefringence of the two
component networks, although having the opposite sign, do not have the same magnitude; thus,
their contributions to An do not cancel.*’
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FIG. 7. —Birefringence versus residual strain for double networks at mechanical equilibrium (zero external stress); all
materials had the same total cross-link density.49 Different amounts of residual strain, as reflected in the magnitudes of An, are
obtained for the same residual strain, indicating that parameter does not uniquely define the double-network structure.
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C. BIMODAL NETWORKS

A bimodal network is an elastomer in which most network chains are very short and the
remaining are very long; they are prepared by end-linking a mixture of low- and high-molecular-
weight precursor chains.>* Scattering experiments show that some inhomogeneity exists in bimodal
networks, on the scale of the network mesh.>® There is also indication in polydimethysiloxane
(PDMS) networks of segregation of short and long chains*®~>%; such clustering is likewise observed
in computer simulations.”® When the short chains are in excess, the mesh size of a bimodal network
is essentially the same as for unimodal networks composed of the same short chains® ; that is, alow
concentration of long network strands has a negligible effect on the average mesh size. For bimodal
networks of primarily long chains, this correlation length reflects the distance between
entanglements, rather than the length between the covalent network junctions.®

Bimodal networks are attractive materials for fundamental studies of rubber elasticity, given

the regularity of their structure in comparison to the random nature of conventional cross-linking.
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optical coefficient. Deviations, presumably reflecting finite chain extensibility, are observed at lower strain for the short
network chains.

Bimodal networks have been used to study the contribution of entanglements to the elastic
modulus.®' The practical appeal of bimodal networks is their potential for substantially higher
elongation and strength®** (Figure 8). Such behavior is contrary to classic theories of rubber
elasticity, which assume failure occurs due to rupture of the shortest network chains®’; this implies
that the short chains would weaken the network. The improved properties of bimodal networks
have been ascribed to a synergy between the high modulus of the short chains and the extensibility
of the longer ones (a so-called delegation of responsibilities*°®). However, infrared dichroism
measurements on deuterium-labeled polytetramethylene oxide bimodal networks reveal the
orientation of the long chains to be not much different than that of the short chains (Figure 9),®’
which is at odds with the putative mechanism for enhanced performance. Improved properties in
bimodal networks require short chains (molecular weights of a few hundred Daltons) that are as
much as a factor of 100 shorter than the long chains.®” The data in Figure 8 exhibit maxima,
indicating that the optimum number density of the short chains is very high, corresponding to
weight fractions in the 30—50% range. Note that the converse, a small weight fraction of long
chains, also improves toughness, although such materials are not elastomeric.®®%°

Figure 10 shows’? that bimodal networks having lower-molecular-weight short chains deviate
from Gaussian network behavior (proportionality between true stress and birefringence) at smaller
strains. Experiments on polyethylene oxide’" and polytetramethylene oxide’” also show a greater
tendency to strain crystallize, due presumably to the more orientated short chains serving as
nucleating sites. Of course, enhanced strain crystallization generally yields better failure
properties.”?

D. MISCIBLE BLENDS WITH COMPONENTS HAVING DIFFERENT CROSS-LINK DENSITIES

The components of an IPN are usually immiscible, with cross-linking used to minimize phase
segregation; however, this often does not yield a morphology that is homogeneous on the segmental
level. Phase homogeneity of immiscible polymers can be achieved by the use of a co-solvent. A
common example of this is hydrogels.”* These are dilute aqueous IPNs, which can be engineered to
react to changes in pH, temperature, density, the presence of specific chemicals, and so forth. This
ability to respond to stimuli, in combination with biocompatibility and a high water content, have
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FIG. 11. —Engineering stress versus compressive strain for hydrogels of poly-glycidylmethacrylate-co-hyaluronan (PHA),
N-dimethylacrylamide (DAA), and their blend, the last having significantly enhanced mechanical toughness.®’

led to the use of IPN hydrogels as biomaterials for tissue engineering’>~"” and for controlled drug
delivery.”® 8! If the two components have very different degrees of cross-linking, hydrogels are
referred to as double-network hydrogels (although in the rubber literature and herein, the term
double network is applied to a different type of material). Double-network hydrogels are usually
produced by sequential free-radical polymerization to form a network within a swollen, previously
synthesized network of a different polymer.” When the cross-link densities of the two components
are very different, double-network hydrogels exhibit enhanced mechanical properties.®*® For
example, Figure 11 shows® the increase in compressive strength of an IPN hydrogel compared
with the corresponding single-network hydrogels. Similar results are shown in Figure 12 for an
anisotropic double-network hydrogel.®® An essential feature is that the respective cross-link
densities of the component networks are very different; this is required to achieve improved
properties. During deformation, the stiffening effect of short chains may be counterbalanced by
softening of the material as it ruptures,® although birefringence measurements indicate that finite
extensibility, inherent to such a mechanism, is not the sole contributor to the stiffening.70
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FIG. 12. —Engineering stress versus compressive strain for hydrogels of bacterial cellulose (BC), gelatin (partially
hydrolyzed collagen), and their blend. BC consists of planes of a hydrophobic fiber network; the strain was measured
perpendicular to these stratified layers.8R
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FIG. 13. —Engineering stress—strain data for polychloroprene, epoxidized polyisoprene, and a 50/50 blend; each compound
was cured to 90% of the maximum in their respective rheometer curves.”!

Hydrogels employ water as a solvent to compatibilize the components, but the requirement
for a solvent can be avoided if the polymers comprising the blend are thermodynamically
miscible. This means there is no driving force for phase separation, enabling a morphology
uniform on the nanometer level to be achieved. Various commercial materials are based on
miscible polymer blends, even though a homogeneous morphology does not ensure better
mechanical properties. In fact, the properties of a miscible blend are usually an average of those
of the pure components. This is illustrated with blends of 1,4-polychloroprene (PC) and
epoxidized 1,4-polyisoprene (EPI), which are miscible due to specific interaction of the chlorine
atom with the oxirane group.**° Although some control of the rate and degree of network
formation in the components is afforded by the different reaction mechanisms of PC and EPI,
only small differences in cross-link density are attained.”’ Consequently, the blend has
mechanical properties intermediate between those of the pure components (Figure 13).

Superior failure properties require a large disparity in the respective cross-link densities of the
components, because the operative mechanism is similar to that for bimodal networks but without
the requirement of end-linking. Deformation causes the chains of the more cross-linked component
to become highly stretched, which confers stiffness to the material; the lightly cross-linked network
chains are able to rearrange over sufficient length scales to alleviate local overstressing (inherent to
any randomly cross-linked material). This latter spreads the damage zone and suppresses the
propagation of rupture nuclei, which would otherwise lead to macroscopic failure.

Using thermodynamically miscible polymers to avoid the requirement for a solvent, there are
two approaches to achieve a mixture of a highly cross-linked polymer with one that is lightly or even
un-cross-linked. A blend can be prepared from chemically identical polymers that are unreactive to
the curing method, except that one component has a few mole percentage repeat units that function
as cross-linking sites. An example would be ethylene-propylene copolymer (EPR) mixed with the
corresponding random terpolymer of ethylene, propylene, and a few percentage diene (EPDM). In
Figure 14 are tensile strength versus modulus data for sulfur-vulcanized EPDM and its blend with
EPR, the latter unreactive to sulfur.”? This blend is miscible over significant ranges of backbone
composition.”* The cured material consists of linear EPR chains dispersed in an EPDM network. As
seen in the figure, the strength of the blend networks is greater by at least a factor of two than that of
the neat EPDM elastomers.
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This same approach can be applied to mixtures of polyisobutylene (PIB) with butyl rubber
(ITR). Butyl rubber is PIB with a few mole percentage of unsaturated units, usually isoprene.
Miscibility of this mixture has been demonstrated through observation of the spontaneous
interdiffusion of the two polymers.”* PIB does not cross-link, either by sulfur or free radical
methods, so the blend is a dispersion of linear PIB chains in an IIR network. These blends have
significantly higher strength than neat butyl rubber (Figure 15).%*

A related method is to use miscible components that have different reactivities to the cross-
linking. For example, polyisoprene (IR) and polyvinylethylene (PVE) are thermodynamically
miscible,”~%® with the system exhibiting a lower critical solution temperature (LCST) around 160
°C.” Heterogeneous networks can be produced because the tertiary vinyl carbons of PVE do not
sulfurize,loo whereas the IR readily vulcanizes. However, if the curing is carried out at elevated
temperatures, above the LCST (which is lowered by the chemical changes effected by the cross-
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FIG. 15. —Tensile strength for neat butyl rubber and two blends with polyisobutylenes having the indicated molecular
weights, as a function of the modulus at 100% tensile strain.”* The blends have higher tensile strengths, more so for the
higher-molecular-weight PIB.
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conventional network.

linking reaction), the components phase segregate doing curing. Consequently, a homogeneous
material is not obtained, and thus the mechanical properties are not improved.'®' To avoid this
problem, radiation cross-linking at ambient temperature can be used, taking advantage of the
greater sensitivity of the PVE to free radical reaction. By this means, the homogeneous morphology
is retained, although efforts to date have not yielded the degree of cross-link disparity necessary for
optimal properties.'*?

E. DESWOLLEN NETWORKS

Cross-linking a polymer containing diluent and then subsequently removing the liquid has two
effects: the size of the network chains is reduced, and they have fewer trapped entanglements. When
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FIG. 17. —Engineering stress versus stretch ratio for a conventional network (circles) and a network formed in solution (V/
V,=1.25) and then dried (line).'%” Data for the latter were scaled as indicated to superpose at low strains on the other material.
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FI1G. 18. —Comparison of the modulus of PMDS cross-linked at the indicated volume fraction measured before (circles) and
after (squares) deswelling.'® The greater density of chains in the dry network exerts a larger effect on the modulus than that
due to the collapse of the chains resulting from deswelling.

this dried network is deformed, the stretch ratio of the chains, 2, is less than the macroscopic stretch

ratio, A, according to
V13
=) * e

where V, and V are the respective volumes during cross-linking and the subsequent deformation.
For substantial swelling (large V,), the deswelling after cross-linking results in a highly compacted
or “supercoiled” network.'®* This can be seen in the value of the radius of gyration of polystyrene
deswollen (V/V, = 0.1) after varying degrees of cross-linking (Figure 16).'** The reduction in
trapped entanglements lowers the modulus by a factor approximately inversely proportional to the
volume fraction of chains during the cross-linking.'®

This combination of a highly compressed network of less entangled chains causes deswollen
networks to have alow modulus and remarkably large strains to failure; these properties are referred
to as “super-elasticity.”'%>'% In Figure 17, stress—strain curves are compared for conventional and
deswollen networks.'"” In Figure 18, the modulus of deswollen networks is plotted versus V,. Note
there is a minimum in the data, ascribed to the greater packing of the compacted chains, which
increases their density (about 15% for V,, >> V'®®). More chains per unit area contribute to a higher
modulus, countervailing the effect of the collapsed configuration and lower entanglements.
Another consequence of a compact chain structure is slower thermal crystallization of unoriented
deswollen networks.'%

II. SUMMARY

Different approaches to obtaining elastomers with improved strength and other failure
properties have been reviewed. Some methods require the use of solvents and therefore have
narrow applicability (hydrogel IPNs for bioengineering) or are of academic interest (deswollen
networks). Bimodal networks require end-linking and thus are not generally useful, and the
requirement for simultaneous polymerization and cross-linking severely restricts the utility of
IPNs. Notwithstanding these limitations, results from such materials demonstrate concepts that
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might be exploited by alternative means. Double networks and blends of miscible polymers with
disparate cross-linking are two approaches that have the advantage of employing commonly used
polymers. There are additional processing steps required to produce double networks, and
whether these can be done efficiently and cost-effectively is uncertain. The miscible blend route
to alternative networks can be implemented with existing products, for example, by substituting a
portion of EPDM or butyl rubber with their respective nonreactive analogs. The issue therein is
whether the effect on other properties, notably hysteresis, is acceptable. Notwithstanding the
practical difficulties of alternative network structures, it is gratifying that almost one and three-
quarter centuries after Charles Goodyear vulcanized natural rubber, the cross-linking of rubber
continues to be an exciting research topic with technological promise.
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