Immiscible Rubber Blends

C. M. Roland

Abstract Most polymer blends are thermodynamically immiscible, leading to a
phase-segregated morphology. Control of this morphology, including the domain
sizes and interfacial regions, along with partitioning of compounding ingredients
such as filler and curatives between the phases, provides opportunities for
achieving properties that are otherwise unattainable. This chapter reviews funda-
mental aspects of phase-separated rubber blends, with a survey of the important
literature on the topic.

Due to the vanishingly small entropy gain accompanying the mixing of high
polymers, most polymer blends are phase-separated; there is no mixing at the
segmental level, and the morphology is heterogeneous. The few thermodynamically
miscible rubber blends include those having components exhibiting specific inter-
actions (e.g., chlorinated polymers with epoxidized rubber [1, 2]); trivial blends of
copolymers (siloxanes [3], polyolefins [4—6], nitrile rubbers (NBR) [7], ethylene-
propylene rubbers [8, 9], butyl and polyisobutylene [10, 11], 1,4-polybutadiene
(PBD) and styrene-butadiene rubber (SBR) [12, 13]); and miscellaneous cases such
as 1,2-polybutadiene/1,4-polyisoprene (NR) [14], polyisobutylene/head-to-head
polypropylene [15], polyepichlorohydrin/poly(vinylmethylether) [16, 17], and
acrylate rubber/fluorocarbon copolymers [18]. The focus of this chapter is immis-
cible blends, in which the components are segregated into spatially distinct domains.
These domains can range in size from a few hundred nm to microns, and usually
have a very broad size distribution (Fig. 1) [19]. Except at the interface of these
phases, the dynamics of the components are essentially the same as for the pure
materials. However, immiscible blends can still yield novel and useful properties,
provided the components are “compatible”, a term loosely defined as a blend that
does not undergo macroscopic phase separation and has some advantageous prop-
erties. Unlike miscible blends, the properties of which are roughly the average of
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Fig. 1 Transmission
electron micrograph of a
blend of 5 %
1,4-polybutadiene in
polychloroprene. The mean
diameter of the dispersed
particles is 80 nm, with a
very broad size distribution.
A 100 nm scale bar is shown
in the upper left corner. From
Ref. [19]

5% PBD in CR
100 nm

those of the pure component, phase-separated blends can exhibit behavior not
otherwise attainable. Some aspects are sensitive to the size of the domains, as well as
the composition and interconnectedness of the interfacial regions. An important
variable in heterogeneous blends is the spatial distribution of crosslinks, filler,
stabilizers, etc. The ability to alter the phase morphology and the distribution of
compounding ingredients offers the potential for performance benefits, and many
commercial elastomers are phase-separated mixtures.

1 Morphology and Properties

The phases of an immiscible blend can be co-continuous, or one component can be
dispersed within a continuous matrix of the other. The former is favored by equal
concentrations and equal viscosities; that is, #; &~ 71, and ¢, ~ 0.5 [20, 21]. This
is illustrated in Fig. 2 for a blend of PBD and ethylene-propylene-diene terpolymer
(EPDM) [20]. Most blends consist of discrete particles in a continuous phase, with
the latter usually the lower viscosity component, provided it is present at a suffi-
cient concentration. During mechanical mixing, domains of the lower viscosity
material deform and encapsulate the higher viscosity phase, to produce a “glob-
ular” morphology. However, for an immiscible blend the morphology is never at
equilibrium (which would correspond to macroscopic phase separation). The size
distribution of the dispersed phase represents a steady-state balance between the
breakup of the particles and their coalescence (Fig. 3) [19, 22-24], processes that
continue throughout mixing and processing. Since to a first approximation the
breakup of particles by the flow field is independent of particle concentration,
whereas the coalescence probability increases with concentration, the expectation
is that the dispersed phase size increases with ¢, in general accord with experi-
mental results. The final particle size distribution depends both on the rheological
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Fig. 2 Dependence of the phase morphology on the viscosity ratio and composition for blends of
PBD and EPDM. Dispersed PBD and EPDM particles are indicated respectively by open and
filled symbols; half-filled symbols indicate a co-continuous morphology. Data from Ref. [20]
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Fig. 3 Amount of PBD (M,, = 89 kg/mol) dispersed in polychloroprene (M,, = 255 kg/mol)
that has coalesced with other particles, as a function of the number of passes through a two-roll
mill at the indicated conditions. The mean particle radius was 40 nm. The coalescence was
monitored from the small-angle neutron scattering intensity; initially half the dispersed PBD was
deuterated, so that coalescence reduced the scattering. Despite the highly viscoelastic nature of
the materials and the brief contact time of the particles during flow, coalescence readily occurs
and thus exerts a major effect on the blend morphology. In the inset is an idealized depiction of
shear-induced coalescence of dispersed particles. From Ref. [19]
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properties of the components and the type of mixing. Stretching flows are more
effective at dispersion than shear fields (the latter a combination of stretching and
rotational flow), and generally high stresses and strain rates produce a more finely
dispersed phase. Nevertheless, the particle size distribution usually has only a
modest effect on bulk properties, as seen in mixing rules for blend properties,
which consider only the pure component properties and the relative amounts of the
components [25, 26]. These include (written for the viscosity) series

N = @i + (1 —@)n, (1)
and parallel representations
Mo =o'+ (1= @), (2)
and a log-additivity rule
M2 = 71(1/)]”1;_(/)1- 3)

These expressions are strictly empirical and can be generalized with a power-law
expression [27]

nt=oni + (1 - ¢)nj. (4)

Equations (1)—(4) ignore the effect of phase size and connectedness. The lack of
predictive capability limits their utility [28], fitting to actual data often requiring
additional adjustable parameters. Even for the simple case of Newtonian fluid
mixtures, the viscosity can depend on the particle size, which in turn depends on
the mixing or flow conditions [29-31]. Figure 4 [32] shows the variation of the
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Fig. 5 Dynamic storage 1000 -
modulus of blends of natural C
rubber and styrene-butadiene
copolymer (filled symbols)
and EPDM and 1,4-
polybutadiene (open symbols)
at the indicated temperatures
plotted versus the
concentration of the glassy
component minus 0.2 (the
latter representing the weight
fraction at the percolation
threshold). Vitrification of the -
higher T, component governs - 4@ NR/SBR -40°C
the magnitude of G'. Data e <& EPDM/BR -70°C
from Ref. [35] i
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viscosity with composition for a blend of PBD and polypentenamer; the depen-
dence is very complex and not obviously described by any mixing rule.

Expressions similar to Egs. (1)—(4) are used to describe the modulus of blends.
If the temperature is intermediate between the component 7,’s, the phase mor-
phology can affect the blend stiffness in interesting ways, as any applied strain is
manifested very differently for each phase. If the discrete particles are glassy, their
influence on the modulus is similar to that of a conventional filler. Rubbery par-
ticles dispersed in a continuous glassy phase represents the morphology of rubber-
toughened plastics [33, 34]. A continuous phase of higher 7, gives rise to a
dramatic increase in the modulus, as seen in blends of NR and PBD in Fig. 5 [35].

The failure properties of rubber blends are more sensitive to the details of the
domain structure than other mechanical properties. Clarke et al. [36] obtained
greater tensile and tear strengths in blends of NR and PBD when mixing was
sufficient to reduce the domain size below 1 pm; no further improvement in
properties was observed with further mixing (Fig. 6). Blends of a fluoropolymer
with hydrogenated nitrile rubber exhibited the highest strength for intermediate
compositions, associated with co-continuity of the phases (Fig. 7) [37].

The strain-crystallizability of NR can govern the cut growth behavior and other
failure properties of its blends (Fig. 8) [38—40], in particular when the NR is
present as a continuous phase [41]. Interestingly, one study found that NR/PBD
blends exhibited a maximum in elongation to break for roughly equal concen-
trations of the components [42], which presumably yields a co-continuous phase
morphology. Blends of polychloroprene (CR), which is also strain-crystallizable,
with synthetic 1,4-polyisoprene (which has lower cis content and reduced crys-
tallizability than natural rubber) exhibited greater tear strength with increasing CR
content [43]. When dispersed as small particles, crystallization of a polymer
proceeds more slowly than in the bulk, although the ultimate degree of crystallinity
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Fig. 6 Effect of mixing time S T S R 80
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is the same [44, 45]. This effect is ascribed to a reduced nucleation rate, similar to
the slower crystallization of NR latex when the rubber particles are smaller than 1
pm [46].

2 Compatibilization

Improving the compatibility of the blend components yields smaller and/or more
interconnected phases, both of which can potentially improve the properties. This
can be achieved through the use of compatibilizing agents or chemical modifi-
cation of the components. Compatibilizers are surfactants that modify the
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Fig. 8 Fracture strength of 100 . — .
NR, PBD, and a 50/50 blend . i
as a function of size of edge I
cracks introduced into the test
specimens. For cracks beyond
about 2.2 mm, the material
fails before reaching stresses
sufficient to induce bulk
crystqallization of the NR.
Data from Ref. [39]

i ©)
! [m]

° GE T

10k

fracture energy (kJ/mz)

O Natural Rubber
<& 1,4-polybutadiene
o © 50/50 blend

0.1 1 10

cut length (mm)

interfacial tension to decrease the dispersed particle size. Generally higher con-
centrations of modifiers yield smaller domains sizes up to the saturation point [47].
The compatibilizer may have other functions. For example, immiscible blends of
NR and SBR intended for pressure-sensitive adhesives show a single glass tran-
sition in dynamic mechanical spectra when plasticized by large quantities of
tackifying resin, the latter evidently functioning as a compatibilizer, in addition to
improving adhesive performance [48]. Block copolymers can be used to com-
patibilize phase-segregated blends, by reducing the surface tension [49] and
simultaneously enhancing the strength of the interfacial regions [50-52].
Examples of chemical modification to achieve better homogeneity include:
EPDM modified with maleic anhydride [53]; acrylamide-grafted poly-
dimethylsiloxane (PDMS) with sulfonated EPDM [54]; and mercapto-modified
ethylvinyl acetate rubber in blends with NR [55]. Similar efforts have been made
to compatibilize EPDM with PDMS [56, 57], NR [58] and PBD [59]. A variation
on this approach is to obtain interphase crosslinking by oxidatively crosslinking
the blend components. Molding at very high temperatures (200 °C) for extended
times have been shown to compatibilize certain rubber blends [60].
Compeatibilizers can have an indirect effect on blend morphology and properties
when they function as plasticizers. Plasticizers and processing aids are used to reduce
the resistance to flow of polymers by lowering the internal friction (viscosity), as well
as the friction with the walls of mixers, extruders, roll mills, etc. By inducing slippage
at the interface with the mixing vessel, shear flow is suppressed without affecting the
extensional flow that most effectively disperses the components and any filler par-
ticles. (Note that dispersive mixing refers to breakup of these constituents into
smaller sizes, and is different from distributive mixing, which gives a more spatially
uniform concentration of the ingredients). However, lubricants can be depleted and
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Fig. 9 Viscosity of an SBR J> T T T T T T
with 50 phr N326 carbon .
black as a function of added PDMS in SBR
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at high concentrations may affect the properties of the cured rubber. An alternative is
to add small quantities of a polymeric component of lower viscosity. During pro-
cessing, the lower viscosity component of a phase-separated blend tends to accu-
mulate at the surface, where the shear rates are largest [61, 62]. The phenomenon of
the morphology arranging to accommodate the applied stresses is referred to as the
principle of minimum viscous dissipation [63].

Figure 9 [64] shows the viscosity measured dynamically and during continuous
shear flow of an SBR containing low levels of a PDMS. The silicone has a
viscosity ten times lower than the SBR (due to the lower molecular weight and
higher entanglement molecular weight of the silicone polymer). Since the strain in
the oscillatory experiment is spatially homogeneous, the PDMS is uniformly
distributed and has negligible effect on the dynamic viscosity, given its low
concentration. However, the apparent viscosity for flow through a capillary die is
much lower for the blend, because the material at the surface becomes enriched
with the PDMS [64]. The consequence is a non-uniform velocity profile and lower
resistance to flow. Note that since the extensional flow is unaffected (being
determined by the geometry of the die), the dispersion of carbon black in this
compound was unaffected by the PDMS [64]. And since the total amount of the
PDMS is low, bulk properties were also unchanged by its presence.

This segregation of two incompatible polymers can continue over time under
quiescent conditions, governed by the diffusive mobility of the polymers. For
example, Bhowmick et al. [65] observed that PDMS diffuses to the surface during
aging of blends. (The opposite phenomenon—miscible components spontaneously
interdiffusing—has also been reported [1].) Surface accumulation of one compo-
nent can also result from interaction (chemisorption) with the walls of the pro-
cessing equipment. This can lead to contamination of the walls by the adhering
polymer. If there is strong incompatibility with the main component, the result can
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be slippage at the interface. This is seen in the enormous reduction in apparent
viscosity in blends of EPDM and a fluorelastomer (Fig. 10) [66]. The blend
exhibits a resistance to flow almost an order of magnitude smaller than for either of
the neat components.

3 Distribution of Crosslinks

The distribution between the phases of curatives, plasticizers, antioxidants, fillers,
etc. can have an effect on the cured properties of blends. Thus, non-uniformity of
plasticizers can affect the phase morphology, through their influence on the
component viscosities. Unequal partitioning of the antioxidants in a blend can
result in inferior resistance to degradation and a shortened service life. A major
issue in heterogeneous blends is the distribution of crosslinks. Uniform cross-
linking generally gives the best properties, with severe imbalances resulting in
over- or undercured material. Since crosslinking increases the glass transition
temperature, a disparity in crosslinking of the components can alter their respec-
tive T,’s in the blend (Fig. 11) [67]. Achieving uniform states of cure can be
difficult, since the components may have different affinities for the curatives,
common for blend components differing in polarity or degree of unsaturation.
Even components of similar polarity and unsaturation can have cure imbalances if
their crosslink reactivities are different, as has been observed in vulcanization and
peroxide curing of NR/PBD blends [68, 69]. Curative depletion in the faster-
reacting phase can induce diffusion from the other component [70]. The levels of
sulfur and accelerators are usually below their solubility limits, which engenders
curative migration [71-75].
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Fig. 11 Glass transition -54 T T T T T T T
temperature of each
component in blends of
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An obvious solution to crosslink imbalances is to use curing chemicals with
more nearly equal solubility and reactivity for the components, for example
through judicious selection of vulcanization temperature [76] and accelerators [77,
78]. For example, changes in the accelerator altered the tensile strength of NR
blends with acrylic rubber by more than a factor of two [77]. The curatives can
also be premixed into the components at optimal concentrations prior to blending
of the rubbers [79]; however, this increases the potential for prevulcanization
(scorch) and does not address curative migration. One study found that when
uniformly distributed initially, curatives are prone during mixing to take up resi-
dence within the continuous phase [79]. Precuring the more saturated component
prior to blending can alleviate crosslink misapportionment [80, 81], although this
may be impractical and will affect the phase morphology. Covalent bonding of the
curatives to the polymers, of course, precludes migration [58, 82, 83].

For strength properties there is an additional requirement of achieving inter-
facial crosslinking in order to mutually adhere the domains. This is difficult when
the blends have different reactivities, a common example being EPDM with NR or
PBD. One approach to circumvent the problem is grafting accelerators to the
components [82].

4 Distribution of Filler

Non-uniform filler distribution is an important issue with blends, since rein-
forcement of both phases is necessary to optimize physical properties. The affinity
of carbon black, for example, varies among polymers (usually being higher in the
more polar or unsaturated component [84]), so that non-uniform distributions in
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Fig. 12 Carbon black
content of each component in
immiscible blends of SBR
with (fop) 50 % epoxidized
natural rubber and (bottom)
natural rubber. The filler
preferentially incorporates
into the more polar phase.
Data from Ref. [85]
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blends are common. This is illustrated in Fig. 12 [85], showing the different uptake
of carbon black in blends of SBR with NR, a relatively non-polar polymer, and
with a polar, epoxidized natural rubber. The carbon black distribution is more
inhomogeneous for the latter.

At least for carbon black, the filler distribution obtained during mixing is
irreversible, because the polymer chains adhere strongly to the particle surface.
This can be taken advantage of by sequential addition of the filler or by adding the
filler to the components prior to their blending; thus, the distribution between
blend components is controlled by the mixing procedure [86]. Silica bonds weakly
to polymers, so that the particles can transfer between phases during mixing. This
is illustrated in Fig. 13 [87], in which the bound rubber was measured for each
component as a function of mixing time. The higher rate of wetting of silica by NR
leads to high silica content initially; however, over the course of the mixing some
silica transfers to the SBR component.

Since the concentration of filler affects the melt viscosity, its inhomogeneous
distribution can influence indirectly the phase morphology (see Fig. 1). Properties
such as the elasticity and hysteresis depend non-linearly on filler concentration, so
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that a non-uniform distribution can be exploited to achieve properties that depart
from the mean of those of the components. This approach has been demonstrated
to afford control of the die swell and elastic rebound of rubber blends [88-90].
Carbon black particles located at the interface between the components can give
rise to electrical conductivity higher than achievable with neat elastomers [91-93],
which can be useful for antistatic or shielding applications.

5 Summary

Among commercial elastomers, the volume of blends is probably as large as the
volume of pure rubbers, and certainly the vast majority of the former are phase
separated; i.e., thermodynamically immiscible but not incompatible. The problems
with rubber blends outlined in this brief review are well-known, and various
solutions have been developed. Given the difficulty and expense of producing new
polymers, blends will continue to be an attractive source of new properties. One
promising approach that is largely unexplored is nanoconfinement. It is well-
established that unusually large surface to volume ratios and the intrusion of an
external dimension on the length scale of polymers, including their coil size,
changes the behavior from that in the bulk state [94-97]. It has been reported that
in a blend, one component can experience nanoconfinement by the other, leading
to large changes in the dynamic behavior [98, 99]. The effect of confinement on
polymers is complex and there are many anomalies; however, with this complexity
is the expectation of unique properties.
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