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Abstract 

Developing conductive networks in a polymer matrix with a low percolation threshold 

and excellent mechanical properties is desired for soft electronics applications. In this work, 

natural rubber (NR) functionalized with poly(methyl methacrylate) (PMMA) was prepared 

for strong interfacial interactions with multiwalled carbon nanotubes (MWCNT), resulting in 

excellent performance of the natural rubber nanocomposites. The MWCNT and methyl 

methacrylate functional groups gave good filler dispersion, conductivity and tensile 

properties. The filler network in the matrix was studied with microscopy and from its non-

linear viscoelasticity. The Maier-Göritze approach revealed that MWCNT network formation 

was favored in the NR functionalized with PMMA, with reduced electrical and mechanical 

percolation thresholds. The obvious improvement in physical performance of 

MWCNT/methyl methacrylate functionalized natural rubber nanocomposites was caused by 

interfacial interactions and reduced filler agglomeration in the NR matrix. The modification 

of NR with poly(methyl methacrylate) and MWCNT filler was demonstrated as an effective 

pathway to enhance the mechanical and electrical properties of natural rubber 

nanocomposites. 
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1. Introduction 

Conductive elastomer composites (CECs) have attracted considerable attention for 

decades now from both academic and industrial communities due to light weight, tunable 

conductivity, resistance to corrosion, and good processability. They have been exploited in 

various applications, such as strain sensing materials, electromagnetic interference (EMI) 

shielding, anti-static shielding, electronic sensors, and stretchable conductors [1-3]. Among 

the carbon-based fillers, carbon nanotubes (CNTs) are a well-known type of nanofillers with 

high aspect ratio, high surface area and superior electrical properties. However, obtaining a 

uniform dispersion of CNT in a rubber matrix is difficult due to their fluffy appearance, 

strong van der Waals forces, high aspect ratio, and nano-size, which all favor filler 

aggregation and poor dispersion [4]. Two typical challenges need to be overcome on 

preparing conductive CNT/elastomer nanocomposites. One is the weak interfacial 

interactions between CNT and elastomer. The second is the high electrical percolation 

threshold of rubber/CNT composites. Both these factors degrade mechanical and electrical 

properties. The physical and chemical interactions between filler and polymer are most 

important for the performance of CNT/elastomer composites. Therefore, improving the 

strength of interactions between CNT and polymer is necessary. In this regard, diverse 

studies have attempted to optimize the dispersion of CNT by improving interfacial 

interactions in these elastomer nanocomposites, especially assessing the mechanical 

performance of rubber CNT/composites. Various compatibilization approaches have been 

reported that fall into two groups: covalent compatibilization and non-covalent 

compatibilization. 



Covalent compatibilization is adding or grafting desired functional groups onto CNT 

particles using covalent surface chemistry [5, 6]. This technique would damage the sp2-

hybridized network, which is required for electron transport and conductivity, degrading the 

mechanical and electrical properties of the CNTs themselves. Non-covalent compatibilization 

means coating or wrapping the CNT surfaces with a surfactant, ionic liquid or polymer 

without covalent bonds between CNT and the modifying substance [5]. This technique does 

not change the structure and properties of CNT. For example, Becker et al. [7] also studied 

the dispersion of MWCNT in two different polyamides (PAs). They found that mixing 

MWCNT into aromatic PA provide better dispersion and filler distribution due to the π-π 

interactions between the aromatic hexagons and the carbon nanotubes. Moreover, several 

studies have dealt with cation-π and π-π interactions between compatibilizer and CNT [4, 8]. 

Subramaniam et al. [4]  modified CNT with ionic liquid in chloroprene rubber (CR) and they 

found uniform dispersion in the modified CNT/CR composites. However, the surfactants that 

can be used for non-covalent compatibilization are very limited, and some cannot be used to 

modify CNTs with different functionalities. Therefore, novel effective and convenient 

approaches for compatibilization in CNT nanocomposites are highly desirable. 

Herein, we developed an effective non-covalent compatibilization between MWCNT 

and NR using chemical functionalization of NR molecules with poly(methyl methacrylate) 

(PMMA). This functionalization technique is easy and scalable for compatibilizing CNT in 

polymer composites. The functionalization of NR with PMMA was done to prevent CNT 

aggregation and improve its dispersion in the NR matrix. This work aims to clarify structure-

property relationships of NR and acrylic modified NR nanocomposites. High conductivity 

and reduction of percolation threshold, while keeping excellent mechanical properties, were 

also expected. Our results show beneficial effects of grafting the copolymer when 

incorporating CNT as filler in NR. The functionalization of NR with PMMA and the 



fabrication of electrically conductive elastomer nanocomposites are schematically illustrated 

in Fig. 1. 

2. Experimental 

Materials. High ammonia (HA) concentrated latex containing 61% dry rubber was 

manufactured by Yala Latex Co., Ltd. (Thailand). Methyl methacrylate (MMA) monomer 

was purchased from Sigma-Aldrich (USA). The MMA was purified by a standard procedure 

before synthesis. Cumene hydroperoxide (CHP) and tetraethylene pentaamine (TEPA) were 

purchased from Fluka (Buchs, Switzerland). Phenolic resin (HRJ-10518) was manufactured 

by Schenectady International Inc., New Port, USA. N-(1,3-Dimethylbutyl)-N′-phenyl-p-

phenylenediamine (6PPD) was manufactured by Eliokem lnc., OH, USA. Multiwall carbon 

nanotubes (MWCNT) with trade name NC7000TM were purchased from Nanocyl S.A., 

Belgium. These MWCNT have an average diameter of 9.5 nm, average length of 1.5 µm, 

aspect ratio >150 and specific surface area of 250-300 m2/g. 

 

Fig. 1. Schematic diagram for the preparation of conductive elastomer composites from 

methacrylate modified natural rubber by filling with multiwalled carbon nanotubes. 



Functionalization of NR with PMMA. The graft copolymer of natural rubber with 

methyl methacrylate (NR-g-PMMA) was synthesized at fixed NR/MMA monomer ratio of 

80/20 , as previously described elsewhere  [9]. In brief, potassium laurate as stabilizer and 

tetraethylene pentaamine (TEPA) as redox initiator were added into high ammonia NR latex, 

which was the main reactant. The mixture was diluted to 50% total solids content (TSC) with 

distilled water and then it was stirred for at least 30 min at 60°C with N2 purging. In the feed 

tank, the MMA was mixed with CHP and was thereafter dropped into the main reactor. The 

emulsion polymerization was carried out at 60°C for 3 h with constant stirring. The PMMA 

grafted natural rubber latex was coagulated using methanol, washed with distilled water, and 

then dried in an oven at 50 °C until constant weight. For convenience, the poly(methyl 

methacrylate)-grafted natural rubber prepared in this work is here labeled MGNR. 

Preparation of rubber/MWCNT nanocomposites. The compounds of NR or 

MGNR with MWCNT as filler were prepared by shear mixing in a 50 ml Bradender 

Plasticorder. The amounts of additives are reported as parts per hundered of rubber by 

weight, or in “phr” units. The compounding and curing formulations had 1 phr 6PPD, 7 phr 

HRJ-10518 and 0-20 phr MWCNT. The shear mixing was performed at 60°C and 60 rpm 

mixing speed for a total mixing time of 10 minutes. Then 2 mm thin rubber films were 

prepared using a hydraulic press at 180°C for the appropriate cure times derived from curing 

curves. 

Characterization. IR spectra of purified NR and MGNR samples were recorded 

using an attenuated total reflection Fourier transform infrared (ATR-FTIR) 

spectrophotometer (Tensor 27, Bruker Optics, Ettlingen, Germany), equipped with a 

germanium ATR crystal probe, at 4 cm−1 resolution with 32 scans per sample over the 

wavenumber range 4000–400 cm−1. Raman spectra were recorded using a Raman 

spectrometer (RAMA Nforce, Nanophoton, Osaka, Japan) with a laser of 785 nm wavelength 



to excite the samples at 1 mW. Mechanical tests of the composites were performed according 

to ASTM D412 using a universal tensile testing machine 

(Hounsfield Tensometer, model H 10KS, Hounsfield Test Equipment Co., Surrey, UK) at 

crosshead speed of 500 mm/min. The alternating current (ac) conductivity of a 

nanocomposite was determined at room temperature over the frequency range 102 - 106 Hz 

using a Precision Impedance Analyzer (Agilent 4294A, Keysight Technologies, Santa Rosa, 

CA, USA) with dielectric test fixture 16451B. Thin samples of 10 mm diameter and 

thickness of about 1.5 mm were used in the measurements. A dynamic mechanical analyzer 

(DMA 8000, Perkin-Elmer, Inc., Waltham, MA, USA) was used to test the storage modulus 

and tan δ, sweeping the temperature from -80 to 100°C at a rate of 3°C/min.  Rectangular 

samples were tested in tension mode at the fixed 10 Hz frequency. The dynamic rheological 

measurements of the crosslinked composites were recorded with a Rubber Process Analyzer 

(RPA 2000, Alpha Technologies, Akron, OH, USA) at 60°C. In these determinations the 

strain amplitude was increased in logarithmic steps from 0.3 to 100% at a frequency of 1 Hz. 

The MWCNT dispersion in the rubber matrix was investigated by imaging with field 

emission scanning electron microscope (FESEM, Apreo, FEI Ltd., Hillsboro, OR, USA) and 

transmission electron microscope (TEM, JEM-2010, JEOL Ltd., Tokyo, Japan), which were 

operated at 5 kV and 200 kV, respectively. For SEM observation, the samples were 

cryogenically fractured in a liquid nitrogen bath. The dried fracture surfaces were then sputter 

coated with a thin layer of gold prior to imaging. For TEM imaging, ultrathin films were 

prepared by using a microtome (Boeckler Instruments, Inc., Arizona, USA) at -100°C. 

3. Results and discussion 

3.1 Structural characterization 

The functionalization of NR with PMMA was initially verified from FTIR spectra, 

shown in the Supporting information, Fig. S1. NR and MGNR show similar absorption bands 



as cis 1,4-polyisoprene: 749 (CH2 rocking), 839 cm−1 (=C-H out of plane bending vibration), 

1309 cm-1 (CH2 wagging), 1373 cm-1 (CH3, asymmetrical stretching), 1450 cm−1 (CH2 

symmetrical stretching and CH3, asymmetrical deformation), 1660 cm−1 (C=C stretching), 

2725 cm-1 (overtone of CH3 asymmetrical deformation), 2852 cm−1 (-CH2- and -CH3, 

symmetrical stretch), 2924 (-CH2- asymmetrical stretching), 2965 (-CH3 asymmetrical 

stretching), and 3039 cm-1 (=CH stretching) [10, 11]. In contrast, the FTIR spectrum of 

MGNR has new evident bands of acrylic group of PMMA: 988 cm-1 (C–O–CH3 rocking), 

1148 and 1192 cm-1 (C-O stretching vibration), and 1730 cm−1 (C=O stretching) [12-14]. 

This confirms the successful grafting of PMMA onto NR backbones. Fig. S2 shows 1H-NMR 

spectra of NR and MGNR. The success in graft copolymerization was confirmed by 

appearance of the peak at 3.61 ppm in the 1H-NMR spectra, which corresponds to methoxy 

proton of the acrylic group in the grafted PMMA, as shown in Fig. S2b [15]. The mole 

percentage of grafted PMMA was calculated from integrated peak areas at 5.13 ppm and 3.61 

ppm, as previously described elsewhere [15]. In this work, it was found that the MGNR had 

15 mol% of grafted PMMA. 



 

Fig. 2. The tensile stress versus strain curves of (a) NR/MWCNT, and (b) MGNR/MWCNT. 

(c) Tensile strength, and (d) elongation at break as functions of MWCNT loading. 

3.2 Mechanical properties and morphology of nanocomposites 

Typical stress-strain curves of NR/MWCNT and MGNR/MWCNT composites with 

various MWCNT contents are shown in Figs. 2a and 2b, respectively. The unfilled MGNR 

showed higher tensile strength but lesser extensibility than unfilled NR. This is because 

grafting PMMA onto NR increased the stiffness of rubber and decreased chain mobility. 

Incorporation of MWCNT in NR and MGNR increased stiffness whereas flexibility was 

reduced by restricted chain mobility. The effects of MWCNT content on the tensile strength 



and elongation at break in NR and MGNR nanocomposites are shown in Figs. 2c and d. The 

NR/MWCNT nanocomposites showed no significant increase in tensile strength. In contrast, 

the tensile strength of MGNR/MWCNT nanocomposites initially increased and reached the 

maximum value of 17.4 MPa when only 3 phr of MWCNT was added, indicating that a small 

loading of MWCNT considerably improved the mechanical properties of MGNR. The 

increase in tensile strength at low loading levels of a nanofiller is mainly attributed to the 

strong interfacial interactions between the nanofiller and the polymer matrix, inducing good 

dispersion of the nanofiller in the matrix [16-18]. Beyond 3 phr, the tensile strength of 

MGNR/MWCNT nanocomposite gradually decreased but remained still higher than that of 

the NR/MWCNT nanocomposite. The decrease in tensile strength at high loading levels 

might be due to MWCNT filler agglomeration [19]. Regarding the elongation at break, it 

tended to decrease with MWCNT content for both types of matrices. Meanwhile, the 

elongation at break of MGNR/MWCNT nanocomposites was slightly higher than that of 

NR/MWCNT nanocomposites with MWCNT in the range of 5 – 15 phr. The decreasing trend 

of elongation at break with MWCNT loading is typical in polymer nanocomposites because 

MWCNT has high specific surface area, stiffness, and aspect ratio, contributing to stiffness 

and restricting the movements of polymer chains [8, 20]. In addition, the dominance of filler-

filler interaction over polymer-filler interactions at high filler loadings decreased elongation 

at break and caused loss of flexibility [21]. Such deterioration of extensibility was clearly 

observed for both types of nanocomposites, as shown in Fig. 2d. 



 

Fig. 3. FESEM and TEM micrographs of rubber nanocomposites with (a-d) 3 phr and (e and 

f) 5 phr MWCNT loadings; (a, c, and e) NR/MWCNT (b, d and f), MGNR/MWCNT 

nanocomposites. 

The morphology of the composites was studied using SEM and TEM imaging to 

assess the state of dispersion of MWCNT filler in rubber matrix. The FESEM and TEM 

micrographs of NR/MWCNT and MGNR/MWCNT, shown in Figs. 3 and S3, demonstrate 

that the dispersion of MWCNT in MGNR is much better than in NR/MWCNT composites. 

As the MWCNT content increases to 5 phr (Fig. 3e and f), MGNR nanocomposites still show 

fairly uniform filler dispersion as compared to NR nanocomposites. The agglomeration of 

MWCNT observed in unmodified NR matrix is caused by low MWCNT-NR affinity, strong 



van der Waals forces between the individual MWCNTs, and high aspect ratio of MWCNT 

[22].  

 

Fig. 4. Raman spectra of pure MWCNT and rubber nanocomposite containing 5 phr 

MWCNT, and (b) variations of C=O group (~1730 cm-1) as well as C-O group (~1192 and 

~1148 cm-1) in FTIR spectra of MGNR/MWCNT nanocomposites with various amounts of 

MWCNT. 

In the reinforced nanocomposites, it is also believed that the enhanced interfacial 

interactions between nanofiller and polymer matrix play an importance role affecting the 

mechanical properties and dispersion of nanofillers [8]. Raman spectroscopy is widely used 

to evaluate the interactions between MWCNT and a  polymer matrix [23, 24]. Fig. 4 shows 

Raman spectra of the MWCNT and the rubber nanocomposite containing MWCNT at 5 phr. 

The nanotubes show D-band and G-band at 1341 and 1598 cm-1, respectively. The D-band 

represents defects in the graphitic structure of MWCNT. The G-band represents the C–C 

vibrations of delocalized π-electrons with sp2 hybridization [23, 25]. It is noteworthy that an 

upshift by 5 cm-1 was observed for the G-band of MGNR nanocomposites. Although the 

upshift of G-band for this composite is lower than that reported in Refs. [23, 26], small 

upshifts of G-band have also been observed for other CNT-polymer composites [27, 28]. The 



upshift of G-band is associated with physical and chemical interactions between the grafted 

PMMA chains on MGNR and the MWCNTs [27, 29]. However, the G-bands of 

NR/MWCNT nanocomposites shifted to lower wave numbers. Thomas el al. [30] also 

observed the shifting of G-band to lower wave number for the MWCNT composites with 

high filler loading. FTIR analysis further supports interfacial interactions, by the strong shifts 

of absorption bands for C=O and C-O groups of PMMA chains, as shown in Fig. 4b. These 

shifts towards lower wavenumbers of the functional groups in PMMA chains with MWCNT 

content indicate interfacial interactions between carbonyl groups of the MGNR matrix and 

MWCNT [27]. In the case of NR/MWCNT, the absorption bands belonging to C=C 

vibrations did not shift in the IR spectra, as shown in Fig S4. The absence of a shift indicates 

that the unsaturated bonds (C=C) in unmodified NR did not interact with the nanotubes. 

However, a clear shift of C=C vibrations in NR was observed only at a high MWCNT 

loading (20 phr). As shown in Fig. S5, the absorption bands at 3383 and 1741 cm−1 of the 

pristine MWCNTs specimens represent stretching vibrations of hydroxyl groups (-OH) and 

carbonyl groups (C=O) in the MWCNTs, respectively. Although this MWCNT is not 

functionalized, the surface of pristine MWCNT generally has oxygen-containing functional 

groups: epoxy, hydroxyl, carbonyl, and carboxyl groups, induced during production in the 

purification process [31, 32]. Therefore, the upshift of G-band in Raman spectra and 

absorption bands of the PMMA groups in FTIR spectra, discussed above, are likely due to 

dipole-dipole interactions between carbonyl groups in the MGNR and oxygen-containing 

functional groups in MWCNT filler [24, 33]. Moreover, the upshift of the G-band to higher 

frequencies can be attributed to interactions of polymer chains with MWCNT aggregates 

during melt mixing [22, 34]. Therefore, grafted PMMA chains in MGNR may facilitate 

penetration of MGNR into MWCNT bundles and improve the dispersion of MWCNT in 

MGNR matrix, as compared with unmodified NR, supported by our morphology assessment. 



Uniform dispersion and interfacial interactions affect eventual stress-transfer between 

MWCNT filler and MGNR matrix, and this can dramatically affect the mechanical properties 

of the MGNR/MWCNT nanocomposites [17, 18, 35]. 

3.3 Electrical properties 

Fig. 5 displays the frequency dependence of ac conductivity for NR/MWCNT and 

MGNR/MWCNT nanocomposites with the tested MWCNT contents. The ac conductivity of 

pure rubber and of the non-conductive composites increased with frequency. The ac 

conductivity with both types of matrix increased with MWCNT content over the whole 

frequency range. The nanocomposites with 5 phr MWCNT in NR and with 3 phr in MGNR 

had a low-frequency plateau, indicating the transition from insulating to conductive, as the 

MWCNT formed an electrically conductive network in the matrix already at a low 

concentration. 

 

Fig. 5. AC conductivity versus frequency for (a) NR/MWCNT, and (b) MGNR/MWCNT. 

The ac conductivity was constant over low frequencies, more so as CNT loading 

increased, corresponding to dc conductivity as characteristic of conductive materials. With 

increasing CNT content, the plateau region extended to cover the range of frequencies tested. 

The conductivity of a composite at a low frequency can be estimated from 



����� = 	��0� +	�
���� = ��� + ��       (1) 

where σAC and σDC are the ac and dc conductivities, respectively. A is a temperature-

dependent constant and s is an exponent dependent on both frequency and temperature. The 

first term in Eq. 1 is the true dc-conductivity (σDC) of the material, which is frequency-

independent, and is the asymptote of ac conductivity at very low frequencies (ω → 0). The 

frequency-independence of ac conductivity emerges when continuous conductive networks 

are formed in the polymer matrix. The second term σAC or Aωs is frequency dependent, due to 

the mechanism of electron transport by hopping over gaps. 

The variation of dc conductivity for NR/MWCNT and MGNR/MWCNT composites 

with CNT loading is shown in Fig. 6. When a small loading of CNT was introduced into the 

rubber matrix, the conductivity slightly improved despite the insulating rubber matrix. 

However, at the same 1 phr amount of MWCNT the conductivity of MGNR/MWCNT 

composite is higher than that of NR/MWCNT composite. A dramatic increase in conductivity 

was observed with further increase in CNT loading, indicating the formation of conductive 

networks in NR and MGNR matrices, and this transition takes place at the percolation 

threshold concentration of the conductive filler. The electrical percolation threshold can be 

estimated from percolation theory, by the well-known scaling law. 

� = ���� − ���
�    when p > pc        (2) 

In Fig. 6, the best fits to experimental data with Eq. 2 are shown with pc = 4.61 phr for 

NR/MWCNT and pc = 2.25 phr for MGNR/MWCNT. These values indicate conductive 

nanotube networks in the rubber matrices. Moreover, it was found that the critical exponent t 

was about 1.97 for MGNR/MWCNT, which is less than that for NR/MWCNT composites 

(t=2.8). The lower percolation threshold (pc = 2.25) and universal value (t = 1.97) of 

MGNR/MWCNT composites is attributed to better dispersion of MWCNT in the MGNR 



matrix and indicates a three-dimensional conductive network [36]. In contrast, the 

NR/MWCNT composites showed a higher percolation threshold (pc = 4.61) and a larger 

critical exponent (t = 2.8), suggesting larger distances between MWCNT bundles in the NR 

matrix. Evidently, the low percolation threshold of MGNR/MWCNT nanocomposites 

suggests excellent dispersion of MWCNT and non-covalent compatibilization between 

grafted PMMA and MWCNT, as discussed earlier. Moreover, MGNR as the matrix not only 

reduced the percolation threshold but also improved the conductivity above the percolation 

threshold, as seen in Fig. 6, indicating that the specific interactions between functionalized 

PMMA and MWCNT aided in the formation of conductive networks, and improved the 

electrical properties of these polymer nanocomposites. The low percolation threshold, high 

flexibility and good mechanical properties of conductive MGNR/MWCNT nanocomposites 

indicate potential for use as a strain sensor or in smart polymer materials [37, 38].  

 

Fig. 6. DC conductivity (σ) as function of MWCNT content in NR and MGNR. The inset 

shows the log-log plot of σ versus p-pc with least squares fitted lines and parameter estimates 

from the fits. 



3.4 Non-linear viscoelastic studies 

The effects of strain amplitude on shear modulus at various CNT concentrations in the 

conductive nanocomposites are shown in Fig. 7. Generally, unfilled rubber does not show 

any dependency of the dynamic modulus on strain while filled rubber composites show 

strong dependencies. That is, the storage modulus typically decreases with strain amplitude 

due to the breakdown of filler-filler interactions [4, 39-41]. The difference in shear modulus 

between low and high strain is known as the Payne effect, and this got significantly stronger 

with increasing MWCNT loading in both NR/MWCNT and MGNR/MWCNT 

nanocomposites. As shown in Fig. 7, the G´ of MGNR/MWCNT is higher than that of 

NR/MWCNT as the same filler loading. 

 

Fig. 7. Strain dependence of the shear modulus for (a) NR, and (b) MGNR, filled with 

various MWCNT loadings. The solid lines are fits based on the Maier-Göritz model (Eq. 5). 

The Maier-Göritz model has been used to interpret the Payne effect, based on the 

polymer-filler interactions. During mixing the rubber chains are adsorbed onto the filler, first 

with so-called “stable bonds”. After formation of a stable bond on the filler surface, the 

remaining chain has less opportunity to contact and bond with the filler, so it is only able to 

form “unstable bonds” with very weak interactions [42-44]. Those bonds contribute to the 



network density in a filled compound, which is directly related to storage modulus (G´) and 

Payne effect [45, 46]; 

�� = ����           (3) 

where N is the network density in the filled compound and kB is the Boltzmann 

constant. 

According to Maier and Göritz, the network density is given by [44]; 

� = �� + ��� + ��          (4) 

where N is the total network density, Nc is the chemical network density, Nst is the 

network density caused by stable bonds at the filler surfaces and Nl is the density of unstable 

bonds between rubber and filler.  

The relationship between storage modulus and strain (γ) is then as follows [45, 46]: 

����� = 	���
� +	��

� �

������
             (5) 

where ���
� 	is the storage modulus at large strain or deformation, ��

�	is the amplitude of 

the Payne effect, and c is an experimentally determined parameter. 

The Maier-Göritz model has been applied to experimental data with varied MWCNT 

loadings. The curve fits with Maier-Göritz model to our data are shown in Fig. 7, and the 

found model parameters are given in Table 1, showing that the storage modulus at high strain 

(G´st) and the amplitude of Payne effect (G´l) both increased with CNT content. The 

MGNR/MWCNT nanocomposites showed larger Payne effect than the NR/MWCNT 

nanocomposites. This suggests that polymer-filler and filler network interactions in the 

MGNR matrix were stronger than in the unmodified NR matrix. The large storage modulus 

difference as Payne effect in the MGNR/MWCNT nanocomposites was due to the 

comparatively large storage modulus of unfilled MGNR matrix relative to the NR matrix, 



giving a large storage modulus to the MGNR/MWCNT nanocomposites. In addition, the 

large Payne effect of MGNR/MWCNT nanocomposites indicates strong interactions between 

MWCNT and MGNR, more networking of MWCNT filler in the nanocomposites, and better 

dispersion of CNTs in the matrix [45, 47]. Subramaniam et al. [4, 48]  also found that the 

CNT nanocomposites with good dispersion and small agglomerates showed larger Payne 

effects when a modified CNT gave improved dispersion. The improved filler-filler network 

in MGNR/MWCNT nanocomposites, seen in the non-linear viscoelasticity assessment, is 

consistent with the low percolation threshold of MWCNT that also relates to electrical 

conductivity. 

Table 1. Model parameters in the Maier-Göritz model from fits to experimental data on the 

variously filled composites. 

MWCNT  

(phr) 

G´st (MPa) G´l (MPa) c 

NR MGNR NR MGNR NR MGNR 

0 0.10 0.19 0.11 0.94 0.02 0.09 

1 0.10 0.19 0.17 1.09 0.02 0.10 

3 0.11 0.22 0.32 0.98 0.02 0.13 

5 0.17 0.33 0.46 1.40 0.05 0.06 

7 0.17 0.35 0.70 3.12 0.05 0.09 

10 0.23 0.39 0.91 4.77 0.07 0.20 

15 0.42 0.43 2.44 4.85 0.20 0.15 

20 0.43 0.44 5.16 6.05 0.31 0.17 

3.5 Dynamic mechanical properties and mechanical percolation 

The variations of storage modulus and tan δ across the NR/MWCNT and 

MGNR/MWCNT nanocomposites are shown in Fig. S6. The storage modulus consistently 

increased with MWCNT content, due to both the hydrodynamic effect and the immobilized 

rubber on filler surfaces. In rubbery state the storage modulus of MGNR/MWCNT 

nanocomposites is higher than that of NR/MWCNT nanocomposites. This is attributed to 



better MWCNT dispersion, enhanced interfacial interactions, and improved filler networking 

in the MGNR matrix, as observed earlier.  

The tan δ peak generally identifies the Tg of a polymer. The shifting of Tg to higher 

temperature generally indicates that the mobility of rubber molecules is restricted by filler 

surfaces. However, for the NR nanocomposites of this study it was found that the Tg shifted 

to a lower temperature as MWCNT loading increased. Decreasing Tg upon adding fillers is 

caused by the low absorption of molecular chains on CNT surfaces [26, 49]. In contrast, Tg 

for MGNR nanocomposites was almost constant when MWCNT loading was varied. The 

remaining Tg as that of unfilled MGNR also indicates some interactions between filler and 

matrix. Moreover, it is interesting to note that, at the same concentration,  the unfilled MGNR 

and its nanocomposite exhibited lower tan δ peaks than the corresponding NR 

nanocomposites, indicating improved dynamic properties with less heat buildup and damping 

in the MGNR composites [50].  

The storage modulus at 25°C and low strain amplitude from DMA analysis can be 

used to assess mechanical percolation by using the excess modulus (e), defined as (E-E0)/E0 

where E and E0 are the initial moduli of filled and unfilled rubber [22], respectively. A log-

log plot of the excess modulus as function of the volume fraction (φ) of filler is shown in Fig. 

8. The switch points of two line segments can be used to estimate the mechanical percolation 

thresholds for both NR and MGNR nanocomposites. The NR/MWCNT nanocomposites had 

percolation threshold around filler volume fraction 0.047, which corresponds to 10 phr. With 

the modified NR the percolation threshold shifted to 0.025 (~5 phr), indicating that CNT can 

form filler networks at a comparatively low loading level in the MGNR matrix. It well-

known that uniform dispersion of filler in a polymer matrix gives high interfacial area and 

short inter-particle distances, which facilitate forming a connected network at a low filler 

loading [51]. 



 

Fig. 8. Log-log plots of the excess modulus (e) as function of filler volume fraction for the 

two types of matrices tested. 

Huber and Vilgis [52] proposed that below the percolation threshold the excess 

modulus should scale proportionally (slope = 1) with the volume fraction of carbon black in 

filled rubber. However, in this study the exponent at low filler content is greater than 1, 

which might be due to the high aspect ratio and reinforcement effects of carbon nanotubes in 

rubber. Above the percolation threshold the NR nanocomposites show a straight line in the 

log-log plots, with slope/exponent 2.5, whereas the MGNR nanocomposites give exponent 

0.8. According to the Huber and Vilgis approach, this exponent n depends on the fractal 

dimension, df, of the filled materials by the equation n = 2 /(3-df). The application of this 

equation results in df  = 2.2, which is close to the theoretical df for diffusion-limited 

aggregation (DLA) (df = 2.5). Therefore, this suggests a cluster–cluster aggregation (CCA) 

mechanism. In the case of MGNR/MWCNT nanocomposites, the exponent n = 0.8 

approaches the nearly vanishing fractal dimension df = 0.5, indicating reduced size of the 

filler clusters. Similar observations were reported for natural rubber/expanded organo-

montmorillonite nanocomposites [43]. 

Moreover, the low mechanical percolation threshold of MGNR/MWCNT is also 

confirmed by a plot of Young’s modulus against the volume fraction of filler, shown in Fig. 



9a. Above the percolation limit, a power-law for jammed systems was employed to estimate 

the mechanical percolation threshold [53, 54]; 

� = �� + �� − � �
!  for φ > φp        (6) 

where φ is the volume fraction of MWCNT, φp is the percolation threshold volume 

fraction of MWCNT, and E1 is the elastic modulus of the composite for φ = φp. As shown in 

Fig. 9a, the best fit to Young’s modulus data with Eq. 6 yields φp = 0.050 (~10 phr) for 

NR/MWCNT and φp = 0.021 (~5 phr) for MGNR/MWCNT. The φp estimates from Eq. 6 

match the earlier switch point estimates well, as shown in Fig. 8. The exponent n found from 

Eq. 6 is quite low compared to other reported composites [53].  However, low n values have 

also been reported elsewhere. The mechanical percolation threshold is greater than the 

electrical percolation threshold because the electrons can tunnel quantum mechanically 

between conductive filler particles when the distance between them is less than 10 nm [55, 

56], whereas stress transfer between two filler particles requires an inter-particle distance 

below 10 nm to modify the mechanical properties. Therefore, larger mechanical than 

electrical percolation thresholds have been generally observed for polymer composites [23, 

57].  

 



Fig. 9. (a) Initial modulus or Young’s modulus as function of volume fraction of MWCNT in 

NR and MGNR. (b) Schematic representation of uniform dispersion and formation of 

MWCNT network in MGNR composites assisted by non-covalent compatibilization. 

Taking into account all the results above, a matching microstructure of reinforced 

MGNR/MWCNT nanocomposites is proposed in Fig. 9b. To functionalize NR latex via 

emulsion polymerization, PMMA chains were successfully grafted onto NR. After melt 

mixing with MWCNT, the nanotubes allowed the grafted PMMA in MGNR to be absorbed 

and attached on the filler surfaces by polar interactions, which effectively entangled and 

anchored the filler particles, resulting in a uniform dispersion of MWCNT in MGNR matrix 

and improved stress transfer between these phases. As a consequence, the mechanical and 

electrical properties of nanocomposites were greatly improved. At the same time, the MGNR 

had better compatibility with MWCNT filler than NR had, leading to the formation of 

conductive network at a comparatively low loading level. Thus, modification of rubber 

rubber with vinyl monomer can be used to develop conductive elastomer/MWCNT 

composites with highly enhanced electrical and mechanical properties. 

4. Conclusion 

The objective of this work was to study the effects of functionalizing NR with PMMA 

for non-covalent compatibilization with MWCNT filler. The PMMA grafted on NR 

improved filler dispersion in the NR matrix, which improved mechanical reinforcement and 

reduced the percolation threshold. The tensile strength of MWCNT/MGNR nanocomposites 

was two-fold that of NR/MWCNT nanocomposites. Moreover, the percolation threshold was 

dramatically reduced, and electrical conductivity was clearly improved by grafting PMMA 

onto NR. This is attributed to the affinity of CNT to the grafted PMMA, improving filler 

dispersion and networking in the modified MGNR matrix. 
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Highlights 
 

- Uniform dispersion of multi-walled carbon nanotube in natural rubber matrix were 
observed. 

- Enhancement of electrical conductivity assisted by non-covalent compatibilization. 
- The flexible and stretchable methyl methacrylate functionalized natural rubber with 

highly conductive. 
- Good carbon nanotube networking of natural rubber composites were observed. 
- Future advance natural rubber nanocomposite for electrical device and smart polymer 

materials. 
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