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Achieving energy sustainability has imposed a great challenge to improve fuel efﬁcient vehicles. Tires, to
overcome the rolling resistance, are responsible for a rather large fraction of energy consumed by vehicles, and a 10% reduction in the rolling resistance corresponds to a 2% decline in the fuel consumption,
which, for instance, would save 1–2 billion gallon of fuel per year consumed by the entire passenger
vehicle ﬂeet in the United States. From the materials’ perspective, the key bottleneck to lower the rolling
resistance of tires lies in designing a novel kind of advanced elastomeric polymer nanocomposites tailored for tire tread, with remarkably low dynamic hysteresis loss (DHL). Here we show that, a nanoparticle chemically end-linking elastomer network, with nanoparticles (NPs) acting as netpoints to
chemically connect the dual end-groups of each polymer chain to form a network, exhibits excellent
static and dynamic mechanical properties of super-low DHL. The DHL is reduced for  50% compared to
silica NPs ﬁlled elastomer that is conventionally used for tire tread. By taking advantage of a library of
other nanomaterials such as functionalized carbon nanotube and graphene, our approach provides a
versatile framework to fabricate the fuel-saving tires, opening up valuable opportunities for large-scale
industrial applications of these nanomaterials in the tire industry.
& 2016 Elsevier Ltd. All rights reserved.
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1. Introduction
Tailoring the mechanical, physical and functional properties
of polymeric materials by incorporating nanoparticles(NPs) has
attracted a great scientiﬁc interest. For instance, tunable and
enhanced mechanical properties are obtained by manipulating the
self-assembly of polymer-grafted spherical NPs into various anisotropic superstructures in the corresponding homopolymer matrix [1]. The glass transition temperature Tg , closely related to the
mechanical properties and thermal stability of polymers, can be
shifted for over 10° with adding less than 1.0 wt% of functionalized
graphene sheets [2] or polymer-grafted spherical NPs [3]. Besides
n
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the tailored properties of PNCs above, to tune the viscoelastic
property of polymers by introducing NPs is of potential technological and engineering applications. Koratkar et al. [4] have
shown that the epoxy thin ﬁlm containing dense packing of multiwalled CNTs exhibits strong viscoelastic behavior with the loss
factor being increased up to 1400% than that of the baseline epoxy,
attributed to the nanotube-nanotube frictional sliding. Later on,
they found that facilitating the nanotube-polymer interfacial frictional sliding can result in the equivalent damping property, with
the needs to only introduce 1%–2% weight fraction of oxidized
CNTs [5]. These viscoelastic PNCs can ﬁnd potential applications as
room- or high-temperature damping materials for reducing vibrational and acoustic effects in dynamic systems. These studies
are, however, aiming at increasing the energy dissipation, and
little attention has been directed to decrease the energy dissipation of PNCs, which is of paramount signiﬁcance to develop fuelsaving automobile tires.
The tires are mainly composed of elastomeric nanocomposites
(ENCs), by introducing the nano-sized carbon black or silica to
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remarkably improve the mechanical properties, successfully realizing the large-scale industrial application of tires. However, a
homogeneous and uniform distribution of NPs in the elastomeric
matrix is always difﬁcult to achieve [6–8], and they easily tend to
form aggregates, aggolomerates and eventually a three-dimensional NP physical network via direct contact between NPs or
polymer chain bridges anchored between neighboring NPs [9,10].
Since this physical network is highly strain-dependent (also referred to the well-known Payne effect [11]), a harmful consequence is that the break-up and recovery of the network
structure signiﬁcantly increases the viscous part and the dynamic
hysteresis loss (DHL), resulting in converting more energy into
heat and greater energy loss under the dynamic loading-unloading
condition [12], compared to the pure system. This energy dissipation remarkably increases the fuel consumption of automobile
tires. Remarkably, the number of vehicles worldwide is expected
to increase up to 2 billion by 2035 [13], and it is estimated that a
10% reduction in the DHL corresponds to a 2% decline in the fuel
consumption, which, for instance, is estimated to annually save 1–
2 billion gallons of fuel of the 130 billion gallons consumed by the
entire passenger vehicle ﬂeet in the United States [14]. And the
fuel efﬁciency of tires, as an vital index, has been clearly enforced
in the European Union Tire Label Regulation since 2012 [15].
Therefore, it is a pressing task to fabricate a new kind of ENCs with
controllable uniform distribution of NPs, without any formation of
the physical network via NPs, for developing green automobile
tires with low fuel consumption.
In fact, as for the uniform and tunable distribution of nanoreinforcing units in the polymer matrix, thermoplastic elastomer
(TPE) is born to have such structural characteristics, such as styrene-butadiene-styrene(SBS) tri-block copolymer [16] and polyurethanes (always referred to TPU). However, the nano-domains
formed via Van der Waals interaction could be broken up not far
above the room temperature, for instance, the working temperature to maintain good mechanical properties of most SBS and TPU
is below 80 degree. This fact precludes the possibility for its
practical usage in the situation of high-speed and heavy-loading
tires. In addition, the terminal or end-groups of elastomeric
polymer chains also increase the DHL attributed to their high
mobility [17].
To address this challenge, we put forward a new concept: if we
replace each nano-domain of TPE with a NP, and meanwhile the
terminal-groups of polymer chains are chemically attached to the
surfaces of the NPs to form a network, namely the NPs are interconnected through polymer chains with the same molecular
weight, thus, this designed structure of ENCs is likely to have a
much lower DHL, simultaneously with excellent mechanical
strength as TPE. This is completely different from the physical
network structure constructed via NPs of the conventionally
physical mixing system between elastomer and NPs.
To demonstrate our concept, herein, we combine experiment
and simulation, our aim is to present the ﬁrst study about the DHL
of this kind of ENCs, by simulating the tension-recovery deformation following our previous work [18], and experimentally
measuring the storage modulus and loss factor as a function of the
strain.

2. Simulation and experiment section
2.1. Simulation
To perform the simulation work, we used the classical coarsegrained molecular dynamics simulation (CGMDS), following the
typical bead-spring model of polymer developed by Kremer and
Grest [19]. We simulate the tension-recovery process of the ABA

tri-block copolymer and the end-linked elastomer network with
the NPs acting as netpoints. For the former, to obtain the spherical
domains in the rubbery matrix, we directly reproduce the simulation approach from Aoyagi et al. [20]. The modeled tri-block
chain length is A5B73A5, and the number of polymer chains is set to
be 347. We use the Lennard-Jones(LJ) potential to model the interactions between A-A blocks, B-B blocks and A-B blocks, as
shown below:

⎧ ⎡ ⎛ σ ⎞12 ⎛ σ ⎞6⎤
⎪ 4ε ⎢ ⎜ ⎟ − ⎜ ⎟ ⎥ + C1 r < rcutoff
⎝r⎠ ⎦
U (r ) = ⎨ ⎣ ⎝ r ⎠
⎪
0
r ≥ rcutoff
⎩

(1)

where C1 is a constant which guarantees that the potential energy
is continuous at the cutoff distance. Note that we use the LJ units
where ε and σ are set to unit. This means that all calculated
quantities are dimensionless. The interaction between the adjacent bonded beads is modeled by a stiff ﬁnite extensible nonlinear elastic (FENE) potential:

⎡
⎛ r ⎞2⎤
UFENE = − 0.5kR 02 ln ⎢ 1 − ⎜ ⎟ ⎥
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⎝ R 0 ⎠ ⎥⎦
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ε
σ2

(2)

and R0 = 1.5σ , guaranteeing a certain stiffness of

the bonds while avoiding high-frequency modes and chain
crossing. We set different interaction strength and cutoff distance
to satisfy the following two points: (1)the spherical domain of the
A blocks is formed in the equilibrium state, (2) the block A, corresponding to the hard block such as the styrene blocks, behave as
a glassy state, while the B blocks, corresponding to the soft bock
such as the butadiene blocks, exhibit a rubbery state. Table 1a
(Supplementary Note 2) shows the list of the parameters used in
the interaction potential [20].
For the latter (the end-linked elastomer network with the NPs
acting as netpoints), for consistency, we still use the Lennard-Jones
(LJ) potential to simulate the interaction between polymer-polymer, polymer-NPs and NPs-NPs, and the FENE potential to model
the bonded interaction. To account for the size effect of NPs, with
its diameter equal to 4σ (the diameter of the polymer bead is σ ),
we use the modiﬁed Lennard-Jones function by offsetting the interaction range by REV as follows [21]:
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where REV is set to be 1.5σ and 3.0σ for the polymer-NPs and NPsNPs interaction, respectively. And C2 is a constant to satisfy that the
potential energy is continuous at the cutoff distance. For better
comparison, we consider and compare three systems: the pure
system(system I), the direct blending between polymer and NPs
(system II) and the end-linked system(system III). The parameters
of the interaction potential are displayed in Table 1b (Supplementary Note 2). For system II, we set a purely repulsive interaction between NPs and NPs to achieve a dispersion state as good as
possible, and we consider two cases of system II with different
physical interaction strength between polymer-NPs: system II-1
(5.0), system II-2(10.0). For system III, the end-beads of polymer
chains are chemically bonded to the surface of NPs through the
FENE potential.
In our simulation, during equilibration the NVT ensemble is
adopted to make sure that the number density of the system is set
to be 0.85. We set the simulated temperature equal to T * = 0.4 ,
which is above the glass transition temperature of the rubbery
B-blocks [22] and below that of the glassy A-blocks, by using the
Nose-Hoover thermostat [23]. Periodic boundary conditions are
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employed in all three directions during the simulation. The velocity-Verlet algorithm is used to integrate the equations of motion,
with a timestep δt = 0.012, where the time is reduced by LJ time
( τ ).
To carry out the tension-recovery deformation, since the elastomer network is typically incompressible with its Poisson's ratio
μ ≈ 0.5 [24], it means that its volume almost does not change
when being deformed. We perform the uniaxial deformation by
stretching the sample in one direction, while the other two directions will simultaneously adjust to keep the volume constant.
We set the tensile and recovery strain rate ε ̇ = 0.026975σ /τ in the z
direction, which is the same as the simulation work from Aoyagi
et al. [20]. The average stress σ in the tensile direction is obtained
from
the
deviatoric
part
of
the
stress
tensor
σ = (1 + μ)( − Pzz + P ) ≅ 3 ( − Pzz + P ) /2, where P = ∑i Pii/3 is the
hydrostatic pressure, which is followed from Curro et al. [25]. All
MD runs are carried out through the large scale atomic/molecular
massively parallel simulator (LAMMPS), which is developed by
Sandia National Laboratories [26]. More detailed simulation techniques can be found in our recent work [18].
2.2. Experiment
2.2.1. Thermoplastic styrene-butadiene-styrene (SBS) elastomer
Film casting method: We dissolved SBS in the cyclohexane,
with the weight fraction equal to 15% . We got this solution with
200 ml to be mixed with pure water with 200 g. Then we gradually volatilized the solvents in the environment of cyclohexane.
The obtained thin ﬁlm was then dried in the vacuum. For good
phase-separated morphology, we immersed this thin ﬁlm in the
cyclohexane for 8 h, and then was dried again in the vacuum,
followed by the dynamic mechanical measurements.
2.2.2. Thermoplastic polyurethanes (TPU) elastomer
TPU elastomer with the hard segments content of 16.8% is
synthesized through a two-step reaction. In the ﬁrst step, a Poly
(carbonate urethane) (PCU) pre-polymer(NCO% ¼3.6%) is prepared
by the reaction of 1,4-phenylene diisocyanate(PPDI) with poly
(carbonate diol) (PCDL) at 60–80 °C for 2–2.5 h. In the second step,
1,4-butanediol (BDO) as chain extender and trimethylolpropane
(TMP) as cross-linking agent are added into the PCU pre-polymer
and mixed for 3–4 min at 60–80 °C. The mass ratio of BDO to TMP
is 1: 4 and the molar ratio of NCO groups to OH groups is 1.05: 1.
The resulting compound is then casted into a sheet-mold and
cured at 100 °C for 24 h. The cured samples are stored for at least
one week before tests. The information of above chemicals are as
follows: PCDL, Mn ¼200 g/mol, purchased from Nippon Polyurethane Industry Co., Ltd., Japan; PPDI, purchased from Kaixin
Reagent, China, BDO with the purity of 99%, purchased from Alfa
Aesar and trimethylolpropane, purity of 99%, purchased from
Adamas.
2.2.3. end-linked Polydimethylsiloxane (PDMS) network
(a) The surface functionalization of silica NPs: The 1.5 g LudoxSM30 colloidal silica (30 wt%, Sigma Aldrich) is diluted with
11 ml deionized water in the ﬂask. At the same time, the (2 g)
3-(trihydroxysilyl)–1-propane sulfonic acid (SIT, 40 wt%,J&K
Scientiﬁc Ltd) is diluted with 10 ml deionized water. The silica
diluents is slowly added to the SIT diluents, while stirring
vigorously with the 400 rpm speed of the paddle. And then for
the mixture, a solution of sodiumhydroxide(1 mol/l) is added
dropwise slowly until the pH of the solution is about 5.The
entire solution is then heated by water-bathing at 70 °C and
stirred vigorously for 24 h. At last, the product solution is
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poured into the beaker and the solvent is removed by slow
heating at 60 °C.
(b) Silica NPs grafted with PDMS chains with amine end-groups:
the resulting sulfonic acid functionalized particles from the
ﬁrst step (0.1 g) is added into 30 ml chloroform in erlenmeyer
ﬂask while stirring vigorously and then 5 g Diamino-functionalized PDMS (Sigma Aldrich) are added slowly. The mixture is
required to react for about four days at the room temperature
while stirring. The amine end of the PDMS react with the
sulfonic acid groups on the particles, and at last, the product
contains PDMS-grafted silica with free amine groups at the
chain end.
(c) The excess hexamethylenediisocyanate (HDI, Sigma Aldrich) is
added into the solution from the second step for cross-linking
the end amine group of PDMS, then stirring six hours. The
product solution is poured into the Teﬂon molds, and the
solvent is evaporated at 70 °C for about 60 h.
To characterize the micro-phase separated structure of SBS and
end-linked PDMS, we use transmission electron microscopy (TEM)
carried out with an acceleration voltage of 200 kv, and we use
OsO4to dye the double bonds located in the soft butadiene segment, making the butadiene blocks darker than the styrene blocks,
while for PDMS, we do not use OsO4. Because of the difﬁculty in
dying TPU via OsO4, atomic force microscopy (AFM), which is a
new type of peak force tapping AFM (PF-AFM) (NanoscopeIIIa,
Brukercorporation, Germany) because of its higher resolution, is
used to characterize the TPU sample. Before characterization, the
samples are polished at 130 °C by using a cryo-ultramicrotome
(Leica EM UC7; Germany).
To measure the dynamic mechanical properties, we adopt the
commonly used Rubber Processing Analyzer (RPA2000, Alpha
Technological) to obtain the storage modulus G′ and loss factor
tan δ as a function of the strain amplitude, by measuring at the
temperature of T ¼60 °C and frequency F = 10 Hz, and the strain
sweep is changed from 0.28% to 400% . For the end-linked PDMS via
silica.
2.2.4. Physically mixed PDMS and silica
We mix the polydimethylsiloxane (PDMS) elastomer matrix
with 70phr(parts per hundred parts of rubber) precipitated silica,
and 2,5-Dimethyl-2 ,5-di (tert-butylperoxy) hexane and hydroxy
silicone oil are introduced to cross-link and improve the processing property. The dynamic mechanical properties are as well
carried out by varying the strain from 0 to 20% at the temperature
T¼ 60 °C and frequency F¼ 10 Hz.

3. Results and discussion
In light of the convenience of computer simulation compared
to experiment in adjusting the physical parameters, ﬁrstly, we
construct sphere-like and uniformly dispersed nano-domains
through the self-assembly of ABA tri-block copolymer, as shown in
Fig. 1a. In theory, the more stable the structure of the uniformly
dispersed nano-domains, the smaller the dynamic hysteresis loss
will be, and this stability is directly related to the interaction
strength between A-A blocks. To verify this inference, we change
the interaction strength between A-blocks ranging from εA − A = 1.0
to 8.0, after enough equilibration we perform the tension-recovery
test, and the deformed snapshots are displayed in the case of
εA − A = 5.0 in Fig. 1b. Obviously, the structure of the nano-domains
is not destroyed during the tension-recovery process. The corresponding stress-strain curves for various εA − A are shown in Fig. 1c.
With the increase of εA − A , its mechanical property accordingly
increase. One explanation results from that the nano-domains
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Fig. 1. Dynamic mechanical property of tri-block copolymer. (a) Simulated morphology of micro-phase separated structure of ABA tri-block copolymer. (b) Snapshots of the
tension-recovery process. Effect of the interaction strength between A-A blocks (c) on the tension-recovery stress-strain behavior. (d) Dynamic hysteresis loss(DHL) derived
from (c) for various interaction strength between A-A blocks.

Fig. 2. Comparison of the three different elastomer nanocomposite systems through simulation. (a) For three systems with the same cross-linking density: system I
represents pure cross-linked one, system II stands for physical interaction between spherical NPs and polymer chains, system III denotes end-linked network formed through
end-beads of polymer chains chemically bonded to spherical NPs. Note that the blue spheres represent NPs, the small green beads stand for end-beads of polymer chains and
the red beads denote polymer chains. (b) Snapshot of system III during tension-recovery process, indicating the reversible deformation of one single chain with its two ends
chemically bonded to NPs. (c) Comparison of the stress-strain curves for system I, II and III. System II-1 and II-2 represent the attractive interaction strength between
polymer and NPs equal to 5.0 and 10.0. (d) Comparison of the dynamic hysteresis loss(DHL) for all systems.

J. Liu et al. / Nano Energy 28 (2016) 87–96

91

Fig. 3. Comparison of the ﬁve different elastomer nanocomposite systems through experiment. (a) Transmission electron microscopy of micro-phase separated structure of
SBS tri-block copolymer, with the spherical hard domains formed by the styrene blocks being uniformly distributed in the butadiene blocks. (b) Atomic force microscopy of
micro-phase separated structure of PU on different scales, with the nano-ribbon-like domains of hard segments embedded in the soft segment phase. (c) Transmission
electron microscopy of 70 phr (per hundreds of rubber) silica nanoparticles dispersed in natural rubber (NR), by adding the coupling agent KH590 with 7phr. (d) Transmission electron microscopy of 65 phr carbon black(N330) dispersed in NR. (e) Synthesis route to prepare the end-linked PDMS network by employing silica NPs as
netpoints. (f) The structure of the end-linked PDMS on different length scales.

formed by A-blocks become more stable, and much higher orientation of polymer chains of B-blocks under tension occur
(Supplementary Fig. S1). The rubbery polymer chains of B-blocks
still maintain some orientation for all εA − A , as indicated by the nonzero value of <P2 (cosθ )>B − blocks when the stress becomes zero
during the recovery process, which, however, decreases with the
increase of εA − A (Supplementary Fig. S1).The dynamic hysteresis
loss (DHL) is deﬁned to be the ratio of the dissipated energy to the
stored energy during the tension-recovery process in Fig. 1c, we
obtain the change of the DHL as a function of εA − A in Fig. 1d, and a
gradual decrease of DHL is seen, which, therefore, supports our
assumption that stronger interaction between A-A blocks lead to
more stable network structure, and less DHL.
Then how to achieve a nano-structured morphology with its
stability as excellent as possible? We put forward a new kind of
ENCs, namely the dual functional end-groups of each polymer
chain will be chemically attached to the spherical NPs, leading to
the formation of a three-dimensional network with the NPs acting
as netpoints. In this case, the NPs will be uniformly dispersed
because any two neighboring NPs are separated by the chemically
attached polymer chains. Moreover, each NP is an entirely reinforcing unit, which can not be further broken under deformation. We adopt the simulation synthesis approach to successfully
prepare such an ENCs with polymer chains being chemically endlinked to NPs, denoted by system III, and its morphology is shown
in Fig. 2a. The surface of each NP is coated with the end-beads of
polymer chains and well dispersed. The morphologies of the pure
system (system I), and direct blending between polymer and NPs
(system II) are also presented in Fig. 2a. For system II, we consider
two cases with different physical interaction strength between

polymer-NPs: system II-1(5.0) and system II-2(10.0). We compare
their stress-strain behavior in Fig. 2c, and system III exhibits the
best performance. For system III, it is interesting to note that at
small strain less than 200%, its stress-strain behavior exhibits no
difference compared to those of other systems, but at strain
greater than 2.0, the stress begins to increase sharply, attributed to
the fact that the polymer strands begin to become straightened to
sustain the external force. Meanwhile, in Fig. 2b we show the
snapshot of one single polymer chain with its two ends being attached to two NPs during the tension-recovery process. It is observed that this polymer strand will become straightened at large
strain, and return back to the coiled state during the recovery
process. The snapshot shows the irreversible desorption-adsorption process during the tension-recovery process of the physical
mixing system with the physical interaction strength between
polymer-nanoparticles (NPs) equal to 5.0 (Supplementary Fig. S2).
The orientation of polymer chains is the largest for system III
(Supplementary Fig. S3). Similarly, we obtain the change of the
DHL from the tension-recovery stress-strain curves in Fig. 2d.
Obviously, system III has the smallest DHL around 14%, even much
smaller than that of tri-block copolymer in Fig. 1d. Therefore, these
results just illustrate that the ideal structure of ENCs with low DHL
is that polymer chains are chemically end-linked to NPs.
Meantime, we also simulate the effect of the volume fraction of
the NPs ϕ of the end-linking system such as ϕ = 3.26% , 4.90% ,
6.53% , 9.52% and 12.4% (Supplementary Fig. S5a) , note that only
one single polymer chain with its two end-groups being chemically attached to the neighboring NPs is shown in each system.
With the increase of the loading of the NPs, the cross-linked bonds
on each nanoparticle decreases. Correspondingly, the stress-strain
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Fig. 4. Dynamic Mechanical Analysis of SBS and TPU samples as a function of the strain amplitude.(a)Schematics of the three typical nano-scale frictions because of the
relative motions, contributing to the dynamic hysteresis loss of elastomer nanocomposites: (i)polymer chain-nanoparticle friction, (ii)nanoparticle-nanoparticle friction and
(iii)polymer chain-polymer chain friction. (b) the storage modulus G′ and (c) loss factor tan δ . For comparison, the natural rubber (NR) ﬁlled with 70phr silica and 7phr
KH590 together with NR ﬁlled with 65phr carbon black N330 are also added. (d) Comparison of the value of the loss factor at the strain equal to 7% for these ﬁve systems at
the temperature of 60°.

in Fig. S5(b) and the orientation of polymer chains as a function of
the strain in Fig. S5(c) are both greatly decreased with ϕ . By
analyzing the tension-recovery process and the stress-strain
curves, we obtain the dynamic hysteresis loss(DHL) and the elastic
modulus versus ϕ , as shown in Fig. S5(d) and (e). Interestingly, the
smallest DHL occurs in the case of ϕ = 4.90% , while the elastic
modulus gradually decreases. It seems that there exists a compromise between the static mechanical property and the DHL,
which should be balanced when designing high performance
elastomer nanocomposites.
To verify the above simulated results, we choose SBS and TPU
samples, corresponding to the simulated ABA tri-block copolymer,
to perform the following experimental work, and they have a
stable nano-structured morphology like that of nanoparticle netpoint network. For the morphology characterization of the synthesized SBS and TPU samples, the TEM result of SBS is shown in
Fig. 3a. Obviously, well-deﬁned spherical nano-domains are observed, formed by the styrene-blocks. And these domains are
uniformly distributed in the whole matrix formed by the butadiene-blocks, achieved through the automatic self-assembly process because of the incompatibility between styrene and

butadiene blocks. In Fig. 3b we present AFM photographs of TPU
on three scales such as 2000 nm, 1000 nm and 500 nm, respectively, which are used to validate that the hard segments, indicated
by the bright nano-sized domains, are distributed homogeneously
in the whole matrix composed of the soft segments. This well
dispersed state is as well obtained driven by the self-assembly
process.
For comparison, the TEM result of 70phr(per hundreds of
rubber) silica nanoparticles dispersed in natural rubber with 7phr
coupling agents (KH590) and 65phr carbon black(N330) dispersed
in natural rubber are displayed in Fig. 3c and d, respectively, which
are commonly used as the experimental recipes for automobile
tires for ensuring reinforcing effect. Obviously, silica or carbon
black particles both form strong aggregation, which corresponds
to the simulated system II-2 and system II-1, respectively. Meanwhile, we also synthesize a polydimethylsiloxane (PDMS) network
by employing the silica NPs as netpoints, as shown in Fig. 3e,
corresponding to the simulated system III. Fig. 3f conﬁrms a uniform dispersion of silica NPs in the polymer matrix.
After checking that the synthesized SBS and TPU samples have
well distributed nano-reinforcing domains, next we use the RPA
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Fig. 5. The temperature increase for two wheels made of different elastomer nanocomposites. Photos of wheels made of (a) natural rubber(NR) ﬁlled with carbon black N330
and (b) thermoplastic polyurethane(TPU). The photos display the corresponding measurement condition such as loading(50 kg) and rotating velocity(800/min.). (c) The
temperature change as a function of the time for NR and TPU wheel, with the wheel temperature becoming 75.9 °C and 39.2 °C after one hour, separately. (d) The power loss
as a function of the time for NR and TPU wheel, with the value becoming ﬁxed at 2.54 J/r and 0.9 J/r, separately.

apparatus to probe its dynamic mechanical property, together
with that of the cases of natural rubber (NR) ﬁlled with 70phr
silica NPs and 7phr KH590, natural rubber (NR) ﬁlled with 65phr
carbon black(N330)and the end-linked PDMS network. It is noted
that compared to carbon black, silica has worse afﬁnity with
polymeric chains, and the coupling agents are always introduced
to enhance the interfacial interaction and improve the dispersion
level.
Noteworthily, it is now well established that the visco-elastic
nature of elastomer nanocomposites tailored for tire tread leads to
the occurrence of the hysteresis loop under the loading-unloading
process when tires are running on the roads, which, at the molecular level, results from the nano-scale frictions between polymer
chains-polymer-chains, polymer chains-nanoparticles and nanoparticles-nanoparticles because of the relative motions, as schematically displayed in Fig. 4a. In quantitative, the relation between
the energy loss and the visco-elastic property have been derived as
follows: under the sinusoidal deformation, the corresponding
dynamic stress and strain are given by σ (t ) = σa sin ωt and
ε (t ) = εa sin (ωt − δ ), respectively. Energy loss per cycle per unit
volume H under a controlled energy cycle is given as follows:

H=

∫0

2π / ω

σ (t )

dε (t )
dt = πσa εa sin δ ≈ πσa εa tan δ
dt

(4)

where σa is stress amplitude, εa is strain amplitude, ω is angular

frequency, t is time, δ is phase difference between strain and
stress, and tan δ is loss factor. Evidently, the energy loss H is
proportional to tan δ at ﬁxed deformation states.
Fig. 4b and c show the change of the dynamic storage modulus
G′ and loss factor tan δ as a function of the strain. Within the range
of the strain from 0.28% to 100%, both G′ and tan δ of SBS and TPU
samples exhibit a long stable plateau, beyond 100% G′ begins to
decrease and tan δ starts to increase, indicating the structure with
nano-domains, uniformly dispersed formed through self-assembly, begin to undergo breakage, leading to the increase of the
energy dissipation. However, the values of tan δ at the strain
greater than 100% for SBS and TPU are still much smaller than
those of NR ﬁlled with silica or carbon black systems. For the endlinked PDMS system, we as well observe a plateau behavior of G′
and tan δ as a function of the strain. And for the NR ﬁlled with
70phr silica or 65phr carbon black, an obvious non-linear change
of G′ and tan δ in the whole studied strain is observed. This is
attributed to the inhomogeneous dispersion and strong aggregation of silica or carbon black NPs, which is very sensitive to the
strain sweep, and will experience the broken-up even under a
small strain. Hence, the automobile tires made of those ENCs, with
such a non-uniform distribution state, always have high DHL and
great fuel consumption. It is noted that although the added silane
coupling agents can improve the dispersion, but a homogeneous
and nano-scale distribution of silica NPs in the elastomer matrix is
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Fig. 6. Illustration of the contrast between the fuel-saving tire and the traditional one in the aspects of energy consumption and environment inﬂuence. The structure of the
former is made of a nanoparticle chemical network with the homogeneous distribution of silica NPs similar to Fig. 3e, while the latter is composed of the heterogeneous
distribution of NPs.

nearly impossible to achieve, particularly when the content of silica is high as much as 70phr. For further quantitative comparison,
we extract the values of tan δ at the strain equal to 7% under the
temperature equal to 60° and the frequency equal to 10 Hz for the
ﬁve systems in Fig. 4d, which is always used as an indicator to

reﬂect the rolling resistance of tires. The ﬁgure shows a remarkable decrease of tan δ for SBS, TPU and end-linked PDMS samples,
in comparison with those of NR ﬁlled with silica or carbon black
systems. For instance, around 50% of tan δ is reduced for the endlinked PDMS system, compared to that of NR/silica system.

J. Liu et al. / Nano Energy 28 (2016) 87–96

Furthermore, by comparing the change of the storage modulus G′
and the loss factor tan δ as a function of the strain between the
end-linked PDMS via silica and the physically mixed PDMS-silica,
we can observe that the end-linked PDMS exhibits a much weaker
non-linear behavior for G′ as a function of the strain, and a much
smaller tan δ (Supplementary Fig. S4).
Generally, from Fig. 4 we summarize that compared to NR ﬁlled
with silica or carbon black, the end-linked system exhibits much
smaller loss factor, which, however, is a little larger than those of
the SBS and TPU samples. We interpret this result as follows: this
synthesis route in Fig. 3e involves several chemical reaction procedures, especially the grafting of the end-groups of polymer
chains onto the surface of silica NPs is difﬁcult, which directly
inﬂuences the network structure and the dispersion of silica NPs.
In the future for practical applications, more work about this
synthesis efﬁciency is desirable.
Lastly, we fabricate two types of wheel, made of natural rubber
ﬁlled with N330 and thermoplastic urethane(TPU), separately. It is
noted that to prepare a whole tire needs a large amount of materials, and it is common to measure the wheel as a reasonable alternative. And the hard segments of the synthesized TPU is made of
PPDI (p-Phenylenediisocyanate), which possesses the best thermal
stability with the temperature up to 120°. Therefore, we choose TPU
to compare with natural rubber ﬁlled with N330. One effective
approach to examine the effect of the DHL is to monitor the change
of the temperature during the rotating process, which is carried out
by setting the loading equal to 50 kg and wheel rotating velocity
equal to 800/min., as shown in Fig. 5a and b for NR wheel and TPU
wheel, separately. The change of the temperature for NR and TPU
wheel as a function of time during the rotating process is presented
in Fig. 5c. Obviously, compared to the wheel conventionally made of
natural rubber, the TPU wheel exhibits much smaller temperature
increase, indicating that the TPU wheel possesses a much lower
tan δ and DHL. The power loss displayed in Fig. 5d as well supports
that the TPU wheel exhibits much smaller energy consumption
compared to that of the NR wheel.
However, we should note that, although automobile tires made
of TPU have super-low DHL and small temperature raise during
rolling, the thermal stability of the reinforcing nano-domains
formed through self-assembly is not good enough, especially for
tires with high speed and heavy loading, which precludes its
practical application as automobile tires on a large scale. Conversely, the end-linked system is more ideal and practical to be
used for fuel-saving tires, and also exhibiting much reduced DHL
compared to that of the present ENCs for tires.

4. Conclusions
In general, here we carry out a detailed simulation and experiment work to conﬁrm that, nanoparticle chemically endlinking elastomer network (NCEEN), with nanoparticles (NPs)
acting as netpoints to chemically connect the dual end-groups of
each polymer chain to form a network, exhibits excellent static
and dynamic mechanical properties, highlighting a super-low DHL.
The DHL is reduced for  50%compared to silica NPs ﬁlled elastomer that is conventionally used for tire tread. The underlying
mechanism results from the stable and homogeneous distribution
of NPs in the whole matrix. This NCEEN can as well be extended to
carbon nanotube and graphene NPs acting as netpoints. Facing the
large amount of the emission of the carbon dioxide and ﬁne particulate matter (PM2.5) caused by a considerable number of tires
worldwide, the application of this NCEEN aimed for the next
generation of tire tread will be a great contribution for energy
saving and environment protection, as depicted in Fig. 6.
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