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Resolving toughness-modulus conflict in carbon
black reinforced natural rubber by preserving long
chainst

Chenghai Li,#* Matthew Wei Ming Tan,#*° Xianyang Bao,? Guodong Nian, (22
Yakov Kutsovsky® and Zhigang Suo (2 *@

In manufacturing many natural rubber products, carbon particles and natural rubber chains are mixed by
high-intensity processes, such as roll milling and internal mixing. These processes cut natural rubber
chains and reduce the performance of the composite. Here we hypothesize that the performance can
be enhanced by preserving long chains of natural rubber. We test this hypothesis by mixing carbon
particles with natural rubber latex without cutting chains. The long chains are densely entangled and
sparsely crosslinked. Above a certain volume fraction, carbon particles percolate. The percolated
network of carbon particles and the crosslinked network of rubber chains interpenetrate and form
strong noncovalent bonds. Preserving long chains amplifies toughness by more than an order of

2, while maintaining modulus. High toughness arises from

magnitude, from ~3.5 kJ m™2 to ~63 kJ m™~
energy dissipation across multiple length scales: along long rubber strands, across carbon particles, and
in a zone of strain-induced crystallization and interfacial dissipation. Modulus is maintained through

entanglements of rubber strands and percolation of carbon particles.

1. Introduction

Of all rubbers, natural rubber stands out for having long chains,"?
low interchain friction,® and near-perfect stereoregularity.* The
long chains lead to high strength and fatigue resistance.®” The
low interchain friction reduces hysteresis.>®” The near-perfect
stereoregularity enables strain-induced crystallization (SIC), which
amplifies toughness.®® This combination of attributes has not
been reproduced in synthetic rubbers.” The long chains of natural
rubber, however, are cut short to ease manufacturing of many
products.’®"" Nature synthesizes long polymers, but humans cut
them short. The long chains of natural rubber have so far
benefited a few products, including condoms, gloves, and liners
for mining equipment.

Applications, such as tires, hoses, and engine mounts,
require high modulus to resist deformation, and high tough-
ness to resist crack growth. Modulus and toughness often
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conflict in materials."**® When chains are cut short, forming

a polymer network requires dense crosslinks,'” which increase
modulus but decrease toughness.'® This conflict between mod-
ulus and toughness is resolved in a class of networks, called
tanglemers, in which entanglements greatly outnumber
crosslinks.">?° In a tanglemer, dense entanglements lead to
high modulus and sparse crosslinks lead to high toughness. We
have recently prepared a natural rubber tanglemer without
cutting long chains.” The natural rubber tanglemer greatly
amplifies toughness while maintaining modulus. We have also
recently synthesized a silica reinforced poly(ethyl acrylate)
tanglemer, which achieves a high resistance to crack growth
under cyclic loadings.>" We have also demonstrated that silica
reinforced natural rubber without cutting chains achieves a
combination of high modulus and toughness.**

A widely used filler is carbon black, with global production
of 12.2 million tons annually, 90% of which is used to fill both
natural and synthetic rubbers.”*>” Carbon black reinforced
natural rubber outperforms carbon black reinforced synthetic
rubbers and is the material of choice for high severity applica-
tions, such as tires for trucks, buses, aircrafts, and mining
vehicles.”*?%?¢?% Rubber chains and carbon particles form
strong noncovalent bonds, such as van der Waals interactions
and n-r interactions.?>**?*?%2% Carbon black reinforced nat-
ural rubbers have been widely used because the addition of
carbon black preserves SIC.*°3? Prior research, however, has

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Carbon black reinforced natural rubber. Carbon particles and rubber chains form strong noncovalent bonds. Above a certain volume fraction,
carbon particles form a percolated network, which interpenetrates with the crosslinked network of natural rubber. Between two nearby carbon particles

is a gap occupied by rubber.

not succeeded in preparing carbon black reinforced natural
rubber without cutting chains.**>*?®

Here we hypothesize that, for carbon black reinforced nat-
ural rubber, toughness can be markedly enhanced, while
maintaining modulus, by preserving long chains. We test this
hypothesis by preparing a model system of carbon black
reinforced natural rubber tanglemer (Fig. 1). In the model
system, the size of a carbon particle is about 230 nm. Through
the noncovalent bonds between carbon particles and rubber
chains, each carbon particle immobilizes rubber chains within
a layer of a few nanometers thick.>**** Above a certain volume
fraction, carbon particles form a percolated network. Between
two nearby carbon particles is a gap occupied by rubber. The
thickness of the gap is larger than that of the immobilized
rubber, but smaller than the size of a carbon particle.

a b

Noncovalent bonds Carbon

Consequently, above a certain volume fraction, carbon black
reinforced natural rubber consists of two interpenetrating net-
works: a network of crosslinked rubber chains and a network of
percolated carbon particles. These two networks form strong
noncovalent bonds.

In carbon black reinforced natural rubber tanglemer, mod-
ulus is maintained by dense entanglements of natural rubber
chains, as well as by the percolated network of carbon particles.

High toughness originates from energy dissipation at multi-
ple length scales. At the tens of nanometer scale, a crack
impinges on a strand of natural rubber between nearby cross-
links (Fig. 2a). Because the noncovalent bonds between strands
are much weaker than the covalent bonds along the strand, the
strand readily slips, deconcentrating high tension along the
entire length of the strand. Consequently, rupture of a single

Natural rubber

SIC, slippage, J
! and desorption i

Crack

Fig. 2 In carbon black reinforced natural rubber, high toughness originates from energy dissipation at multiple length scales. (a) Near a crack tip, before
a strand breaks, high tension deconcentrates along the entire length of the strand. The rubber chains and carbon particles slip and desorb. (b) High
tension transmits to rubbers in nearby carbon—carbon gaps. (c) Strain-induced crystallization, as well as interfacial slip and desorption, occur in a large

zone around the crack tip.
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covalent bond of the strand dissipates the energy stored in
every covalent bond along the strand. The sparser the cross-
links, the longer the strand, and the more energy dissipated.
The rubber in the gap between two nearby carbon particles

d,>>3%35 which resists tension but

is triaxially constraine
allows shear. High tension develops in the rubber in the
gap. Under sufficiently large strain, rubber chains slip and
desorb from carbon particles, dissipating energy by break-
ing noncovalent bonds.

At the micrometer scale, strong noncovalent bonds between
carbon and rubber transmit high tension to rubbers in multiple
nearby gaps through the percolated network of carbon parti-
cles. (Fig. 2b). The slip and desorption at carbon-rubber inter-
faces in a single gap dissipates the energy stored in many
nearby gaps.

At the millimeter scale, in a zone around the crack tip, most
strands do not break (Fig. 2c). As the crack advances, long
strands crystallize ahead of the crack tip and melt behind the
crack tip, which dissipates energy. Meanwhile, interfacial slip-
page and desorption between rubber chains and carbon parti-
cles also dissipate energy.

To test the hypothesis, we first compare two types of carbon
black reinforced natural rubber: one with cut chains and the
other with uncut chains (Fig. 3). Both have the same volume
fraction of carbon particles, F = 0.4, and the same crosslink
density, C = 107>, C is defined as the molar ratio between the
initiator and repeat units per polyisoprene chain. For the
composite with cut chains, the dangling ends of short chains
do not bear load,'® and the rubber network is not well formed
at a low crosslink density of C = 107°. Consequently, both the
modulus and toughness of the composite with cut chains are
much lower than those of the composite with uncut chains.

Next, to form a good rubber network, the crosslink density of
the composite with cut chains is increased to C = 102, while
the crosslink density of the composite with uncut chains is
fixed as C = 102 (Fig. 4). The two composites achieve compar-
able moduli but greatly different values of toughness. The
results in Fig. 3 and 4 highlight that carbon black reinforced
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Fig. 3 Modulus and toughness of carbon black reinforced natural rubber
with cut chains and with uncut chains. Both composites have the same C =
10~ and F = 0.4. All values represent averages with standard deviations for
N = 3 replicates.
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Fig. 4 Modulus and toughness of carbon black reinforced natural rubber
with cut chains (C = 1072) and with uncut chains (C = 107°). Both
composites have the same F = 0.4. All values represent averages with
standard deviations for N = 3 replicates.

natural rubber with long chains and sparse crosslinks greatly
amplifies toughness, while maintaining modulus. The remain-
der of the paper describes the synthesis and properties in
detail.

2. Conventional method to make a
product of carbon black reinforced
natural rubber

To set the background for this work, recall the conventional
method to make a product of carbon black reinforced natural
rubber (Fig. 5). Latex tapped from trees is a milky white fluid,
consisting of particles of polyisoprene chains dispersed in
water.’ The chains in the latex have a high molecular weight
of ~1000000 g mol"."? The chains are hydrophobic, but are
terminated with non-rubber components, including proteins
and phospholipids.® The non-rubber components are hydro-
philic, and function as surfactants that stabilize the latex
particles in water.” As water evaporates, the particles of poly-
isoprene chains coagulate to form neat natural rubber.’ The
neat natural rubber is then mixed with carbon particles and
additives to form a compound.***” Mixing is commonly con-
ducted using high-intensity processes, such as roll milling and
internal mixing, subjecting the compound to severe shear and
elevated temperatures.*>*” The high-intensity processes masti-
cate rubber chains, lower viscosity, and disperse carbon parti-
cles in the rubber matrix. Mastication reduces the length of
rubber chains by an order of magnitude.'®'**® The compound
is then shaped into the geometry of a product by extrusion or
molding within a window of time and temperature.*®*” Subse-
quently, the rubber chains are crosslinked into a network, in
which crosslinks divide each rubber chain into multiple
strands and two dangling ends. For the same crosslink density,
a network of short chains has more dangling ends than a
network of long chains, and the dangling ends do not bear
load."® To compensate for this shortcoming, the short chains
are densely crosslinked.*®

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 A conventional method to make a product of carbon black reinforced natural rubber involves several steps, which change the molecular

architecture of rubber chains.

3. Solution process to make carbon
black reinforced natural rubber
tanglemer

To preserve long chains, we begin with latex (Fig. 6a). We
dissolve the thermal initiator, dicumyl peroxide (DP), in toluene
(Fig. 6b). The DP-toluene solution is mixed with latex to
dissolve the latex particles into polyisoprene chains (Fig. 6c).
Water remains in a trace amount (5 vol%) and likely surrounds
the non-rubber components.

Separately, we disperse carbon black particles in toluene
(Fig. 6d). The carbon particles used in this work are not fused as
aggregates and can be uniformly dispersed in toluene. The
carbon-toluene dispersion is then mixed with the DP-toluene-
water-rubber solution to uniformly disperse carbon particles
without cutting the rubber chains (Fig. 6e). The homogenized

mixture is left at room temperature to fully evaporate toluene
and water (Fig. 6f). As evaporation proceeds, strong noncova-
lent bonds form between carbon particles and rubber chains,
and rubber chains in the matrix entangle.

The dried mixture, called a compound, is shaped at 90 °C for
1 hour. The temperature and time are chosen such that during
shaping the rubber chains are uncut and uncrosslinked. The
compound is then cured at 140 °C for 3 hours. During curing,
DP decomposes into free radicals. Each DP molecule creates a
crosslink between rubber chains®® (Fig. 6g). Thus, we take the
molar ratio between DP and repeat units per polyisoprene
chain, C, as the crosslink density.

After curing, carbon particles are uniformly distributed in
the rubber matrix, confirmed by scanning electron microscope
(SEM) images of the cross sections of the sample (Fig. 7). The
carbon particles used in this work are not fused as aggregates.
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(M Rubber chain with non-rubber components Water

Toluene © Dicumyl peroxide (DP) ‘ Carbon black

Fig. 6 Solution process to make carbon black reinforced natural rubber with long chains. (a) Latex. (b) DP-toluene solution. (c) Mixture of polyisoprene
chains, water, toluene, and DP. (d) Suspension of carbon particles in toluene. (e) Mixture of polyisoprene chains, water, toluene, DP, and carbon particles.

(f) Uncured compound. (g) Cured carbon black reinforced natural rubber.
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Fig. 7 Distribution of carbon particles in natural rubber. Scanning electron microscope (SEM) images of the cross section of the composite with F = 0.2
and C = 107%: (a) Scale bar, 5 um, and (b) Scale bar, 1 um. SEM images of the cross section of the composite with F = 0.4 and C = 10~%: (c) Scale bar, 5 um,

and (d) Scale bar, 1 um.

The diameter of a particle is about 230 nm. Because the rubber
chains and carbon particles form strong noncovalent bonds,
carbon particles absorb rubber chains. The particles distribute
uniformly at a length scale larger than an individual particle,
but form clusters in which particles are closer to one another
than average. In a cluster, two nearby particles do not touch
each other directly, but are separated by a thin gap occupied by
rubber. As the volume fraction of carbon particles increases,
they form larger and larger clusters until they percolate. After
percolation, the composite forms two interpenetrating net-
works: the network of crosslinked rubber chains, and the
network of percolated carbon particles (Fig. 1, right). The two
networks adhere to each other through noncovalent bonds. The
particles do not percolate at a low volume fraction of particles
F =0.2 (Fig. 7a and b), but percolate at a high volume fraction
F = 0.4 (Fig. 7c and d). These observations are consistent with
the well-established percolation threshold of rigid particles,
which typically occurs at a volume fraction of approximately
F=0.24t0 0.3.%™"

To prepare a composite with cut chains, the compound is
passed 100 times through a two-roll mill with a 1 mm roll gap.
After milling, the compound becomes sticky, indicating an
increase in dangling ends. The compound is then hot-pressed
at 140 °C for 3 hours. After curing, carbon particles are
uniformly distributed within the rubber matrix, as confirmed

522 | Soft Matter, 2026, 22, 518-531

by SEM images. No significant difference in the dispersion of
carbon black is observed between the composites prepared by
two processes: two-roll milling followed by hot pressing, and
direct hot-pressing. The dangling ends in the masticated sam-
ple do not bear load, requiring a high crosslink density of C =
10~ to form a composite of a modulus comparable to that of
the composite with uncut chains (C = 107%).
A tanglemer is designed with the condition:

n > ne » ne (1)

where n is the number of repeat units per chain, n. is the
number of repeat units between two neighboring crosslinks,
and n, is the number of repeat units between two neighboring
entanglements. When n > n., the network has far more load-
bearing strands than dangling ends;'”** otherwise, the network
is not well formed.'® When n, » n., entanglements greatly
outnumber crosslinks.'””** For uncut natural rubber chains,
n ~ 14000.“* In a fully relaxed melt of uncrosslinked natural
rubber chains, n. = 56.** As we will show, the networks of long
strands prepared in this work preserve this value of n.. Impor-
tantly, because n > n,, natural rubber offers a wide window to
choose n, that satisfies condition (1).

We estimate 7. by 1/(2C). When C = 1073, n. = 500, which is
more than an order of magnitude smaller than n, and about
one order of magnitude larger than n.. Therefore, a network

This journal is © The Royal Society of Chemistry 2026
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with crosslink density C = 10~ satisfies condition (1) and is a
tanglemer. By contrast, when C = 1072, n. = 50, which is
comparable to n.. Therefore, a network with crosslink density
C =102 does not satisfy condition (1) and is not a tanglemer.
As another example, when C = 10™*, n, = 5000, which is about
one-third of n. Therefore, a network with crosslink density C =
10" has a large fraction of dangling ends relative to load-
bearing strands and is not well formed.

In particular, the fraction of dangling ends and load-bearing
strands can be estimated from the chain length and crosslink
density. Let N, be the average number of crosslinks per chain.
N. divides the chain into (N. +1) strands, with 2 dangling
strands and (N. — 1) load-bearing strands. The fraction of
load-bearing strands is therefore ¢ = (N, — 1)/(N, + 1). N, is
calculated as N. = n/n.. For uncut natural rubber chains, n ~
14 000. At C = 10>, we obtain n, = 500, N, = 28, and ¢ = 0.93.

In this work, we prepare networks with C ranging from C =
1073 to C = 1072, so that all networks satisfy n >» n. and have
small fractions of dangling ends. Networks with high crosslink
densities (C =5 x 10~ and 10~ ?) do not satisfy n. > n. but are
included for comparison.

4. Rheology

We measure the storage modulus E’ and loss modulus E” using
a dynamic mechanical analyzer. The strain sweeps from 0.1%
to 10% at a constant frequency of 1 Hz and a temperature of
25 °C. Three materials are tested: neat natural rubber (F = 0),
composite with unpercolated carbon particles (F = 0.2), and
composite with percolated carbon particles (F = 0.4). All sam-
ples have the same low crosslink density of C = 107>,

For neat natural rubber, both E’ (Fig. 8a) and E” (Fig. 8b) are
nearly constant, independent of the amplitude of strain. Simi-
lar behavior is observed for the composite with unpercolated
particles (F = 0.2). For the composite with percolated particles
(F = 0.4), both E’ and E” are much higher at a small strain of
~0.1%, but decrease with increasing strain.

The ratio of the loss modulus to the storage modulus, E"/E,
measures dissipation of a material (Fig. 8c). For neat natural
rubber and the composite with unpercolated particles, the
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dissipation is low, E'/E' ~ 0.1, and is nearly constant, inde-
pendent of the amplitude of strain. For the composite
with percolated carbon particles, the dissipation is higher,
E'|E' ~0.2 to ~0.3.

The behavior of neat natural rubber is well known.
Natural rubber is highly stretchable and remains linear elastic
under strain up to ~10% in the DMA test. Thus, the storage
modulus E’ is constant, independent of the amplitude of strain.
The constant storage modulus E’ is consistent with entropic
elasticity, estimated by'”**

3pRT (1 1
E = — 2
2M, <ne +nc) ( )

where p is the density of the polymer, R is the universal gas
constant, 7T is the temperature, and M, is the molecular weight
of a repeat unit.

At C = 1073, the network satisfies n » n. » ne, and is a
tanglemer. Consequently, entanglements set the modulus,
E' ~ 1/n.."”** This conclusion is further supported by the
finding that the storage modulus of the crosslinked network
of neat natural rubber, E' ~ 0.93 MPa, is approximately the
plateau modulus of the melt of uncrosslinked natural rubber
chains.” For the neat natural rubber, the ratio E”/E’ is constant
and low because the noncovalent bonds between natural rub-
ber chains are weak, and because the amplitude of strain is too
small to activate SIC.

The noncovalent carbon-rubber bonds are strong, so that
individual carbon particles are covered by rubber chains
(Fig. 1a, left). A carbon particle immobilizes rubber chains
within a layer of a few nanometers,>***** much smaller than
the ~230 nm diameter of a carbon particle. Within a cluster or
the percolated network of carbon particles, between two nearby
carbon particles is a gap occupied by rubber. The thickness of
the gap is small compared to the diameter of an individual
particle but is large compared to the thickness of the layer of
immobilized rubber. The rubber in the gap is triaxially
constrained,®® which resists separation in the direction normal
to the gap, but allows shear in the direction tangent to the gap.
Because the volume fraction of immobilized rubber chains is
small, their immobility has a small effect on the modulus of the

3,17,44
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Fig. 8 Rheology of neat natural rubber and carbon black reinforced natural rubber. (a) Storage modulus, E’. (b) Loss modulus, E”. (c) The ratio of the loss
modulus to the storage modulus, E”/E’. Three materials are tested: neat natural rubber (F = 0), composite with unpercolated carbon particles (F = 0.2),
and composite with percolated carbon particles (F = 0.4). All samples have the same crosslink density of C = 1075,
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composite. By contrast, the triaxially constrained gaps of rubber
chains greatly amplify the modulus of the composite.

At F = 0.2, carbon particles cluster but do not percolate
(Fig. 7a and b). The gaps between clusters are large compared to
the gaps between nearby particles within a cluster, so that the
rubber in the former is less triaxially constrained than the
rubber in the latter. The rubber within each cluster is much less
deformable than the rubber between clusters. Consequently,
clustering increases the effective volume fraction of rigid par-
ticles. This effect accounts for the mild increase of storage
modulus relative to the neat natural rubber. Because deforma-
tion mainly takes place in the rubber between clusters, and
because the strain is small enough that carbon-rubber bonds
remain intact, the storage modulus E' and the ratio E"/E’
remain constant, independent of the amplitude of strain.

At F = 0.4, carbon particles percolate (Fig. 7c and d). Two
nearby carbon particles resist separation in the direction nor-
mal to the gap but allow shear in the direction tangent to the
gap. Consequently, the percolated network of carbon particles
is much stiffer than neat rubber. The two interpenetrating
networks account for the ~30 times increase of storage mod-
ulus relative to the neat natural rubber at a small strain of 0.1%.
With the increase of strain, high tension develops in the rubber
in the gap between nearby carbon particles. When two nearby
carbon particles are pulled to separate, the rubber in the gap
slides relative to carbon particles. The rubber may even detach or
form cavities.>***>*> The breaking of the network of percolated
carbon particles reduces both storage and loss moduli, and also
increases the energy dissipation with a larger E'/E’.

5. Stress—stretch curves

We measure the stress—stretch curves of the composites with
unpercolated carbon particles, F = 0.2, at various crosslink
densities: C = 1073, 2 x 1073, 3 x 1073, 5 x 1073, 1072
(Fig. 9a). When C < 3 x 107, the stretchability decreases
mildly with increasing C. When C > 3 x 1077, the stretchability
decreases significantly with increasing C. We calculate the
modulus by linearly fitting the slope of the stress-stretch curve
at small stretch (A < 1.03). When C < 3 x 10 °, the modulus
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plateaus (Fig. 9b). With further increase of C, the modulus
increases significantly. This trend is similar to that of the neat
natural rubber (Fig. 9b, red).”

The change of modulus with C is interpreted as follows.
First, when C < 3 x 107°, the condition n » n., » n. is
satisfied, and the network of natural rubber is a tanglemer.
Thus, the modulus plateaus, set by entanglements. Considering
that n. = 1/(2C) and n. = 56, the number of trapped entangle-
ments between two crosslinks is N, = n./n.. In the plateau
region, N, increases from ~3 to ~9 as C decreases from 3 X
107 to 10>, These trapped entanglements act as the main
load-bearing junctions in this regime, giving rise to the
observed modulus plateau. Second, when C > 3 x 103, the
condition n. > n. is not satisfied. In this regime, the crosslink
density is comparable to the entanglement density, and the
network of natural rubber is not a tanglemer. Thus, the
modulus rises, set by crosslinks. Third, as discussed in the
section on rheology, at F = 0.2, carbon particles form clusters,
but do not percolate. Clustering increases the effective volume
fraction of carbon particles. Consequently, the modulus of the
composite scales with that of neat rubber and is higher by a
factor of 2-3. Whenever the modulus of neat rubber is
increased, so is the modulus of the composite. This scaling
results from continuum theory of composites.*®

The area under the stress—stretch curve up to rupture
defines the work of fracture, W,. When C < 3 x 1073, W,
plateaus. When C > 3 x 10>, W, decreases significantly with
increasing C (Fig. 9c).

Next, we measure the stress-stretch curves of the composites
with percolated carbon particles, F = 0.4, at various crosslink
densities (Fig. 10a). When C < 3 x 10, the stretchability
decreases mildly with increasing C. When C > 3 x 1077, the
stretchability decreases significantly with increasing C. When
C < 3 x 107°, the modulus plateaus (Fig. 10b). With further
increase of C, the modulus increases significantly. This trend is
similar to that of the neat natural rubber (Fig. 10b, red).”

The change of modulus with C is interpreted as follows.
When C < 3 x 10°, the modulus plateaus, set by entangle-
ments. When C > 3 x 10>, the modulus rises, set by cross-
links. Furthermore, as discussed in the section on rheology, at
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Fig. 9 Uniaxial tensile tests of composites with unpercolated carbon particles (F = 0.2) at various crosslink densities C. (a) Stress—stretch curves. (b)
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F=0.4, carbon particles form a percolated network that is much
stiffer than neat rubber. The modulus of the percolated net-
work still scales with that of neat rubber. Whenever the
modulus of neat rubber is increased, so is the modulus of the
composite. However, the scaling behavior differs between com-
posites with unpercolated and percolated particles.*””** Conse-
quently, at F = 0.4, the modulus of the composite is 5 to 7 times
that of neat natural rubber.

Furthermore, when C < 3 x 1073, W, plateaus. When C >
3 x 10*, W, decreases with the increase of C (Fig. 10c).

6. Strain-induced crystallization

We use wide-angle X-ray scattering (WAXS) to study SIC of
carbon black reinforced natural rubber under uniaxial stretch.
One-dimensional (1D) WAXS intensity profiles are deconvo-
luted into amorphous and crystalline peaks using a Gaussian
function. In the analysis, the contribution from carbon black is
decoupled. That is, crystallinity is defined by the volume
fraction of rubber that crystallizes, y. = Ac/(Ac + Ap), where A,
and A, are the total integrated area of fitted crystalline and
amorphous peaks of natural rubber, respectively.

We first study composites with unpercolated carbon parti-
cles (F = 0.2) at two different crosslink densities: C = 10~ and
C = 102 (Fig. 11). For both composites, in the undeformed
state (4 = 1), 1D WAXS intensity profiles show two broad peaks
corresponding to amorphous rubber, and carbon black
(Fig. 11a and b). As stretch exceeds 2, distinct peaks emerge,
indicating the onset of crystalline formation. These peak inten-
sities increase with increasing stretch, indicating progressive
crystalline formation. At / = 6.6, close to rupture, the composite
with a low crosslink density (C = 10*) reaches a maximum
crystallinity of y. ~ 28% (Fig. 11c). However, at 1 = 4, close to
rupture, the composite with a high crosslink density (C = 107?)
only reaches a maximum crystallinity of y. ~15%. As a com-
parison, we also include the data for neat natural rubber
extracted from our previous study.”

The experimental findings are interpreted as follows. First,
SIC occurs when rubber strands are stretched to alignment. At
each point of entanglement or crosslink, SIC cannot occur.
Entanglements within the rubber network can redistribute
stress by sliding along strands, unlike crosslinks which restrict
movement of strands. The composite with a low crosslink
density has a larger stretchability than the composite
with a high crosslink density, enabling a higher maximum
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Fig. 11 Strain-induced crystallization of composites with unpercolated carbon particles, F = 0.2. One dimensional WAXS intensity profiles showing
crystalline peaks at different stretches for (a) C = 107>, (b) C = 1072 (c) Crystallinity (y.) as a function of stretch (). Data for neat natural rubber (F = 0) is

extracted from our previous study.”
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crystallinity. This effect is consistent with the trend that lower
crosslink density enhances crystallinity.”**>°

Second, compared to neat natural rubber,®” the addition of
carbon particles lowers the onset stretch of SIC.*> The network
of crosslinked rubber chains adheres to the cluster of carbon
particles through strong noncovalent bonds.>*?*?%?° These
noncovalent bonds constrain rubber chains near the surface
of carbon particles. These constrained chains require less
deformation to reach the critical alignment for crystallization,
promoting earlier onset of SIC.>°?*?°' Meanwhile, stress
concentration around carbon particles also amplifies local
strain in the surrounding rubber matrix, facilitating earlier
nucleation of crystalline domains.****°" As a result, SIC begins
at a lower stretch in the composite than in neat natural rubber.

Third, within each cluster, rubber chains in the thin gap
between two nearby carbon particles are triaxially constrained,
cannot freely align, and are less able to crystallize. At F = 0.2, the
volume fraction of such constrained rubber is low. Consequently,
the maximum crystallinity of the composite (y. ~ 28%) remains
comparable to neat natural rubber (. ~ 30%).”

Next, we study composites with percolated carbon particles
(F = 0.4) at two crosslink densities: C = 1072 and C = 107>
(Fig. 12). For both composites, in the undeformed state (1 = 1),
1D WAXS intensity profiles show two broad peaks (Fig. 12a and
b). As stretch exceeds 2, distinct peaks emerge. These peak
intensities increase with increasing stretch. At 4 = 4.9 close to
rupture, the composite with a low crosslink density reaches a
maximum crystallinity of y. ~ 20.9% (Fig. 12c). However, at A =
2.9 close to rupture, the composite with a high crosslink density
only reaches a maximum crystallinity of y. ~ 7.1%. As a
comparison, we also include the data for neat natural rubber
extracted from our previous study.”

The experimental findings are interpreted as follows. First,
the composite with a low crosslink density has a larger stretch-
ability than the composite with a high crosslink density,
enabling a higher maximum crystallinity. Second, compared
to neat natural rubber, carbon particles lower the onset stretch
of SIC. Third, rubber chains in the thin gap between two nearby
carbon particles are triaxially constrained, which cannot freely
align and are less able to crystallize. At F = 0.4, the volume

View Article Online
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fraction of such constrained rubber is increased. Consequently,
the maximum crystallinity of the composite (y. ~ 20.9%) is
lower than that of neat natural rubber (y. ~ 30%).”

Notably, compared to our prior work on silica reinforced
natural rubber tanglemer,*” carbon black reinforced natural
rubber has a higher maximum crystallinity. In silica reinforced
natural rubber, silica particles are covalently interlinked with
rubber chains, which restrict chain mobility, hinder alignment,
and suppress SIC.>**'*>73% By contrast, carbon black interacts
with rubber chains through noncovalent bonds.*****%?° These
noncovalent bonds are weaker than covalent bonds along
rubber chains. Under sufficient stress, rubber chains can slip
and desorb from the surface of carbon particles. Once
detached, these chains extend and align, promoting further
development of SIC.

7. Mullins effects

We study Mullins effects of composites with unpercolated
carbon particles (F = 0.2) at two different crosslink densities:
C =102 and C = 10> Each composite is loaded to increasing
stretches and then unloaded in sequence (Fig. 13a and b).
Hysteresis is defined as the ratio of the area enclosed by the
loading-unloading loop to the area under the loading curve.

For both composites, hysteresis increases with stretch
(Fig. 13c). The composite with a low crosslink density
(C = 107?) shows larger hysteresis than the composite with a
high crosslink density (C = 107?).

The increased hysteresis at stretches above 4 = 2 arises from
several mechanisms.?***?%2° First, when stretch exceeds A = 2,
SIC occurs. The formation and melting of SIC dissipates energy.
Second, as stretch increases, rubber chains slip and desorb
from carbon surfaces, further increasing hysteresis. Third,
higher stretch promotes chain scission, leading to larger
hysteresis.

The composite with a low crosslink density has longer
strands than the composite with a high crosslink density. Long
strands exhibit greater chain friction, more irreversible network
rearrangement, and slower elastic recovery. As a result, hyster-
esis increases. By contrast, the composite with a high crosslink
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Fig. 12 Strain-induced crystallization of composites with percolated carbon particles, F = 0.4. One dimensional WAXS intensity profiles showing
crystalline peaks at different stretches for (a) C = 107>, (b) C = 1072 (c) Crystallinity (y.) as a function of stretch (). Data for neat natural rubber (F = 0) is
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density behaves more elastically and recovers efficiently, redu-
cing hysteresis.

We next study Mullins effects of composites with percolated
carbon particles (F = 0.4) at two different crosslink densities:
C=10"°and C =107 (Fig. 14a and b). For the composite with a
low crosslink density, hysteresis remains high. For the compo-
site with a high crosslink density, hysteresis increases with
stretch (Fig. 14c). Again, the composite with a low crosslink
density shows larger hysteresis than the composite with a high
crosslink density.

As mentioned above, hysteresis arises from chain friction,
formation and melting of SIC, interfacial slippage and
desorption of rubber chains from carbon particles, and chain
scission, 242829

Notably, at small stretch, e.g., 1 = 2, the composites with
percolated carbon particles (F = 0.4) exhibit much larger
hysteresis than the composites with unpercolated carbon par-
ticles (F = 0.2). At F = 0.2, carbon particles form clusters, but do
not percolate. At small stretches, deformation is mainly accom-
modated by the rubber between clusters, while carbon-rubber
bonds largely remain intact and SIC has not been extensively
activated, resulting in low hysteresis (Fig. 13c). In contrast, at
F = 0.4, carbon particles form a percolated network. Even at
small stretches, high tension develops in the triaxially con-
strained rubber between nearby carbon particles, causing car-
bon-rubber bonds to break even though SIC has not yet been
extensively activated. Consequently, the percolated carbon

network breaks more extensively under the same stretch, lead-
ing to much larger hysteresis (Fig. 14c).

8. Toughness

We measure the toughness of carbon black reinforced natural
rubber using the pure shear test. We compare two composites
with percolated carbon particles (F = 0.4). At a high crosslink
density (C = 10™?), the notched sample fractures catastrophi-
cally at /. = 1.26 (Fig. 15a). At a low crosslink density (C = 107?),
the notched sample bifurcates the crack at 2 = 1.82, and resists
the further crack propagation until reaching the critical stretch
of 2. = 3.51 (Fig. 15b).

For composites with unpercolated carbon particles (F = 0.2),
toughness increases by ~40 times, from ~2.5 k] m™> at C =
107> to ~100 k] m~? at C = 10> (Fig. 15c¢). For composites with
percolated carbon particles (F = 0.4), toughness increases by
more than an order of magnitude, from ~3.5 k] m™ > at C =
107> to ~63 k] m ™2 at C = 10>, The fractocohesive length,
defined as the ratio of the toughness to the work of
fracture,”>>® also decreases with the increase of the crosslink
density for both composites (Fig. 15d). Compared to many
commonly used unfilled rubbers and carbon black reinforced
rubbers, the carbon black reinforced natural rubber tanglemers
developed in this study exhibit higher toughness while retain-
ing comparable modulus (Fig. 15e).
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These results support the proposed mechanism of multi-
scale dissipation (Fig. 2). High toughness originates from
energy dissipation across multiple length scales: along long
rubber strands, across clustered carbon particles, and within a
zone of SIC as well as slip and desorption at carbon-rubber
interfaces. Near the crack tip, before a long strand breaks, high
tension is transmitted along its entire length. Before the rubber
in a thin gap between two carbon particles ruptures, high
tension is transmitted to rubber in many nearby gaps between
carbon particles in a cluster. Consequently, SIC and slip and
desorption occur within a large zone around the crack tip. The
processes at the three length scales are synergetic. The decon-
centration of high tension over long rubber strands and over
multiple gaps in clustered particles enlarges the zone of SIC
and interfacial slip and desorption. The large zone of dissipa-
tion, in turn, shields the strands and clusters near the crack tip
from the applied load. This synergy of dissipative processes
near the crack tip and background is analogous to the synergy
in other classes of materials, including metals®” and ceramic
matrix composites.>®

Our experimental results are consistent with the proposed
mechanism of multiscale dissipation (Fig. 2). First, the compo-
site with a lower crosslink density has longer strands. The
toughness of the composite increases as the crosslink density
decreases (Fig. 15c¢). This finding is consistent with the expecta-
tion that longer strands dissipate more energy upon rupture.
Second, the composite with a lower crosslink density achieves
higher maximum crystallinity (Fig. 11c and 12c). This finding is
consistent with the previous reports that long strands, on
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stretching, ease alignment and crystallization.”**>° The more
extensive the crystallization and melting, the more energy
dissipated, amplifying toughness. Third, the fractocohesive
length scales the size of the fracture process zone where SIC
and interfacial slip and desorption occur. The composite with a
lower crosslink density has a larger fractocohesive length
(Fig. 15d). This is consistent with the notion of synergy between
the strands and clusters at the crack tip and the zone of
dissipation in the background.

Notably, at the same low crosslink density (C = 10~%), the
composite with unpercolated carbon particles, F = 0.2, shows
higher toughness (~100 k] m™?) than the composite with
percolated carbon particles, F = 0.4, (~ 63 k] m™~?). We attribute
this difference to the higher maximum crystallinity in the
former, as discussed in the section on SIC.

9. Concluding remarks

Nature synthesizes long rubber chains of high molecular
weight."”? These long chains are often considered a drawback
for processing because their high viscosities make mixing diffi-
cult. To overcome this challenge, high-intensity processes such
as roll milling or internal mixing are widely used to mix carbon
black, additives, and rubber chains.*®*” These processes cut
rubber chains.'®*"*® The shortened chains improve processa-
bility but degrade the performance of the composites."®

Here we show that, when long chains of natural rubber are
preserved and sparsely crosslinked, the composite amplifies
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toughness while maintaining modulus. The combination of
modulus and toughness in our material arises from the inter-
penetration of two networks: the crosslinked rubber chains and
the percolated carbon particles. The two networks adhere
through strong noncovalent bonds. Dense entanglements set
the modulus of the sparsely crosslinked rubber matrix. The
percolated network of carbon particles triaxially constrains
rubber chains in the interparticle gaps, amplifying modulus.
Preserving long chains markedly amplifies toughness due to
the multiscale energy dissipation across long strands, carbon
particles, and a zone of SIC and interfacial dissipation.

We test our hypothesis using unstructured carbon black as a
model filler and peroxide as a model crosslinker. In industry,
structured carbon black is widely used, which gives composites
of high reinforcement at a lower volume fraction of carbon
black.>*?**?%2° Wwe will report elsewhere on composites of
structured particles and natural rubber tanglemers. Further-
more, sulfur is widely used as a crosslinker, which leads to
composites of higher toughness than those crosslinked by
peroxide.>*®®> Our previous study demonstrated that preser-
ving long chains significantly enhances the fatigue resistance of
neat natural rubber.” The combined effects of preserved long
chains and carbon-rubber interactions on fatigue properties
will be investigated in a separate study. These considerations
provide ample opportunities for future study.

Manufacturing a product of synthetic rubber involves sev-
eral steps: synthesizing the rubber, compounding the rubber
with additives and fillers, shaping the product, and curing.**?”
Polymers are often synthesized in solvents, whereas compound-
ing, shaping, and curing have traditionally been performed in a
solvent-free environment. This division in manufacturing pro-
ducts of synthetic rubbers is now being reconsidered, with
solvent-assisted compounding increasingly explored and gra-
dually adopted in the industry.®**® Our work extends this
approach to natural rubber reinforced with carbon particles.
By compounding latex, carbon particles and curing agents in an
organic solvent, long chains can be retained. This division
allows compounding, shaping, and curing to be optimized in
separate environments, revealing opportunities to tune the
microstructure and performance of carbon reinforced natural
rubber beyond the limits of conventional mastication.

Long chains, once regarded as a disadvantage in processing,
emerge as an advantage for performance. In particular, this
work demonstrates that long chains can resolve the modulus-
toughness conflict in carbon black reinforced natural rubber. It
is hoped that this study informs the design of next-generation
carbon black reinforced natural rubber with enhanced perfor-
mance and sustainability.

10. Methods
10.1. Materials

Natural rubber latex (60 wt% rubber content) is purchased from
Chemionics Corporation (OH, USA). Dicumyl peroxide (DP,
329541) and toluene (244511) are purchased from Sigma-

This journal is © The Royal Society of Chemistry 2026

View Article Online

Soft Matter

Aldrich. Carbon black (5991R-1LBCAN, Thermal Black) is pur-
chased from Asbury Carbons. The average particle diameter
(~230) nm is provided by the supplier. All materials are used as
received.

10.2. Carbon black reinforced natural rubber fabricated by
toluene process

First, DP is dissolved in toluene. Then, natural rubber latex is
mixed with the DP-toluene solution at a mass ratio of 1:6. The
DP-toluene-latex mixture is stirred at 400 rpm overnight at
room temperature. Separately, carbon black particles are dis-
persed in toluene at a mass ratio of 1:5. The carbon-toluene
dispersion is mixed with an overhead stirrer (ONiLAB 0S20-S)
equipped with a dissolver blade at 1000 rpm overnight at room
temperature. The resulting dispersion is then added to the DP-
toluene-water-latex mixture, which is further stirred with the
overhead stirrer at 1000 rpm overnight. The resulting mixture is
dried in a fume hood at room temperature for four days to
evaporate both toluene and water. The mass of a sample is
monitored during drying and plateaus after four days. The
dried, uncured compound is shaped at 90 °C for 1 hour and
then cured at 140 °C for 3 hours.

In this study, the volume fractions of carbon particles are
chosen as F = 0.2 and F = 0.4. The crosslink density, C, is
defined as the molar ratio between DP and repeat units per
polyisoprene chain. We choose C = 1073, 2 x 107>, 3 x 107,
5 x 1072, and 1072

10.3. Carbon black reinforced natural rubber fabricated by
mastication

The dried, uncured compound is passed 100 times through a
two-roll mill with a 1 mm roll gap. Then, the compound is
shaped at 90 °C for 1 hour and then cured at 140 °C for 3 hours.

10.4. Scanning electron microscopy (SEM)

SEM images are taken using a Zeiss Gemini 360 FE-SEM. To
prevent charging, samples are coated with 10 nm-thick Pt/Pd
(80/20 composition) using a metal sputter coater (EMS 150T S,
Quorum Technologies). All SEM images are taken from the
cross sections of the composites.

10.5. Dynamic mechanical analysis

Strain sweep experiments are conducted using a dynamic
mechanical analyzer (DMA 1, Mettler Toledo) from 0.1% to
10% strain at a constant frequency of 1 Hz and temperature of
25 °C.

10.6. Stress-stretch curves

Stress-stretch curves are measured using dogbone-shaped
samples by uniaxial tension. The gauge section of each sample
has a dimension of L x w x t =16 x 2 x 0.8 mm, where L, w,
and ¢ are the length, width, and thickness, respectively. The
stretch is defined by 4 = I/L, where [ is the deformed length of
the sample. The nominal stress is defined by s = P/(w x t),
where P is the applied force. All samples are tested under a
stretch rate of 1%/s until rupture.
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10.7. Strain-induced crystallization

WAXS measurements are performed using X-ray Diffraction
Facility at Massachusetts Institute of Technology (Dectris Pila-
tus3R 300K detector on a SAXSLAB apparatus). To reduce the
background intensity fluctuation, the vacuum chamber is
pumped to 0.08 mbar during the X-ray scattering measure-
ments. Dogbone-shaped samples are stretched and then fixed
to a holder. The exposure time for each test is 300 s. For each
crosslink density, samples are measured at various stretches
from the undeformed state to the maximum stretch. To deter-
mine the crystallinity, background contributions are sub-
tracted. The measured 1D intensity profiles are deconvoluted
into two amorphous peaks and four crystalline peaks of natural
rubber, and one peak corresponding to carbon black, all fitted
using Gaussian functions. In the analysis, the contribution
from carbon black is decoupled. That is, crystallinity is defined
by the volume fraction of rubber that crystallizes, y. = Ac/(4c +
A,), where A is the total integrated area of the four crystalline
peaks of natural rubber, and A, is the total integrated area of
the two amorphous peaks of natural rubber. The peak corres-
ponding to carbon black is not included in the calculation.
Here we follow the procedure established in the literature.®”%”

10.8. Mullins effects

Each composite is loaded to increasing stretches and then
unloaded in sequence. All tests are performed at a stretch rate
of 1%/s. Hysteresis is defined as the ratio of the area enclosed
by the loading-unloading loop to the area under the
loading curve.

10.9. Pure shear tests

For each composite, we prepare two samples, with and without
a notch. Both samples have the same dimension of w x H x ¢ =
50 x 10 x 0.8 mm, where w, H, and ¢ are the width, height, and
thickness, respectively. For the notched sample, a long precrack
of 15 mm is introduced. The stretch is defined as /1 = h/H, where
h is the deformed height of the sample. The nominal stress is
s = P/(w x t). For the notched sample, the critical stretch where
the nominal stress achieves the maximum is denoted as A..
Then, the strain energy per unit volume W(Z.) is calculated by
integrating the stress-stretch curve of the unnotched sample
from 4 =1 to 4 = .. The toughness is calculated as G. = H X
W(Ac). All tests are performed at a stretch rate of 1%/s.
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