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Abstract：In this work, a systematic characterization of CNT-rubber structure has been performed by using a combination of experi-

mental techniques (including advanced 
1
H time-domain NMR methods) and the last developed analysis procedures (including stress and 

strain amplification factors) in order to improve the understanding about the mechanical and viscoelastic properties of these 

nano-composites. According the obtained results, these promising materials could have some limitations to be applied in high-performance 

tire tread compounds (mainly related to the rolling resistance and fuel consumption) because of the difficulty of dispersion of CNT in rub-

ber matrices (high filler networking), the strong influence of CNT in the vulcanization process (low cross-link density and high network 

defects) and the nature of filler-rubber interactions (high energy dissipation associated to the rupture of filler-rubber interactions at high 

strain amplitudes). To overcome these issues, the CNT have been surface-modified with oxygen-bearing groups and sulfur. 
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1 Introduction 
Among others, one of the most important para-

digms on high-performance tire tread rubber com-

pounds is to obtain a reinforcing system that preserve 

the unbeatable viscoelastic properties of the rubber 

matrices (in terms of wet grip and rolling resistance) 

but enhancing their wear and mechanical properties, 

in order to reach the durability requirements
[1-2]

. One 

possible way to address this issue is based on the use 

of nano-fillers, since their small size and higher ef-

fective surface area allow reaching similar mechani-

cal properties than the conventional rubber mi-

cro-composites (based on silica/silane and carbon 

black fillers) but at much lower volume fraction
[3]

. 

In this sense, carbon nanotubes (CNT) have at-

tracted great attention in both academia and industry, 

due to their exceptional mechanical, electrical and 

thermal properties and also for their large aspect ratio, 

low density and high flexibility
[4]

. However, the 

proved difficulty for dispersing CNT into the rubber 

matrix
[4-5]

 seem to be the main reported reason which 

reduces the expected improvement on the compound 

properties and the main technological limitation for 

using CNT-rubber compounds in advanced applica-

tions, e.g. high-performance tire tread rubber com-

pounds. 

The main aim of this work is to perform a fun-

damental and systematic characterization of 

CNT-rubber structure (based on combination of ex-

perimental techniques and the last developed analysis 

procedures) in order to understand and quantify the 

different structural factors (at molecular level) that 

determine the reinforcement mechanism and viscoe-

lastic properties of CNT-based nanocomposites. 

These novel structural insights will provide i) more 

detailed arguments to understand why CNT-rubber 

composites do not reach the expected properties and 

ii) novel and more efficient strategies to overcome the 

defined limitations for developing rubber materials 

with advanced properties. 
 

 

2 Experimental section 
CNT-NR nanocomposites were prepared by us-

ing a conventional sulfur vulcanization system and 

different filler loading (from 1 to 20 phr). Mul-

ti-walled carbon nanotubes purchased from 

NanocylTM S.A. (NC7000TM with average diameter 

9.5 nm, average length 1.5 µm, surface area 250-300 

m2·g-1 and carbon purity 90 %) were used as pro-

vided.  

Composites with traditional fillers, carbon black 

(N121) and silica (Z1165MP modified with TESPT 
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silane coupling agent) were also prepared for to be 

used as reference in order to compare the physical 

and viscoelastic properties of CNT-NR nanocompo-

sites. 

In order to measure some key-properties in rub-

ber compounds for tire tread compounds i) the Payne 

effect was evaluated on vulcanized samples in a TA 

Q8000 dynamic mechanical analyzer, in tension 

mode at 10 Hz frequency with a pre-strain of the 

samples of 5 mm. Measurements were performed at 

40 ºC at different shear strain amplitudes (from 0.04 

to 60 %); ii) Dynamic mechanical measurements 

were also made on tension mode with an amplitude of 

20 m and 1 Hz frequency for performing a temper-

ature sweep from -80 to 100 °C, with a heating rate of 

2 °C min
-1

. 

The advanced structural characterization of NR 

composites were performed by combining different 

experimental methods, e.g. 
1
H double quantum 

(DQ)-NMR
[6-8]

, equilibrium swelling
[9]

 and uniaxial 

stress-strain experiments, under a common and uni-

fied physical framework that provide an enhanced 

analysis procedure 
[10-12]

. 

 

3  Results and discussion 
In tire industry, especially for tire tread com-

pounds, the development of rubber compounds with 

high mechanical properties and low energy dissipa-

tion us a great challenge. Addition of high amount of 

fillers, especially carbon black and silica, is needed in 

order to achieve the requirements for stiffness, wear 

resistance, tear resistance and durability. However, 

the addition of these particles leads to a worse visco-

elastic behavior (especially in terms of rolling re-

sistance) when it is compared to the unfilled counter-

part. 

In the case of CNT-NR nanocomposites, the ad-

dition of 4.5% v/v of nanoparticles provides the same 

reinforcing effect (in terms of modulus at 100% de-

formation) than 24% v/v of carbon black (grade 

N121). The observed reinforcement is much higher 

than it was expected according to the pure hydrody-

namic effect, being this behavior more pronounced in 

the samples with higher filler volume fraction. This 

behavior should be explained by the presence of other 

mechanisms such as the filler-matrix and filler-filler 

interactions. 

The effect of different structural parameters on 

the reinforcing effect of CNT in NR compounds is 

shown in Figure 1. It demonstrates that although the 

filler-rubber interactions in CNT-NR composites 

could be around 6 times higher than in the carbon 

black interface (see Figure 2), the formation of a filler 

network is the main factor related with the enhance-

ment of the storage modulus in the linear regimen. 

 

 

Figure 1. Contribution to the reinforcement of the different 

structural factors with the filler volume fraction for CNT-NR 

nanocomposites. 

 

 

Figure 2. Equilibrium swelling ratio obtained by combining 1H 

DQ-NMR and equilibrium swelling experiments for NR com-

pounds filled with carbon nanotubes, carbon black and silica 

modified with silane (TESPT). This ratio is related with the 

number of filler-rubber interactions [8]. 

 

Nevertheless, this hierarchical structure based on 

CNT aggregated in bundles is the main reason for the 

critical reduction of the effective shape factor from 

160 (i.e. the theoretical value according the meas-

ured length and diameter ratio of a single CNT) to 20 
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for the samples with higher CNT volume fraction. As 

consequence, the contribution of the hydrodynamic 

effect to the rubber reinforcement is continuously de-

creasing with the filler volume fraction (see Figure 1). 

In addition, the breakdown of the filler network 

(mainly based on van der Waals interactions) is the 

main reason for the non-linear drop of the modulus 

with the strain amplitude (Payne effect) and the 

maximum in the loss modulus, G’’, observed at in-

termediate strain amplitudes. 

However, the high G’’ values in the high strain 

regime (see Figure 3) should be related to structural 

factors associated to the rubber matrix but not to filler 

effects, i.e. reduction in the cross-link density and in-

creasing in the non-elastic network defects (dangling 

chains, chain ends, loops…) with the concentration of 

CNT (see Figure 4). 

 

Figure 3. Variation of loss modulus at high strain regime, G’’ , 
and tan  at 60C (related to rolling resistance in tire tread 
compounds) with the non-elastic network defects for NR-CNT 
compounds. 

 

It is important to remark that addition of CNT 

provokes an evident broadening of the dipolar cou-

pling distribution of NR matrix (see Figure 4a). In 

one hand, the appearance of a well-defined tail at 

higher dipolar couplings (it does not appear in NR 

samples filled with carbon black) should be related 

with an intense filler rubber interactions that pro-

motes a measurable contrast in the constrain density 

at the filler interface, i.e. the molecular weight be-

tween constraints at the CNT interface seems to be 

shorter than in the bulk. However, the maximum of 

the distribution is gradually shifted to lower residual 

dipolar couplings, it should be related with a strong 

decrease in the cross-link density in the rubber matrix 

with the addition of CNT. As consequence, the 

non-coupled network defects (dangling chains, chain 

ends, loops, etc) increase almost linearly with the 

CNT volume fraction reaching values around 50% for 

the samples filled with 9% v/v of nanoparticles (see 

Figure 4b). 

 
Figure 4. Variation of structural parameters of CNT-NR 
nanocomposites with the filler volume fraction: a) the dipolar 
coupling distribution and b) elastically inactive coupled de-
fects. 

 

According the new insights in the CNT-rubber 

structure, these promising materials (according to the 

high number of interactions between the rubber 

chains and the CNT surface) could have some limita-

tions to be applied in high-performance tire tread 

compounds (mainly related to the rolling resistance 

and fuel con-sumption) because of i) the difficulty of 

dispersion of CNT in rubber matrices (well developed 

filler networking), the strong influence of CNT in the 

vulcanization process (low cross-link density and 

high network defects) and the adsorptive nature of the 

filler-rubber interactions (high energy dissipation as-

sociated to the rupture of filler-rubber interactions 

with the deformation). 

In order to minimize these issues, CNT nanopar-

ticles have been surface-modified with oxy-

gen-bearing groups and sulfur. The sul-
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fur-modification of the CNT (FCNT) was developed 

in two different steps: 1) Oxidation of CNT to intro-

duce hydroxyl and carboxyl groups into the surface 

and 2) functionalization of the oxidized carbon nano-

tubes with elemental sulfur by sonication in carbon 

disulfide followed by melting at 155 ºC. In order to 

maintain the amount of sulfur of the recipe constant 

for all samples, the sulfur grafted in the FCNT 

were taken into account in order to prepare the 

FCNT-NR compounds.  

The addition of FCNT provides a better disper-

sion of these nanoparticles and a lower aggregation 

and agglomeration in a complex hierarchical structure. 

As consequence, a smaller Payne effect was observed 

as shown in Figure 5. 
 

 
Figure 5. Dependence of the storage modulus with the strain 
amplitude (Payne effect) for NR samples filled with pristine 
(CNT) and modified (FCNT) carbon nanotubes. 

 

In addition, the adverse effect of CNT on the 

vulcanization is minimized by the grafting sulfur 

moieties in their surface. The network structure of 

FCNT-NR samples shows a narrower dipolar cou-

pling distribution (related to the molecular weight 

between constraints), with a more effective use of the 

available Sulphur that promotes higher cross-link 

density and lower network defects (see Figure 6). 

Additionally, FCNT promotes the formation of cova-

lent bonds between rubber chains and the 

nano-particle surface. 

 

 
Figure 6. Variation of the elastically inactive coupled defects 
for NR composites filled with different volume fraction of CNT, 
FCNT and carbon black. 

 

All described changes in the FCNT-NR structure 

do possible the reduction in the energy dissipation 

phenomena at 60°C (as it is shown in Figure 7), en-

hancing the overall features of these materials for be-

ing used in high-performance tire tread compounds. 

 

Figure 7. Variation of tan  at 60C (related to rolling re-

sistance in tire tread compounds) with the filler volume frac-

tion for NR compounds reinforced with CNT, FCNT and car-

bon black. 

 

4 Conclusions 
According the new insights in the CNT-rubber struc-

ture, these promising materials could have some lim-

itations to be applied in high-performance tire tread 

compounds (mainly related to the rolling resistance 

and fuel consumption) because of the difficulty of 

dispersion of CNT in rubber matrices (high filler 

networking), the strong influence of CNT in the vul-
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canization process (low cross-link density and high 

network defects which contribute to the energy dissi-

pation at the high-strain regimen) and the adsorptive 

nature of filler-rubber interactions (high energy dis-

sipation associated to the rupture of filler-rubber in-

teractions). To overcome these issues, the CNT have 

been surface-modified with oxygen-bearing groups 

and sulfur (FCNT), in order to achieve i) better dis-

persion of CNT in the elastomeric matrices, ii) for-

mation of covalent bonds between rubber chains and 

the CNT surface and iii) reduction of network de. As 

consequence, FCNT-NR compounds show improved 

performance as compared with their pristine counter-

part for using in tire tread compounds. 
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