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ABSTRACT 

Reinforcement of filled rubber is governed by the rubber-to-filler interactions at nano-
scale. One of the potential nano-reinforcing fillers is graphene. Dispersing nano-filler 
into rubber matrix still remains a challenge despite many methods reported. This paper 
presents an investigation on the graphene nano-fillers reinforcement in natural rubber 
and epoxidized natural rubber. The effect of graphene dispersion on the filler-to-rubber 
and filler-to-filler interactions in carbon black- and silica-filled composite system is 
evaluated. The rheological, Payne effect and dynamic properties of graphene nano-filler 
natural rubber composite are presented. The presence of graphene reduces the Payne 
effect of epoxidized natural rubber-silica composite resulting from better dispersion of 
silica fillers. In addition, the physically bound rubber of epoxidized natural rubber-silica 
is increased with the addition of graphene indicating better rubber-to-filler interactions. 
The effect of graphene is more pronounced in modified natural rubber and silica system 
due to higher interaction of graphene with silica and epoxidized natural rubber. 
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INTRODUCTION 
The field of nanotechnology has blossomed over the recent years, and the importance 
for nanomaterials has increased as miniaturization becomes more important in areas 
such as computing, sensors and biomedical. Rubber products are usually filled with 
reinforcing fillers to achieve useful properties for a wide range of applications [1]. 
Nano-fillers such as carbon nanotube and graphene have attracted a lot of attention 
because of its unique electrical properties, high strength and light weight [2-3]. 
Graphene is a two-dimensional monolayer of carbon atoms, which is the basic building 
block for graphitic materials such as nanotube, graphite and fullerene [3-4]. 
Morphology of graphene from SEM image is shown in Fig. 1. Combination of two 
types of nano-fillers or of nano-fillers with conventional fillers, such as carbon black 
and silica [5-6] is defined as hybrid reinforcement in rubber. More interestingly, the 
‘hybrid’ fillers have a synergistic reinforcing effect on the rubber properties and at the 
same time retaining the benefits of the individual fillers [7].  

Modification of Natural Rubber (NR) is used to alter the properties of NR so it 
can compete outside its conventional areas of applications [8]. The chemical 
modification of NR via epoxidation of natural rubber latex yields a specialty rubber 
called ‘Epoxidized Natural Rubber’ (ENR) [8-10]. Epoxidation increases the polarity of 
natural rubber [10]. The presence of polar epoxide groups in ENR results in the rubber 
compatible with highly polar fillers like silica. The strong interaction between ENR and 
silica results in unique properties [10-12]. Silica-filled ENR-25 composite provides low 
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rolling resistance together with high wet grip and offers the best balance required in 
green tyre application [13-14].  

 

 
Fig. 1 Morphology of graphene evaluated in this study from SEM image 

 
The properties of graphene composites largely reliant on the preparation process 

where graphene dispersion is needed [4,15] as well as the compatibility and properties 
of the polymer matrix used [16]. Several methods have been reported such as solution 
blending, latex mixing and melt mixing with the aim to increase the dispersion of 
graphene in rubber, however, there are still advantages and disadvantages [16].  In this 
study, graphene oxide is used in combination of carbon black and nano-silica. The 
effect of graphene as hybrid filler in unmodified and modified natural rubber 
composites is evaluated. The hydrophilic functionality on graphene oxide is expected to 
improve its dispersion in modified natural rubber and in the presence of silica fillers. 
The bound rubber content, Payne effect and dynamic properties as well as filler 
dispersion in natural rubber composites with silica and carbon black are compared with 
and without graphene.  
 
 

EXPERIMENTAL 
 

Materials 
The natural rubber composites were prepared using formulation shown in Table 1 
expressed as parts per hundred of rubber (phr). The rubbers used for this study are  
Natural Rubber (SMR 20) and Epoxidized Natural Rubber (Ekoprena-25) with 25% 
epoxidation produced by Felda Rubber Industries Sdn Bhd.  The nano-fillers are 
graphene UG Pro608, carbon black N234 obtained from Cabot and highly dispersible 
silica, Zeosil 1165MP with CTAB surface area of 164 m2/g obtained from Rhodia 
Solvay. Silane coupling agent, bis(triethoxysilylpropyl) tetrasulphide (TESPT) from 
Evonik was used for silica composites.  All ingredients were used as received. 
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Methods 
The composites were prepared in an internal mixer Farrel K1.  The first step of mixing 
was done with fill factor of 0.7 using the mixing procedure as shown in Table 2.  After 
dumping, the batches were sheeted out on a two-roll mill. The re-milling stage of 
mixing was done on silica composites only in the internal mixer. The curatives were 
mixed in the finalizing stage of mixing on two-roll mill. 

 
Table 1 Formulation of the composites* (in phr**) 

 1 2 3 4 5 6 7 8 
Ingredient NR-

CB 
NR-
CB-

Grap 

NR-Sil NR-
Sil-

Grap 

ENR-
CB 

ENR-
CB-

Grap 

ENR-
Sil 

ENR-
Sil-

Grap 
NR 100 100 100 100 - - - - 

ENR-25 - - - - 100 100 100 100 
Carbon 
Black 

60 60 - - 60 60 - - 

Silica - - 55 55 - - 55 55 
TESPT - - 5 5 - - 2.5 2.5 

Graphene - 3 - 3 - 3 - 3 
*Mixes also contain zinc oxide 3, stearic acid 3, calcium stearate 2, Antioxidant 2 ,  

TDAE oil 8, wax 1, sulphur 1.5, TBBS 1.5 and DPG 2. 
**phr = part per hundred rubber 

 
Table 2 Mixing procedure 

Time (minute) Step 
0 Add rubber 
1  Add ½ filler, ½ silane# 
2 Add ½ filler, ½ silane#, oil 
3 sweep 
4 Add powder 
5  dump 

#Only for silica composites 
 

Testing 
The cure characteristics at 150ºC were measured using a MDR2000 from Alpha 
Technologies, under the conditions of 0.5° arc over 30 minutes at temperature of 150°C.  
Mooney viscosity and scorch were tested using Alpha Technologies MV2000 
viscometer at 100 and 120°C respectively. 

The Payne effect was measured in a Rubber Process Analyzer (RPA 2000, 
Alpha Technologies) by strain sweep at 100ºC and 0.5 Hz. The Payne effect was 
calculated as the difference between the storage modulus, G’ at 0.56% and G’ at 
100.04% strain. Before the Payne effect measurement, the sample was vulcanized in the 
RPA 2000 at 150ºC for 10 minutes and subsequently cooled to 100ºC. 

The bound rubber content (BRC) measurements were performed on uncured 
samples by extracting the unbound rubber with toluene at room temperature for seven 
days in both normal and ammonia environment. The ammonia treatment of BRC was 
done to obtain the chemically bound rubber as ammonia cleaves the physical linkages 
between rubber and silica [17]. The amount of BRC (%) was calculated by: 
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where wo is the initial weight of the sample, wdry  is the dry weight of the extracted 
sample, winsol is the weight of insoluble (mainly filler) in the sample, wfiller,phr is the total 
filler weight in phr and wtotal, phr is the total composite weight in phr. The total BRC is 
referred to BRC obtained from normal atmosphere while chemically BRC is the data 
obtained from ammonia treated BRC measurement. 

Composites were prepared by curing the composites for their respective t95 (time 
to reach 95% of torque difference in the curemeter) at 150ºC using an electrical press at 
100 bar. Tensile properties of the composites were measured according to ISO-37. The 
hardness of the cured samples was determined according to DIN-53505. The dynamic 
properties of composites: storage modulus, loss modulus and glass transition 
temperature were measured using a Mettler Toledo Dynamic Mechanical Analyzer 
(DMA1 Start system). The samples were cut from the vulcanized sheets of 2mm 
thickness. A temperature sweep measurement from -100 to +100°C was performed in 
tension mode at a frequency of 10Hz and dynamic strain of 0.1%. 
 
 

RESULTS AND DISCUSSION 
Filler-filler interaction is commonly measured by the so-called Payne effect: the drop in 
storage modulus in a dynamic mechanical test when the strain (deformation) is 
increased from low (0.56%) to a high value (100%) at constant frequency and 
temperature [18]. The storage modulus of filled rubber drastically decreases as strain 
increases as the result of breakage of physical bonds between filler particles, for 
example van der Waals, hydrogen bonds and London forces [19-20].  

Filler-filler interactions as observed from Payne effect for the carbon black and 
silica composites are illustrated in Fig. 2. Silica nanocomposites show lower Payne 
effect than carbon black nanocomposites due to the reduced filler-filler interaction in 
the silica-silane system. The Payne effect for carbon black composite shows no changes 
with or without addition of graphene. The dispersion of graphene in carbon black 
nanocomposites also poor as observed in Fig. 3 where the presence of graphene can be 
easily detected. However, for silica composite the addition of graphene shows reduction 
in the Payne effect for ENR-silica system but not in the NR-silica. From the dispersion 
images for silica composites in Fig. 3, no sign of graphene is observed. This is due to 
better compatibility of graphene in ENR matrix because of its hydrophilic nature [15]. 
In addition, the fillers are better dispersed for ENR-silica-graphene composite compared 
to ENR-silica.  It indicates the feasibility of graphene to improve the dispersion of 
fillers in ENR-silica-graphene composite by reducing the silica-silica interactions as 
reported previously [21].   
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Fig. 2 Payne effect of nanocomposites with and without graphene 

 
 

 
Fig. 3 Dispersion of nanocomposites with and without graphene from FESEM images 

 
Rubber-to-filler interactions can be evaluated from the bound rubber content. 

Fig. 4 shows the bound rubber content of the nanocomposites with and without 
graphene.  Ammonia treatment on the bound rubber of the composite separates the 
physically or loosely bound rubber and only chemically or tightly bound rubber was 
obtained [17]. It is observed that chemically bound rubber is higher than physically 
bound rubber for all composites. This is in agreement with previous work [22] as the 
silica composites system is using silane as coupling agent. As for carbon black 
composites, no difference is observed for normal and ammonia treatment of bound 
rubber [17] due to lack of hydrogen bonding and the value obtained is comparable with 
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previous work [22]. It is expected that bound rubber content for silica nanocomposite is 
higher than carbon black nanocomposite as reported earlier [22]. The results show that 
no effect of graphene to the carbon black composites. This can be related to similar 
Payne effect observed for black composites. However, for silica composites, there is an 
increase in the physical bound rubber for both NR and ENR composite with graphene. 
The higher physical bound rubber in the silica composites derived from interaction of 
graphene with ENR matrix and graphene with silica. This can be related to lower Payne 
effect for ENR-silica-graphene which reduces the filler-to-filer interactions and results 
in improvement in filler-to-rubber interactions. However, in the case of ENR-silica-
graphene, the chemically bound rubber is reduced, but for NR-silica-graphene, the 
chemically bound rubber increases as compared to those without graphene. This can be 
explained by the competing interaction between graphene and silica as well as silane 
and silica in addition to the bonding created between silica-silane and NR or ENR 
matrix [23]. Many interactions and bonding occur simultaneously in silica-filled NR 
and silica-filled ENR [24]. Strong bonding between silica and ENR has been verified by 
Kaewsakul et al. using unmodified squalene and epoxidized squalene as a model for NR 
and ENR respectively in the presence and absence of TESPT silane coupling agent [25]. 
 

 
Fig. 4 Bound Rubber Content (BRC) of nanocomposites with and without graphene 
 

The addition of graphene increases the hybrid reinforcement of nano-fillers in 
ENR-silica composites. The interactions in the ENR-silica-graphene consist of 
combination of ENR-silica bonding, ENR-silane-silica bonding, hydrogen bonding 
between the silanol group of silica with epoxide group in ENR; as well as interaction of 
graphene with silica and ENR [23-25]. The schematic interactions in the ENR-silica-
graphene nanocomposites are illustrated in Fig. 5 where the silica-silica interactions are 
reduced. In this case, the rubber-to-filler interaction is improved where the graphene 
oxide interacts with epoxide group of ENR and provides a linkage to silica [21].  
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Fig. 5 Schematic representation on the interactions of graphene with ENR and silica 

 
The dynamic properties of the nanocomposites measured at 10Hz are shown in 

Fig. 6. Commonly, the loss tan delta at 0°C and at 60°C of a cured compound is taken 
as indication for the wet grip and rolling resistance respectively of tires made thereof 
[26]. The higher the tan delta at 0°C, the higher the wet grip of the tyre is expected. 
However, for tan delta at 60°C, the lower the value the lower the rolling resistance of 
the tyre [24]. It is observed that the silica composites have higher tan delta peak than 
carbon black composites. This indicates higher degree of rubber-filler interaction in 
silica composites. The tan delta peak value also corresponds to the glass transition 
temperature (Tg) of the composites. The Tg of ENR-nano composites is about 25 degree 
higher than NR-nano composites due to the 25% epoxidation level in ENR. The results 
show that ENR-silica and ENR-carbon black composites exhibit higher tan delta at 0°C 
as compared to NR composites. This gives an indication of higher wet grip of the final 
products. Another indication is the tan delta at 60°C similar to all composites which 
show that the rolling resistance are maintained. 

 
Fig. 6 Dynamic properties of nanocomposites with and without graphene 
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CONCLUSION 
Graphene is used as hybrid nanofiller in silica and carbon black natural rubber 
composites at low graphene filler loading. The effect of graphene is more predominant 
in silica nanocomposite. The addition of graphene reduces the filler-filler interaction 
and increases the bound rubber content of ENR-silica composites. The hybrid 
reinforcement of epoxidized natural rubber with nano-silica and graphene is achieved. 
This resulted in improvement in the dynamic properties especially tan delta at 0°C for 
high wet grip for ENR-silica-graphene composite.  
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