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ABSTRACT 
 
Stretchable conductive material has garnered significant attention in recent years since it offers both electrical conductivity and the 
ability to undergo significant deformation without losing its conductivity. Herein, NRL/VSR blend materials were prepared with 
varying blend ratios, both with and without GNP-SDS, using a simple mechanical stirring method. The main objective was to investigate 
the influence of blend ratios on the physical, mechanical, and electrical properties of the unfilled and filled blend systems. The findings 
revealed that the addition of VSR had a detrimental effect on the crosslink density of the resulting materials, leading to a negative 
impact on their mechanical properties. However, a contrasting observation was made regarding the electrical properties. The 
introduction of VSR induced the formation of a double percolation structure in the immiscible NRL/VSR blend. This double percolation 
structure facilitated the creation of a conductive network within the blend, which significantly improved its electrical properties by 
approximately 263.85 folds. 
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1. INTRODUCTION 
 

Stretchable conductive materials have garnered significant 
interest due to their ability to endure substantial 
deformations while retaining product functionality. The 
prevailing technique for fabricating these materials 
involves incorporating conductive particles into 
elastomeric materials using the common methods for 
example: mechanical mixing [1], 3D printing [2] and 
solution casting methods [3]. Natural rubber latex (NRL), a 
white sap obtained from the Hevea brasiliensis tree, offers 
high elasticity and mechanical strength once its cis-1,4-
polyisoprene chains undergo crosslinking with suitable 
curing additives [4]. However, NRL has low thermal and 
ozone resistance and is typically used as an insulator.  
 
To address this limitation, graphene nanoplatelets (GNPs) 
were selected as the conductive particles to be added into 
NRL. GNP has attracted material engineers due to its unique 
structure and exceptional properties, including a large 
surface area measuring 2630 m2/g, high mechanical 
property with a Young's modulus of 1 TPa, exceptional 
thermal conductivity reaching 5000 W m/K, and high 
charge carrier mobility, offering excellent electrical 
properties [5]. In order to transform NRL into a conductor,  

 
 
 
a sufficient amount of GNP is required to be added to the 
matrix to form a continuous conductive network once the 
filler loading reaches the critical concentration, known as 
the percolation threshold [6]. However, a high filler loading 
tends to deteriorate the mechanical properties of the 
composites.  
 
To overcome this, a double percolation structure can be 
induced by adding a secondary matrix to create an 
immiscible ternary blend system [7]. This helps in aligning 
the conductive particles at the interface to fabricate a highly 
conductive material with a lower percolation threshold [8]. 
For this study, silicone rubber (SR) was chosen as the 
secondary matrix due to its alternating -Si-O- backbone, 
which imparts high bond strength and provides good 
thermal, weather, and chemical resistance [9]. 
Consequently, ternary composites with different NRL/SR 
blend ratios, filled with 0 phr and 7 phr of GNP, were 
prepared to investigate the effect of blend ratios on the 
properties of the unfilled and filled NRL/SR/GNP 
composites. 
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2. MATERIALS AND METHODOLOGY 
 

Natural rubber latex (NRL) with a TSC (Total Solid Content) 
of 60 % was supplied by MG Color Sdn. Bhd. The additives, 
including zinc oxide (ZnO), zinc diethyldithiocarbamate 
(ZDEC), zinc 2-mercaptobenzothiazole (ZMBT), and 
sulphur (S), were purchased from Furben Technique (M) 
Sdn. Bhd. Stearic acid (SA) was supplied by Acidchem 
International Sdn. Bhd., and the stabilizer potassium 
hydroxide (KOH) was purchased from Johchem Scientific & 
Instruments Sdn. Bhd. Vulcanized silicone rubber powder 
(VSR) was supplied by Eurochemo-Pharma Sdn. Bhd., while 
graphene nanoplatelet (0540DX) was purchased from 
SkySpring Nanomaterials Inc., United States, and sodium 
sulfate dodecyl (SDS) was purchased from Sigma-Aldrich 
Corporation. 
 
In the initial step, the GNP was dispersed in a 2 % SDS 
solution using sonication for 30 minutes, followed by 24 
hours of stirring with a magnetic stirrer. After 24 hours, the 
GNP-SDS mixture was filtered and washed repeatedly with 
distilled water. Subsequently, the GNP-SDS and additives 
were added to NRL and stirred overnight. The compounded 
latex was then filtered, and VSR was added, followed by 
another 10 minutes of stirring. The resulting mixture was 
cast onto a glass mold. After 72 hours of curing at room 
temperature, the casted sheet underwent post-curing in an 
oven at 70  °C for 24 hours. These steps were replicated with 
varying blend ratios (100/0, 95/5, 90/10, 85/15, and 
80/20) with filler loadings of 0 phr and 7 phr.  
 

 
3. TESTING AND CHARACTERIZATION 
 

The swelling percentage of the composites was determined 
by immersing the weighed samples (~0.2 g) in toluene until 
the equilibrium mass obtained. Then, crosslink density of 
the composites was calculated by using the Flory-Rehner 
equation: 
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Where 𝑣  is the effective number of moles of crosslinked 
chains per gram of polymer in mol/g; Mcs is the molecular 
weight between crosslinks in g/mol; V2 is the volume 
fraction of polymer in the swollen mass; V1 is the molar 
volume of the solvent in ml/mol; χ is the polymer-solvent 
interaction parameter, while 𝝆2 is the density of the 
polymer in g/cm3.  
 
Moreover, tensile properties were identified by using the 
Instron 5569 Universal Testing Machines (UTM) according 
to the ASTM D412. The fracture surface was then observed 
by using SEM (Jeol JSM 6010LA). Furthermore, the electrical 
conductivity test was obtained according to the ASTM D257 
by using the Fluke 8845A/8846A 6.5-digit precision 
multimeter in direct current mode with a voltage supply of 
5V at room temperature. Then, both the bulk resistivity (R) 
and bulk conductivity (σ) were calculated by using Equation 
(2) and Equation (3).  

 

R = 
r.A

d
                                 (2) 

 

σ = 
1

.𝑅
      (3) 

Where r is resistance of resistor, A is the area of the 
specimens in cm2 and d is the thickness of the 
specimens in cm. 
 

 
4. RESULTS AND DISCUSSION 

 

The results presented in Figures 1 and 2 summarize the 
variation of swelling percentages and crosslink densities for 
both unfilled and filled NRL/VSR blends. It is observed that 
the swelling percentage is inversely proportional to the 
crosslink density. The addition of VSR as the secondary 
matrix in the blended materials resulted in increased 
solvent uptake, indicating a reduction in the crosslink 
density. This can be attributed to the presence of discrete 
VSR particles, which hindered the approaching of NRL 
chains during the formation of sulfidic linkages. The loosely 
crosslinked structure allowed the solvent to penetrate 
readily [10]. However, the swelling percentage showed a 
slower decrease with the increment of VSR content due to 
the better solvent resistance of VSR. This resistance is 
attributed to the similar solubility parameter (δ) between 
the NRL [8.12 (cal/cm3)-2 ] and toluene [8.91 (cal/cm3)-2] 
[11] which showed a much more similar solubility 
parameter as compared to the VSR [δ=7.30 (cal/cm3)-2] 
[12]. Thus, the solvent intake dropped slowly with the 
increment of VSR proportion. In the case of the filled system, 
the filler located in the interstitial region of the NRL covered 
the reactive sites of the NRL chains, interfering with 
crosslink formation. Additionally, the presence of an 
interfacial gap between the matrix and the agglomerated 
GNP-SDS allowed more solvent to penetrate the materials, 
leading to an overall decline in the crosslink concentration 
of the NRL matrix [10]. Consequently, this had a negative 
impact on the properties of the blended materials. 

  

 
 

Figure 1 Swelling percentage of unfilled and filled NRL/VSR with 
varying blend ratios. 

 

 
 

Figure 2 Crosslink density of unfilled and filled NRL/VSR with 
varying blend ratios. 
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Figure 3 displays the tensile strength of the unfilled and 
filled NRL/VSR blend materials at different blend ratios. For 
the unfilled 95/5 system, the improvement of tensile 
strength attributed to the larger surface area of the VSR 
provided additional entanglement to resist the applied 
force and prevent the failure of the samples [13]. Besides, as 
the VSR content increased from 10 phr to 20 phr, and the 
addition of the GNP-SDS spontaneous, the high interfacial 
tension of the blend components caused the weak 
interfacial interaction of the components. In addition, the 
GNP-SDS tended to agglomerate, especially with the 
presence of VSR, which aligned the GNP-SDS at the NRL-VSR 
interface, caused the stress concentration at the interface, 
and led to the failure of the samples to occur readily.[14]. 
Moreover, the VSR powder tended to form agglomerates 
rather than disperse within the NRL matrix, assignable to 
the high cohesive force as shown in the micrograph 
obtained by the SEM. From the micrograph in Figure 6, the 
VSR aggregated in certain areas and formed the VSR-rich 
and VSR-poor regions as the VSR proportion increased to 20 
phr. The bounded VSR cluster was insufficient to form 
strong interfacial interaction with NRL and also increased 
the heterogeneity of the blend system, which in turn led to 
the inferior tensile properties of the specimens [15].  
 
The elongation at break, modulus at 300 % elongation 
(M300), and modulus at 500 % elongation (M500) of the 
unfilled and filled NRL/VSR materials at different 
elongations were demonstrated in Figures 4 and 5 
respectively. The elongation at break dropped continuously 
due to the compact structure as both the VSR and GNP-SDS 
dispersed within the NRL matrix, which then restricted the 
dislocation of the chains under stress. Hence, the elongation 
at break dropped with the increment of VSR and GNP-SDS 
content due to the reduction of chain mobility [16]. 
 
On the other hand, the modulus only showed improvement 
at 5 phr of VSR for both filled and unfilled systems. This 
could be ascribed to the uniform dispersion of the 5 phr of 
VSR within the NRL matrix. Physical interaction formed in 
between the VSR and NRL, resisting the force applied and 
remaining the chains in their original position. 
Contrastingly, as the VSR content increased, the highly 
crosslinked VSR formed larger bundle clusters and 
aggregated at certain regions  [17]. The immiscibility 
between the matrices provoked the stress concentrator at 
the interface and accelerated the deformation of the blend 
materials [18]. 

 

 
 

Figure 3 Tensile strength of unfilled and filled NRL/VSR with 
varying blend ratios. 

 

 
 

Figure 4 Elongation at the break of unfilled and filled 
NRL/VSR with varying blend ratios. 

 

 
(a) 

 

 
(b) 

 
Figure 5 (a) M100 and (b) M500 of unfilled and filled NRL/VSR 

with varying blend ratios, respectively. 
 

Figure 6 shows the tensile fractured surface of unfilled and 
filled NRL/VSR/GNP with different blend ratios magnified 
at ×1000 magnification. It was found that VSR existed in 
various sizes, by which the smaller particles were still 
attached to the NRL surface. Then, some of the larger VSR 
aggregates had been pulled out under pulling force and left 
holes on the fracture surface, signifying the weak interfacial 
interaction between NRL and large VSR aggregates, 
inducing the formation of an interfacial gap. As 
aforementioned, this could act as the stress concentration 
point that accelerated the failure of the specimens. 
 
On the other hand, filler agglomeration was discovered for 
the filled system. The agglomerated GNP-SDS offered a 
smaller surface area to interact with the matrix phase. 
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Hence, a large interfacial gap existed and was captured for 
the filled system, especially with the existence of VSR. A 
similar matrix-filler interfacial gap was also found from the 
outcome of Aiza Jaafar and co-workers [19]. This defined 
weak interfacial strength between the NRL and GNP-SDS 
[20]. Hence, inferior tensile properties were shown for the 
composites with high filler loading. 
 

Figure 7 shows the electrical properties of the unfilled 
NRL/VSR materials with different NRL/VSR blend ratios. 
From the result, the addition of VSR into the blend materials 
diminished the electrical properties of the blend systems. 
The reduction of the electrical properties is assigned to the 
higher electrical resistivity of the silicone rubber. According 
to the research of Kamarudin and coworkers, the surface 
resistivity of the neat silicone rubber was around 1.37×1014 

Ω. cm which was far larger than the electrical resistivity of 
neat NRL [21]. So, as more VSR is added and dispersed 

within the NRL matrix, the higher the bulk resistivity of the 
materials and the lower the bulk conductivity. 
 
Then, filled NRL/VSR was prepared by loading the materials 
with 7 phr of GNP-SDS by varying the blend ratio from 
100/0 to 80/20. The electrical properties of the filled 
NRL/VSR are illustrated in Figure 7 (b). It can be noticed 
that the addition of VSR gave a positive effect on the 
electrical properties of the filled NRL/VSR materials. This 
contributed to the formation of a double percolation 
structure induced by the addition of VSR to form an 
immiscible blend system with NRL matrix [22]. As the 
NRL/VSR blend ratio increased, the VSR acted as a spacer to 
induce the GNP-SDS nanofiller particles to pack denser at 
the interface and within the  NRL matrix. This facilitated the 
formation of a conductive network and allowed more 
electrons to travel along the matrix to conduct electricity 
[23]. Thus, the electrical conductivity improved with the 
increment of the NRL/VSR blend ratio. 

 

  
a(i) a(ii) 

  
b(i)  b(ii) 

  
c(i)  c(ii) 

Figure 6 Tensile fractured surface of NRL/UVSR/GNP-SDS at blend ratios of (a) 100/0; (b) 95/5; and (c) 80/20 with (i) 0 phr and (ii) 
7 phr of GNP-SDS, respectively, at ×1000 magnification. 

Agglomerated 

GNP-SDS 
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(a) (b) 

  

Figure 7 Electrical properties of (a) unfilled and (b) filled NRL/VSR with varying blend ratios.

5. CONCLUSION 
 

This study was aimed at investigating the effect of blend 
ratios on the physical, mechanical, and electrical properties 
of the unfilled and filled NRL/VSR materials. It was found 
that these properties were affected by the interfacial 
strength of the blend components. In terms of physical 
properties, the solvent tended to swell the NRL phase due 
to the similar solubility parameter. Besides, the weak 
interfacial interaction between the blend components led to 
the solvent penetration as well as the stress concentration 
issues, resulting in the decrement of both physical and 
mechanical properties. In the case of the filled system, 7 phr 
of GNP-SDS tended to agglomerate due to the high van der 
Waals force between the adjacent GNP-SDS. Hence the 
specific surface area of the filler sheets reduced the stress 
transfer from the matrix to the filler phase for load bearing 
Consequently, the properties of the filled system displayed 
lower than the unfilled system. Interestingly, a double 
percolation structure formed between the immiscible 
NRL/VSR blend components, contributing to an 
enhancement in electrical conductivity as the blend ratio 
increased in the filled NRL/VSR materials. In summary, an 
increase in VSR content led to a reduction in mechanical 
properties due to weakened interfacial interactions but had 
a positive effect on electrical properties through the 
formation of a double percolation structure. 
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