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ABSTRACT

Double network elastomers were prepared by curing under strain previously-crosslinked natural rubber or styrene-
butadiene copolymer. The rubbers were reinforced with carbon black, so that the conventional (singly-cured) materials
exhibited a substantial Payne effect, reflecting agglomeration of the filler particles. This effect was much reduced in the
double networks — the storage modulus varied more weakly with strain amplitude, and the mechanical hysteresis was
substantially smaller. Comparable results were obtained for dynamic mechanical measurements employing different test
geometries; that is, the effect is independent of the direction of the strain relative to the orientation of the double network.
These results indicate that deformation during the imposition of a second network disrupts the carbon black agglomer-
ates, and this deflocculated structure is stabilized by the second crosslinking. Thus, double network processing is a gen-
eral means to lower the hysteresis of filled rubbers.

INTRODUCTION

Orientation has a significant effect on the mechanical response of elastomers, especially rub-
bers which strain-crystallize. Although this orientation is usually not stable in a flexible chain
polymer above its glass transition temperature, permanent orientation can be achieved via a
“double network”. After an initial, isotropic crosslinking, the rubber is stretched and crosslinked
a second time. While this process happens inadvertently, with the consequence referred to as per-
manent set,!3 double networks can also be obtained by design. Control of the orientation and
crosslink apportionment yields higher modulus,*® enabling the usual compromise between elas-
tomer stiffness and strength to be circumvented. For strain-crystallizing rubbers, the benefits are
even greater, since substantial improvements in crack-growth and fatigue performance can be
realized.”"'% Double networks exhibit anisotropic properties,”® 12 and are usually characterized
in terms of their residual stretch ratio, Ay, equal to the ratio of their length along the stretch direc-
tion of the second cure to the initial length (prior to the second curing, or equivalently, in the
uncured state). However, A, does not uniquely define a double network, as different cure strains
and crosslink apportionment between the two networks can yield the same residual strain, but
different mechanical properties.

Most studies of double networks utilize unfilled rubbers, in order to better understand struc-
ture-property relationships. In an elastomer containing reinforcing filler such as carbon black or
silica, agglomeration of the particles produces a filler network, in addition to the network of
covalently-bonded polymer chains. In fact, Reichert et al.'* modeled the deformation of conven-
tional (single) networks of filled rubber as a double network, adopting an approach similar to that
used to analyze unfilled double networks.!!416 This implies that double networks reinforced
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with filler can be viewed as a composite of three distinct networks. Roland and Peng!” investi-
gated the electrical properties of carbon black filled double networks, finding that the electrical
conductivity was lower than for single networks. After an initial minimum at low strains, how-
ever, the conductivity of the double networks increased more strongly with strain. Hamed and
Huang® observed highly anisotropic mechanical properties in natural rubber double networks
containing carbon black, the tensile and tear strengths being higher for deformations parallel to
the orientation. These double networks were especially “notch sensitive”, with substantial reduc-
tions in strength accompanying the introduction of small cuts.

Practical utilization of double networks for most applications would require the use of car-
bon black or other fillers, given the performance and cost benefits.'® However, there is a well-
known drawback to the use of reinforcing fillers — higher mechanical hysteresis due to agglom-
eration of the filler particles. This agglomerate structure, which underlies the Payne effect,!?
reduces the mechanical efficiency of rubber and contributes to heat build up. For a typical rub-
ber compound, roughly half of the energy dissipation during cyclic deformation can be ascribed
to the agglomerated filler, the rest coming from chain ends and internal friction.?’ Empirical rela-
tions have been derived which relate the propensity of carbon black to agglomerate with the heat
buildup of the rubber compound. Minimizing this hysteresis can be a major criterion in devel-
oping a rubber compound.?! For example, tire rolling resistance is the second largest source of
fuel consumption in an automobile, and rubber hysteresis is the primary energy loss mechanism
of a rolling tire.?>?3 Thus, means to reduce filler agglomeration are of obvious value.

As illustrated by the Payne effect,'®!° deformation disrupts the agglomerate structure,
increasing the resiliency of rubber. Thus, intensive mixing of a rubber compound to disperse and
distribute the filler aggregates is a key aspect to minimizing the agglomeration and obtaining
good mechanical properties. Since imposition of a large strain is inherent to producing double
networks, potentially they are a route to lower hysteresis rubber. Substantial filler flocculation
also transpires after mixing.>*?> However, the crosslinking of a double network after straining
may stabilize the de-agglomerated filler network. Consistent with this idea is the earlier finding
of lower electric conductivity in filled double networks.!” The flocculated carbon black is the pri-
mary conductive pathway, so lower conductivity suggests less agglomeration. In the present
study, the mechanical hysteresis of carbon black filled double networks of polyisoprene was
investigated. Dynamic moduli were measured using different sample geometries, giving differ-
ent deformations relative to the double network orientation. The results indicate substantial
reduction in filler agglomeration, and thus improved mechanical performance.

EXPERIMENTAL

Two cis-1,4-polyisoprene rubber formulations were used (Table I). For the natural rubber
(NR) samples, the initial crosslinking was carried out in a closed mold at 135 °C for 24 min. The
rubber was then elongated, and held in a frame contained between two aluminum plates. The
stretch ratio, A, was determined from fiducial marks. The second curing was carried out in
vacuo, with heat applied via electric heaters embedded in the two aluminum plates, whose tem-
perature was independently controlled. A temperature of 170 °C was attained in 20 min, and then
maintained for 16 min, followed by quenching.
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TABLE I
FORMULATIONS

NR IR
Deproteinized natural rubber® 100 —
Synthetic natural rubber®) — 100
N234 50 —
N330 — 40
Dicumyl peroxide 2 —
Stearic acid — 2
Zinc oxide — 3
N-isopropyl-N-phenyl-p-phenylenediamine — 2
4,4-dithiodimorpholine — 1
N-cyclohexyl-2-benzothiazole sulfonamide — 1

3 DPNR-S from the H.A. Astlett Co.
% Nipol IR-2200 from Zeon Chemicals.

For shear testing, rings (inner and outer diameters equal to 19 and 25 mm, respectively) were
cut from the cured sheets, and adhered to parallel steel plates. Sample thicknesses varied from
2.5 to 3.8 mm, depending on the residual stretch ratios, 7\R The measurements were done at 30 °C
and 10 Hz, using a TA Instruments ARES-LS.

Dynamic measurements in tension were carried out using a Dynastat instrument. Samples
(24 mm long and 3.7 mm wide) were cut with the long axis parallel to the stretch direction of the
double network. A static offset equal to 115 (+10) % of the dynamic amplitude was used to avoid
buckling. The measurements were done at RT and 0.1 Hz.

Crosslink densities (Table II) were estimated from the equilibrium modulus, using the rub-
ber elasticity equation for affine deformations.?® Since the orientation of a double network influ-
ences its modulus, all determinations were done on samples cured in the isotropic state. The
assumption was made that stretching does not affect the crosslinking reactivity, which is reason-
able for rubbery materials.

TABLE I
DOUBLE NETWORKS
u,/v, Ac A,
NR-D1 34 1.41 1.34
NR-D2 34 1.82 1.67
NR-D3 34 2.16 2.00
NR-D4 34 2.69 2.40
IR-D1 1.2 1.50 1.15
IR-D2 3.1 1.50 1.30

v, = crosslink density of second network; v, = crosslink density of first network.

RESULTS

The residual strain of double networks is a function of both the cure strain and the crosslink-
ing apportionment. This is demonstrated in Figure 1, in which the residual stretch ratio is shown
for double networks having a fixed crosslinking apportionment, and for double networks cured
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at a fixed value of strain. There is proportionality between Ay and A, while A, varies sublinear-
ly with crosslink apportionment. Although a double network is not uniquely defined by the resid-
ual strain, its optical and mechanical properties are generally governed by the magnitude of A.
Whether this holds true for the low strain dynamic properties of filled rubbers is examined below.
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FIG. 1. — Residual stretch ratio as a function of the stretch ratio during the second crosslinking, for NR

double networks having 77% of their total crosslinks in the second network. The inset shows A, versus the ratio
of crosslinks in the two networks, for IR double networks prepared at a cure strain of 50%.

PEROXIDE-CROSSLINKED DEPROTEINIZED NATURAL RUBBER

Figure 2 shows the dynamic storage, G’, and loss, G”, moduli measured in shear for two
double networks having respective }\R =1.34, 1.67 and 2.00, along with data for a single network
(Ag = 1). For the latter, which experienced identical processing and heat history, there is a plateau
in G’, reflecting the carbon black network. At a strain amplitude on the order of 0.2%, the stor-
age modulus begins to decrease, as deformation breaks up the flocculated filler particles. This
breakup is associated with a maximum in the loss modulus, centered around 1% strain. The
behavior of the double networks is qualitatively similar, but the effect is weaker. The plateau in
G’ and the maximum in G” are both ca. one-third lower. These results show that the carbon black
agglomeration is reduced in the double networks. However, the magnitude of this reduction does
not depend on the residual strain of the double network; any differences in the degree of filler de-
agglomeration are within the experimental scatter.
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FIG. 2. — Dynamic storage (upper panel) and loss (lower panel) moduli of single network (filled symbols) and

double networks (NR-D1 A; NR-D2 O; NR-D3 V), measured using torsional shear of ring samples at 10 Hz and
30 °C. The plateau in G’ is due to flocculated filler, the disruption of which at higher strain gives rise to the maximum
in G”. The magnitude of these two characteristic features is smaller, reflecting less carbon black agglomeration, in
the double networks. The structure in the loss moduli data below ca. 0.1% strain is an instrumental artifact.

The data in Figure 2 were obtained on ring samples, twisted (sheared) in the plane of the
double network orientation. Generally, the mechanical properties of double networks exhibit
some anisotropy,’ %1112 so it is of interest to assess the Payne effect for other deformation modes.
In Figure 3 are results for tension, with the principle axis parallel to the stretching during cure.
The range of the data is more restricted than in Figure 2, due to instrumental limitations; never-
theless, there is a clear reduction in both the storage and loss moduli for the double network. In
both Figures 2 and 3, the dynamic strain associated with breakup of the filler network is not
affected by the presence of the double network.

SULFUR-VULCANIZED SYNTHETIC POLYISOPRENE

To demonstrate that the effects describe above are not unique to the peroxide-cured NR, sul-
fur-cured double networks were produced using synthetic cis-1,4-polyisoprene (IR-1 and IR-2 in
Table II). The measurements were also carried out differently, via torsion of a rectangular strip.
This deformation involves bending as well as shear modes perpendicular to the double network
principle orientation. The storage moduli for the two double networks and a (control) single net-
work are shown in Figure 4. In comparison to the isotropic sample, the double networks exhibit
a marked reduction (~ 40%) in the plateau associated with the carbon black network. Thus, dif-
ferent elastomers, tested using a different test geometry, corroborate the prior results that the
Payne effect is reduced for double networks. Note that unlike the results in Figure 3, the double
network having a larger residual strain appears to have a weaker Payne effect. This reflects triv-
ial variations in the preparation and processing of the materials; overall, no consistent trend with
Ay was observed.
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FIG. 3. — Dynamic storage (upper curves) and loss (lower curves) moduli of two double networks

(NR-D2 O; NR-D4 A\) and the corresponding single network (H), measured in tension,
applied parallel to the orientation of the double network at 0.1 Hz and RT.
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F1G. 4. — Dynamic storage modulus of double networks (hollow symbols) and the corresponding single

network (filled symbols), measured using torsional shear of rectangular strips at 1 Hz and RT. The absence
of a filler network in the double networks occasions the disappearance of the strain-dependent plateau.
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CONCLUSIONS

The mechanical inefficiency and heat buildup associated with agglomerated carbon black is
a well-known problem in rubber technology. When a double network is produced, the stretching
during the second cure disrupts the agglomerated filler network, since the strain, as well as the
residual strain, is always much greater than the strain (~ 1%) associated with disruption of the
filler network. The deflocculated structure is stabilized by the second crosslinking, leading, as
shown herein, to rubber with substantially reduced mechanical hysteresis. The fact that elonga-
tion was used to produce the double networks means that there is orientation along this direction
in the final material. Consequently, certain mechanical and failure properties exhibit anisotropy.
However, the lower dynamic hysteresis observed herein is independent of the deformation direc-
tion. The only requirement is that the connectivity of the flocculated filler structure be disrupted
prior to the second cure. This lack of any orientation effect is demonstrated herein by dynamic
measurements using three different geometries — shear (in the plane of the double network prin-
ciple orientation), uniaxial extension (parallel to the orientation of the double network), and tor-
sion (combining bending and shear deformations). For all cases, the double networks showed
lower hysteresis. Thus, the incorporation of a double network structure may be a generally use-
ful approach to more energy efficient elastomers.
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