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Streszczenie 

 

Celem pracy było lepsze poznanie mechanicznego, termicznego i trybologicznego zachowania 

nanokompozytów kauczuku silikonowego w odniesieniu do rodzaju i zawartości  

nanonapełniacza na bazie grafenu. W badaniach zastosowano grafit, eksfoliowany grafit, 

zredukowany tlenek grafenu, tlenek grafenu modyfikowany cieczą jonową, tlenek grafenu 

modyfikowany silanem, krzemionkę koloidalną i inne wypełniacze. Dodatek nanonapełniacza 

na bazie grafenu do matrycy z gumy silikonowej znacznie poprawia właściwości mechaniczne, 

termiczne i trybologiczne nanokompozytu. Analizy DMA i DSC potwierdziły poprawę 

oddziaływań  pomiędzy matrycą polimerowa a nanonapełniaczem  w badanych  
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nanokompozytach. W porównaniu do czystej gumy silikonowej, dodanie grafitu (20 części) 

znacznie zmniejsza współczynnik tarcia (o 40%) i szybkość zużycia tribologicznego QM (o 

50%). Zmodyfikowany proces Hummersa został wykorzystany do syntezy tlenku grafenu 

(GO), a badania FT-IR, XRD, Ramana i XPS zostały przeprowadzone w celu potwierdzenia 

redukcji GO. Badania XRD, AFM, SEM i TEM zostały wykorzystane do zbadania dyspersji i 

interakcji nanonapełniacza w matrycy polimerowej. Testy trybologiczne przeprowadzono przy 

użyciu trybometru typu pin-on-disc ASTM G99-05 w celu zbadania wpływu zmiennych 

roboczych, takich jak przyłożone obciążenie, prędkość poślizgu i temperatura. 

Jednowarstwowa powłoka grafenowa funkcjonalizuje powierzchnię kompozytu polimerowego 

w mikrostrukturze kompozytów grafenowych. Według skaningowej mikroskopii elektronowej 

(SEM), mikroskopii transmisyjnej (TEM) i analizy rentgenowskiej z dyspersją energii (EDX) 

nanokompozyty mają lepszy rozkład wypełniaczy. Właściwości mechaniczne 

nanokompozytów, takie jak wytrzymałość na rozciąganie i twardość, a także właściwości 

elektryczne i termiczne, takie jak przewodność cieplna, degradacja termiczna i właściwości 

dielektryczne, są lepsze w porównaniu z konwencjonalnymi nanokompozytami, co można 

przypisać lepszej dystrybucji nanonapełniaczy. Morfologia powierzchni kompozytu wykazuje 

gładką powierzchnię, co wskazuje, że obecność nanonapełniaczy znacznie ograniczyła kontakt 

z metalem. Mechanizm zużycia polega na tworzeniu filmu smarnego na powierzchni 

współpracującej, który zapobiega stykaniu się nierówności z powierzchnią kompozytu. W 

rezultacie współczynnik tarcia i właściwa szybkość zużycia ulegają zmniejszeniu. Oprócz 

wysokiej przepuszczalności i wysokiej odporności na temperaturę, guma silikonowa ma 

również wyjątkową odporność na starzenie i izolację elektryczną. W rezultacie jest często 

wykorzystywany w różnych gałęziach przemysłu, w tym w motoryzacji, tekstyliach, 

elektronice, medycynie, uszczelniaczach, sprzęcie i magazynowaniu żywności itp. 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Graphene-based Silicone rubber Nanocomposites 

 

v 
 

Summary 

This study aims to understand better the mechanical, thermal, and tribological behavior of 

silicone rubber nanocomposites. Graphite, exfoliated graphite, reduced graphene oxide, ionic 

liquid modified graphene oxide, silane-modified graphene oxide, fumed silica, and other fillers 

were used in this study. Adding graphene-based fillers to the silicone rubber matrix 

substantially improves the nanocomposite's mechanical, thermal, and tribological properties. 

The DMA and DSC analyses confirmed the improved polymer filler contact in the composite. 

When compared to the neat silicone rubber, the inclusion of graphite (20 phr) reduces the 

friction coefficient (40%) and the specific wear rate of QM significantly (50 percent). The 

modified Hummers process synthesized graphene oxide, and FT-IR, XRD, Raman, and XPS 

studies were performed to validate GO reduction. XRD, AFM, SEM, and TEM studies were 

used to investigate the dispersion and interaction of the filler in the polymer matrix. The 

tribological tests were conducted utilizing an ASTM G99-05 pin-on-disc tribometer to examine 

the effect of operating variables such as applied load, sliding velocity, and temperature. A 

single-layer graphene film functionalizes the polymer composite surface in the microstructure 

of graphene composites. Nanocomposites have a better filler distribution, according to 

scanning electron microscopy (SEM), transmission microscopy (TEM), and energy dispersive 

X-ray analysis (EDX). The mechanical properties of the nanocomposites, such as tensile 

strength and hardness, as well as the electrical and thermal properties, such as thermal 

conductivity, thermal degradation, and dielectric properties, are improved when compared to 

pure silicone rubber, which can be attributed to the improved distribution of the nanofillers. 

The composite's worn surface morphology exhibits a smooth surface, indicating that the 

presence of fillers significantly reduced metal contact. The wear mechanism involves the 

formation of a lubricant film on the counter surface, which prevents the asperities from 

touching the composite surface. As a result, the friction coefficient and specific wear rate are 

reduced. In addition to having high permeability and strong temperature resistance, silicone 

rubber also has outstanding age resistance and electrical insulation. As a result, it is frequently 

utilised in a variety of industries, including automotive, textiles, electronics, medical field, 

sealants, hard ware and food storage etc. 
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1. Introduction  

The study of surfaces in relative motion is known as tribology and is derived from the Greek 

word tribos, which means to rub. The science of two interacting solid surfaces in relative 

motion causes friction and wear while considering the impact of lubrication between them.  It 

is also a genuinely interdisciplinary interfacial phenomenon, incorporating the two interacting 

substances' physics, chemistry, mechanics, thermodynamics, and materials science[1], [2] 

The tribology of polymers, however, differs significantly from that of metals for various 

reasons. Polymers are visco-elastic and have time-dependent characteristics, in contrast to 

metals. Due to their elasticity, ability to accommodate stress loading, minimal friction, and 

resistance to wear, polymers are being employed more frequently in tribological 

applications[3].  

A polymer composite is a multi-phase material in which reinforcing fillers are integrated with 

a polymer matrix, resulting in synergistic mechanical properties that cannot be achieved from 

either component alone. Polymeric materials are increasingly used to construct mechanical 

systems with rubbing contacts[4].  

Polymeric contacts are replacing traditional technical materials in rolling and sliding contacts. 

The extent of mechanical lubrication can be lowered by substituting traditional metallic or 

ceramic materials with polymeric systems. This replacement allows for more control over the 

coefficient of friction. Polymers' wear mechanism differs significantly in surface topography 

and bulk mechanical characteristics when comparing engineered metals and ceramics. 

Polymers are commonly used in tribo-systems due to their viscoelastic properties and low 

surface energy[5].  

Silicone rubber (QM) and its nanocomposites are commonly used industrial materials because 

of their excellent physical properties, chemical inertness, wide operating temperature range, 

and resistance to ultraviolet, ozone, and aging[6]. Therefore, these materials are used are 

appropriate for environmental applications. Traditionally, the QM has been used in applications 

requiring high thermal stability, dielectric strength, or fire resistance. However, researchers are 

currently working on developing silicone materials with multifunctional features. As a result 

of the evolution of current technologies, there is a growing demand for high thermal 

conductivity rubber materials with good mechanical properties that can be used in extreme 

conditions. 
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Graphene is a two-dimensional, one-atom-thick nanomaterial composed of sp2 -hybridized 

carbon atoms first isolated in 2004 [7], [8]. Graphene, the most promising material of the 

decade, has sparked widespread interest in various applications. It has tremendous potential as 

a reinforcement in polymer composites because of its remarkable mechanical, thermal, and 

electric properties [9], [10]. Zheng et al. used solution and co-coagulation methods to develop 

graphene-silicone rubber nanocomposites. Silicone rubber-graphene composites, a vast strain 

sensing range, and high strain sensitivity properties have been greatly enhanced [11]. XU et al. 

studied the influence of different processing conditions on graphene-filled-silicone rubber 

composites' electrical and mechanical properties [12]. Kumar et al. also demonstrated that using 

carbon nanotubes (CNTs) as a nanofiller in a silicone rubber matrix improves the mechanical 

and electrical properties[13]. In recent years, the chemical modification of graphene oxide has 

been an essential topic in academia. This is mainly accomplished by selecting proper reagents 

due to the active oxygen functionalities associated to graphene oxide (GO). Such modifications 

improve the compatibility of GO in various systems, and this modified graphene offers 

prospective uses in polymer composites, energy-related materials, field-effect transistors, and 

lubricant coatings, among others [7], [14], [15]. Ge et al. synthesized diisocyanate 

functionalized graphene oxide (FGO), and as the amount of FGO filler increased, the thermal 

conductivity of the silicone rubber was continuously enhanced [16]. Bai et al. studied the effect 

of rGO (reduced graphene oxide) reduction degree on the reinforcement in silicone rubber. It 

was observed that rGO reinforcement increased with the degree of reduction of graphene oxide. 

The oxidation of the side group of silicone rubber chains was slowed by rGO, which has a good 

barrier effect[17]. Ren et al. studied the thermal conductivity of silane-functionalized graphene 

nanoplatelets (GNPs) reinforced silicone rubber. It was found by Raman mapping that the 

silane-functionalized GNPs could be dispersed uniformly into the silicone rubber matrix, 

leading to an increase of Young's modulus and a considerable enhancement in the thermal 

conductivity [18]. Gan et al. studied the effect of silicone rubber's vinyl concentration on the 

mechanical properties of the composites they produced. The GO sheets were distributed 

throughout the QM matrix, improving the composites' thermal and mechanical properties 

tremendously [19]. 
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2. Composites  

A composite is a material made from two or more different materials that, when combined, are 

more robust than those individual materials by themselves. Composite materials are the only 

material that meets industry needs [20]. These materials are created with the desired qualities 

in consideration[21]. Composites are metal, ceramic, and polymer matrix composites based on 

the matrix materials used[22]. Among other composite materials, polymer composite materials 

play a significant part in current technology due to their exceptional physical, mechanical, and 

thermal qualities. The composites consist of the discontinuous phase (filler/fiber) and the 

continuous phase (matrix)[23]. Based on matrix material, the composites were classed into 

three, polymer-based, metal-based, and ceramic-based [24]. Among the various composites, 

polymer-based composites have many advantages: lightweight, high strength, easy processing, 

good thermal properties, and low cost[25]. The development of lightweight polymer 

composites has revolutionized the 21st-century composite-related industries. By incorporating 

various reinforcing fillers/fibers/fabrics, the polymer's physical, thermal, mechanical, and other 

functional characteristics can be enhanced[26], [27].formulation of the composite as shown in 

figure 1. 

 

Fig.1 Composite material formulation 
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A composite material is a system made up of several various constituents. The nature of the 

matrix, the types of reinforcements, the additives, and the relative amounts of these elements 

entering the formulation and the implementation technique significantly impact the end 

product's properties. As a result, the number of possible implementations from this set of 

fundamental constituents is nearly limitless. 

2.1 Nanocomposites  

 A nanocomposite is a multi-phase material. In contrast to micro composites, one of the phases 

has one, two, or three dimensions of less than 100 nm, or the composite phases have nanoscale 

distances between them. The fascinating properties of the nanocomposites are dictated by the 

complex interactions between the polymeric matrices and the nanoparticles in their interface 

regions. Schematic representation of types of nanocomposites as shown in figure-2. 

  

Fig -2 Schematic representation of types of nanocomposites 

According to the matrix materials, nanocomposites are classified as Ceramic Matrix 

Nanocomposites (CMNC), Metal Matrix Nanocomposites (MMNC), Polymer Matrix 

Nanocomposites (PMNC)  

❖ Ceramic matrix nanocomposites mainly have 𝐴𝑙2𝑂3 or SiC systems. Most studies have 

confirmed the noticeable strengthening of the 𝐴𝑙2𝑂3 matrix after additive on a low (i.e., 

appro: 10%) volume fraction of SiC particles of suitable size and hot pressing of the 

resulting mixture. 
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❖  Metal matrix nanocomposites (MMNC) refer to materials consisting of a ductile metal 

or alloy matrix in which some nanosized reinforcement material is implanted. These 

materials combine metal and ceramic features.  

❖ Polymer matrix nanocomposites are widely used in industry due to their ease of 

production, lightweight, and ductile nature. They have some disadvantages, such as low 

modulus and strength compared to metals and ceramics. The schematic representation 

of the formation of  polymer nanocomposites are their properties are displayed in figure 

3, and the classification of composites with examples is shown in table 1 

 

Fig.3 - Properties of polymeric nanocomposites 

Table-1 classification of composites 

Type of Matrices Examples  

Ceramic Al2O3/SiO2, SiO2/Ni, Al2O3/TiO2, Al2O3/SiC 

Metal Fe-Cr/Al2O3,Co/Cr, Fe/MgO, Mg/CNT 

Polymer Thermoplastic/thermoset polymer/layered silicates, 

polyester/TiO2, polymer/CNT, polymer/layered double 

hydroxides 
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The size of a particle is an important determining factor of the wear resistance. Thus, reducing 

the particle size to the nanoscale significantly influences and improves the efficiency of the 

nanocomposites. It has been known for a long time that nanoparticles can help improve and 

enhance polymers' tribological and mechanical properties. Thus, this area has remained a focus 

of interest for many researchers. This knowledge and nanotechnology have given rise to 

polymers modified by incorporating inorganic and organic nanoparticles into their matrix, 

known as polymer nanocomposites (PNCs). These are an amazing group of materials for 

various applications in different fields due to their unique three-dimensional interphase 

physical network topology achieved due to the increased surface area of the nanofillers 

(Karger-Kocsis, 2005).  The fascinating properties of the nanocomposites are dictated by the 

complex interactions between the polymeric matrices and the nanoparticles in their interface 

regions. The size of a particle is an important determining factor of the wear resistance. Thus, 

reducing the particle size to the nanoscale significantly influences and improves the efficiency 

of the nanocomposites[28]. 

2.2 Types of Polymer Matrix Nanocomposites  

The significant component in polymer matrix nanocomposite is the polymer itself. Wide 

varieties of polymers are used in the preparation of polymer matrix nanocomposites. These 

polymers are listed below:  

1. Thermoplastics  

2.  Thermosets  

3.  Elastomers  

 The choice of polymer matrix material for preparing polymer matrix nanocomposites for a 

specific application is generally guided by their mechanical, electrical, magnetic, optical, 

biocompatibility, chemical stability, and functionalization. Thermoset-based nanocomposites 

are usually the most common nanocomposites. They are used in many applications, but recently 

thermoplastic-based nanocomposites have attracted much research interest in industry and 

academia. The properties of polymers mainly depend on the polymer structure, which depends 

on the chemical composition, surface morphology, and processing parameters. The difference 

between thermoplastic and thermosets polymer is that they respond entirely differently to heat, 

mainly due to the difference in their molecular structure. 
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2.2.1 Thermoplastics-based polymer composites  

Thermoplastic materials have relatively low melting temperatures and, more significantly, 

soften to a flexible or liquid condition when heated. This feature enables them to be formed 

into almost any mold or pattern. Furthermore, even great heat has little effect on the material's 

makeup; hence, when a thermoplastic material has been formed and cured, it may be reheated 

and melted or molded into another design, and the qualities will not be dramatically affected. 

Thermoplastics are mainly produced from long-chain molecules held by van der Waals forces. 

Some examples of thermoplastics are polyvinyl chloride (PVC), poly trimethylene 

terephthalate (PTT), polystyrene (PS), polypropylene (PP), polyethersulfone (PES), polyamide 

(PA), polyamide-imide (PAI), polyacrylonitrile (PAN), ethylene vinyl alcohol (EVOH), 

acrylic (PMMA) and acrylonitrile butadiene styrene (ABS)[29]. Thermoplastic has several 

tribological applications when mixed with nanofillers due to its unique character. 

Thermoplastic materials soften to a flexible or liquid state when heated, owing to their 

comparatively low melting temperatures. This characteristic may shape them into practically 

any mold or design. 

Furthermore, even high temperatures have minimal influence on the material's constitution; 

hence, when a thermoplastic material has been produced and cured, it may be reheated and 

melted or molded into a different design without significantly altering the properties. The 

increasing use of polymer nanocomposites is also a consequence of the demands of modern 

precision machines and intensive tribological research. The thermoplastic material choice 

depends on the tribological end-user requirement, such as low weight, thermal resistance, or 

flammability, and the choice of specific nanomaterial needed for the nanocomposites. 

Thermoplastic polymer nanocomposites for tribological applications are produced via 

conventional production techniques such as nano infusion, in-situ polymerization, coating, 

solution mixing, and melt blending[30]. 

2.2.2 Thermoset-based polymer composites 
 Thermoset plastics and thermoset composites are synthetic materials that become 

strengthened when heated but cannot be adequately remolded or warmed once they have been 

heat-formed or molded. Thermosets have virtually all of their molecules linked with strong, 

permanent, physical connections that do not heat reversible after shaping. Molded thermosets 

resist high working temperatures, corrosion, and chemical attack. These material property 
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advantages enable molded thermoset parts in various aggressive and demanding end-use 

settings, from electrical applications to automobile engine and transmission components to 

outdoor element exposed items. Thermoset molding ensures that finished components and 

assemblies are dimensionally and chemically stable. Examples of thermoset materials include 

Bulk Molding Compounds (BMCs), Phenolic or Phenolic Molding compounds, Epoxy, Diallyl 

Phthalate (DAP). The BMCs are also known as unsaturated polyesters and vinyl esters. When 

thermosets are mixed with nanostructured particles like polyhedral oligomeric silsesquioxane 

(POSS), graphene, MXene, silica, and clay[31]–[34], thermoset nanocomposites exhibit 

superior thermal, electrical, and mechanical properties that are well-balanced for several 

tribological applications[35]. Their exceptional strength lends itself to tribological applications 

in the marine, aerospace, and automotive sectors. Other features, such as working at higher 

temperatures, creep and solvent resistance, an affinity for heterogeneous materials, and 

simplicity of processing, expand their usage in various other technical applications[36]. 

 2.2.3 Elastomer-based polymer composites: Rubbers (elastomers) are soft polymeric 

materials with sub-ambient glass-rubber transition temperature, excellent elastic properties, 

and flexibility. They have found important applications in different fields, such as automobile, 

aerospace, biomedical, etc. Incorporating rigid fillers in elastomer compounds has been a 

common practice for improving mechanical properties (reinforcement) and thermal, dynamic-

mechanical, electrical, and magnetic properties, among others. The reinforcement effect of the 

rigid fillers may be attributed to the filler matrix interactions, which depend on the structure of 

both filler and matrix components[37].  

The preparation of graphene elastomer composites has been accomplished using various 

synthetic techniques, each of which has a unique impact on the properties of the finished 

composites. Multiple factors, such as filler-filler interactions, filler-matrix interactions, filler 

dispersion in the matrix, impurity concentration, and consistency of the formula's composition, 

might change as the mixture is mixed. Each of the abovementioned factors results in a 

composite with unique defining characteristics. 
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2.3 Silicone rubber   

The first-time silicon was successfully isolated on its own using potassium was in 1824 by the 

Swedish chemist Jöns Jackob Berzelius. He then heated silicon in chlorine, creating intense 

combustion in the process. The outcome was silicon tetrachloride, used to make silicones 

today. Silicon was created, in our opinion, by Berzelius. It took Henry Sainte-Claire Deville 

another 31 years to develop silicon in its more widely used crystalline form. Deville used an 

electrolytic smelting procedure to acquire pure silicon in 1854. Throughout the 19th century, 

numerous chemists continued their investigation into silicon chemistry and current silicone 

elastomers market report shown in table-2.  

Table-2 Silicone Elastomers Market Report Coverage[38] 

Report Attribute Details 

Historical Years 2017-2021 

Forecast Years 2022-2030 

Market Size in 2021 $8,344.8 Million 

Revenue Forecast in 2030 $16,425.2 Million 

Growth Rate 7.8% CAGR 

Report Scope 

Market Trends, Drivers, and Restraints; 

Revenue Estimation and Forecast; 

Segmentation Analysis; Impact of 

COVID-19; Companies’ Strategic 

Developments; Market Share Analysis of 

Key Players; Company Profiling 

 

Silicone rubber is an elastomer of silicon and other carbon, hydrogen, and oxygen 

elements. Its structure always comprises a siloxane backbone (silicon-oxygen chain) and an 

organic moiety bound to the silicone. Silicone rubber is nonreactive, stable, and resistant to 

harsh conditions and temperatures ranging from 55°C to 300°C (67°F to 572°F) while retaining 

its valuable properties[39]–[41]. Silicone rubber is used in a wide range of products, including 

automotive applications, cooking, baking, electronics, medical equipment, and implants, due 

to its characteristics and convenience of manufacturing and shape. Hence, the properties of 

silicone rubber can vary greatly depending on the following: 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Graphene-based Silicone rubber Nanocomposites 

 

10 
 

Organic groups (methyl, vinyl, phenyl, trifluoropropyl, or other groups) 

Different Types & Methods Used to Synthesize Silicone Rubbers 

The organic groups in silicone rubbers may be methyl, vinyl, phenyl, or others. According to 

ASTM D1418 standard, which covers a system of general classification or nomenclature for 

rubber and rubber lattices, silicone rubbers are classified as shown in table-3: 

Table-3 – Classification of silicone rubber based on the structure  

Dimethyl silicone Methyl- Vinyl silicone Phenyl- Methyl silicone 

  
 

 

Silicone rubbers can be represented by, 

 

R can be any of the following: methyl, phenyl, vinyl, trifluoropropyl, or 2-cyanoethyl. Silicone 

rubbers with vinyl groups can be cured with dialkyl peroxides like di cumyl peroxide. 

Crosslinking in saturated siloxane rubbers involves hydrogen atom abstraction followed by 

polymeric radical coupling. The interaction of polymeric radicals with lower-molecular-weight 

free radicals created by the disintegration of the peroxide curative leads to the non-productive 

use of peroxide. The addition of vinyl groups improves the effectiveness of crosslinking. 

Silicone rubber is a family of thermoset elastomers that have a backbone of alternating silicone 

and oxygen atoms and methyl or vinyl side groups. According to the polymer employed and 

the vulcanization process adopted for their production, they can be classified as low-

temperature vulcanizable rubbers (low-temperature vulcanizate rubber, LTV, and room 

temperature vulcanizate rubber, RTV) and high-temperature vulcanizable rubbers (HTV). 

Silicone rubber maintains its mechanical and electrical properties over a wide range of 

temperatures and therefore is a choice for every application, from aerospace to medical devices. 
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They are used to produce seals in the automotive industry, aerospace industry, connectors, 

cables for appliances and telecommunications, implants and devices for medical purposes, and 

packaging and baking pans for the food industry. 

2.3.1 Curing Agents 

Silicone rubbers are typically cured using peroxides such as benzoyl peroxide, 2,4-

dichlorobenzoyl peroxide, t-butyl perbenzoate, and dicumyl peroxide, except for RTV and 

liquid curing methods. Vinyl containing silicones has also been effectively treated using alkyl 

hydroperoxides and dialkyl peroxides. The alternative curing process known as hydrosilylation 

or hydrosilation uses hydrosilane materials as catalysts and platinum-containing chemicals to 

cure silicones that contain vinyl. A free radical reaction started by peroxide results in a peroxide 

cure. The peroxides break down when heated, creating highly reactive radicals. The silicone 

liquid will react with these radicals, crosslinking the polymer to create a three-dimensional 

network. Solid silicone rubber can be processed with this method. Different vulcanizing agents 

used for curing silicone rubber shown in table-4. 

Table-4 Different vulcanizing agents used for curing silicone rubber 

Polymer Applications Appearance Main vulcanizing ingredient 

 

Polydimethylsiloxane 

General molding, 

thin sections 

 

White paste 

Benzoyl peroxide Approx. 50% 

content 

Silicone rubber 

(SH5060U) 

General molding, 

steam curing, 

flame retardance 

 

White putty 

Dicumyl peroxide Approx. 20% 

content 

Fluorosilicone rubber  

General molding 

 

Grayish white 

paste 

Ditertiarybutyl peroxide Approx. 20% 

content 

Sillicone rubber , 

LDPE, HDPE and 

fluoroelastomers 

General molding, 

thick sections 

Grayish white 

paste (C-8) 

Translucent 

paste (C-8A, C-

8B) 

2.5 dimethyl-2.5 bis 

(tertiarybutylperoxy) hexane 

Approx. 25% content (C-8), approx. 80% 

content (C-8A), approx. 40% content (C-8B) 

 

 

 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Graphene-based Silicone rubber Nanocomposites 

 

12 
 

 

2.3.2 Liquid Silicone Rubbers 

These were two-part systems frequently delivered in pre-metered equipment deaerated and 

ready for use. Low-pressure forming techniques and low-pressure injection pressures were 

adequate. After combining the two distinct parts, they cure using procedures like 

hydrosilylation. At temperatures of roughly 200 C, curing frequently finished in just a few 

seconds, and post-curing was typically not necessary. Liquid silicone rubbers (LSRs) can 

compete with traditional silicones and organic rubbers due to the cheap capital expenditure 

needed for manufacture. Comparable to general-purpose grades and high-strength peroxide-

cured elastomers in terms of physical characteristics. Silicone resin is a type of silicone utilized 

extensively in aerospace, automotive, electronics, electrical, and other industries due to its high 

dielectric qualities, good thermal stability, weather resistance, chemical reactivity resistance, 

and other advantages[42]–[45]. 

2.3.3 Room Temperature Vulcanizing (RTV) Rubbers 

In general, RTV silicone rubber is always a liquid that cures to become a solid elastomer. 

Another way to separate RTV silicone rubber is into one-part (RTV-1) and two-part (RTV-2) 

silicone rubber (RTV-2)[46], [47]. The moisture can start the vulcanization reaction in the air 

for one-part condensation curing silicone rubber, eliminating the need for additional initiators. 

The air's moisture cannot begin the crosslinking process for two-part silicone rubber; instead, 

different catalysts are required.  

2.3.4 High temperature vulcanized (HTV) Rubbers 

High-temperature vulcanization (110–170°C) creates high-temperature vulcanized silicone 

rubbers (HTV). They combine curing agents, fillers, and a linear high molecular weight 

polysiloxane as the basis silicone. HTV silicone rubbers are distinguished by their high-

temperature stability. Although HTV silicone rubbers are only half as strong as certain other 

synthetic rubbers at room temperature, they can maintain their flexibility, elastic resilience, and 

surface hardness when exposed to temperatures of more than 200°C. 
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Fundamental Properties and applications of Silicone Rubbers 

The strong Si-O chemical structure and high bond energy give Si Elastomers unique 

performance properties. Several benefits of silicone rubbers include: 

Wide service temperature range – excellent thermal and thermoxidative resistance (-Si-O-Si- 

binding energy is higher than C-C bonds) 

Excellent resistance to attack by oxygen, ozone, and sunlight 

❖ Readily resistant to electromagnetic and particle radiation (UV, alpha, beta, and gamma 

rays) 

❖ Excellent non-stick and non-adhesive properties 

❖ Low toxicity 

❖ Flexible at low temperatures  

❖ Optical transparency 

❖ Good excellent insulation properties 

❖ Low chemical reactivity 

❖ High bio-compatibility 

❖ Excellent mechanical properties (high tear strength, high elongation) 

Among the several artificial rubbers, silicone rubber has the best attributes. It possesses 

various properties, including excellent temperature resistance, lower toxicity, and little odour. 

Silicone rubber can keep its hardness and elasticity in temperatures as low as -90°C or as high 

as 300°C. Additionally, silicone rubber has excellent chemical stability, oxygen resistance, and 

electrical insulation[48]. Due to these remarkable characteristics, silicone rubber plays a 

significant part in contemporary society. 

Products made of silicone rubber are used in various industries, including automotive, 

textiles, electronics, metalwork, and food storage. Furthermore, silicone rubber finds extensive 

use in medical fields[49]. Many silicone medical items, including artificial blood vessels, 

artificial tracheas, artificial lungs, and noise-canceling earplugs, have been produced 

successfully. The automotive industry uses silicone rubber in practically every area[50]. 

Among silicone rubber's many beneficial qualities are its excellent insulation, heat and 

chemical resistance, adhesion, and tear strength. Silicone rubber is hence particularly well 

suited for the production of automobiles and the supply of automotive components. 
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The sealed self-lubricating silicone rubber can offer a reliable and robust seal for many devices, 

including the headlamp and the oil filter. The gasket's silicone rubber seal prevents leaks and 

is long-lasting[51]. Under conditions of high pressure and temperature, it won't break or crack. 

Low rolling resistance tyres made of silicone rubber have excellent grip, outstanding durability, 

and improved mileage. 

Numerous qualities of silicone rubber include its ability to tolerate high temperatures 

and pressure, strong biocompatibility, consistent performance, and low blood coagulation. And 

it may be formed into many different shapes, such as thin-film, sponge, airbag, etc. 

Silicone rubber sealant has another important use. This is the same silicone rubber used 

in the study. Glass curtain walls are one of the common uses for silicone sealant. The silicone 

structural glue is used to attach the glass and aluminium alloy frames that make up the exterior 

walls. In contrast, silicone weatherproof adhesive waterproofing seals the expansion joints. 

2.4 Nanofillers   

Polymer nanocomposites have attracted much scientific and industrial attention in recent years, 

owing to many advancements in these materials due to combining a polymeric matrix with 

organic and an inorganic nanomaterial. Nanocomposites can also exhibit one-of-a-kind design 

possibilities, which provide significant advantages in creating functional materials with desired 

qualities for specific applications [29]–[35]. Nanocomposites have the potential to expand the 

variety of applications for polymers due to their superior features, such as high temperature 

resistance, dimensional stability, better barrier property, flame retardancy, and enhanced 

thermomechanical property. 

2.5 Carbon nanofillers 

2.5.1 Graphite  

Graphite is a naturally occurring form of crystalline carbon. It is a native element mineral found 

in metamorphic and igneous rocks. Graphite is a crystalline form of carbon with the 

sp2 hybridization structure[59]. Carbon allotropes such as graphite are well-known. Graphite 

is anisotropic and behaves as an excellent thermal and electrical conductor due to its in-plane 

metallic bonding. The electrical conductivity of graphite makes it ideal for electrochemical 

electrodes and electric brushes. Graphite's anisotropic structure allows it to conduct chemical 

reactions by allowing the reactant molecule to intercalate between graphene layers. Charge 
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transfer occurs between the intercalate and the graphite in graphite intercalation compounds, 

resulting in electrically conductive material. Graphite acts as a starting material for several 

graphene-based nanofillers. 

2.5.2 Exfoliated graphite  

Exfoliated graphite (EG) refers to a degree of separation of a substantial portion of the carbon 

layers in the graphite, which can involve chemical, mechanical, and thermal methods. The 

separation occurs between adjacent carbon layers, but not all the carbon layers are separated. 

The separation may or may not occur throughout the plane between the adjacent carbon layers. 

Exfoliated graphite is made by rapidly heating (or flash heating) graphite intercalation 

compounds such as graphite hydrogen sulphate with a high particle diameter (flakes). The 

graphite layers are forced apart by the vaporizing intercalated substances. The exfoliated 

graphite takes on an accordion-like shape with hundreds of times the volume of the original 

graphite flakes. Because of its unusual structure, EG exhibits properties (mechanical, thermal, 

electrical, dielectric, and other properties) that differ from conventional graphite and have 

numerous applications beyond traditional graphite[60]. 

2.5.3 Graphene  

Graphene was discovered in 2004 by Andre. K. Geim and Konstantin S. Novoselov have since 

transformed the scientific frontiers in nanoscience and condensed matter physics due to their 

extraordinary electrical, physical, and chemical capabilities[8]. Graphene is the name given to 

a flat monolayer of carbon atoms tightly packed into a two-dimensional (2D) honeycomb 

lattice. It is a fundamental building block for graphitic materials of all other dimensionalities.  

Exfoliation of bulk graphite into individual sheets is required to use graphene successfully. 

Several chemical-mechanical techniques have been devised to manufacture individual 

exfoliated graphene sheets, such as mechanical, chemical, and chemical vapor deposition, as 

shown in figure-4. Due to the enormous surface area of graphene and the strong intrinsic 

interaction of π- bonds between graphene sheets, graphene is difficult to disperse in polymers. 

The graphene dispersion in the polymer matrix significantly impacts the composites' 

characteristics. It's a single-atom-thick sheet of hexagonally organized sp2-bonded carbon 

atoms suspended or attached to a foreign substrate. Its lateral diameters can range from a few 

nanometers to micrometers. 
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Fig.4 schematic representation of the preparation of graphene[61] 

 

Due to its high surface area and the solid intrinsic interaction of its π- bonds, graphene can 

aggregate easily, making it challenging to disperse in polymers. The graphene's distribution 

significantly influences the characteristics of the composites in the polymer matrix[62]. 

Graphene oxide nanosheets possess abundant oxygen functional groups, such as carboxyl, 

hydroxyl, and epoxy. GO's polar groups make it disperse poorly in several organic solvents. 

This implies that GO will not disperse nicely within the polymer matrix. To solve this issue, 

graphene can be modified using different functionalizing agents to increase its dispersion in 

the polymer matrix. Surface modifying agents can be used to modify graphene to improve its 

dispersion in the polymer matrix. Song et al. developed graphene nanoplatelets (GNPs) and 

silicone rubber composites with improved thermal conductivity and electrical and mechanical 

properties. The tensile strength varies from 0.240 to 0.608 MPa with the addition of a low 

content (0–8%) of GNPs[10]. 

Graphite oxide has a layered structure similar to that of graphite. Still, the plane of carbon 

atoms in graphite oxide is heavily decorated by oxygen-containing groups, which expand the 

interlayer distance and make the atomic-thick layers hydrophilic. These oxidized layers could 

exfoliate in water under ultrasonication. If the exfoliated sheets contain only one or a few layers 

of carbon atoms like graphene, then these sheets are named graphene oxide (GO). GO can be 
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(partly) reduced to graphene-like sheets by removing the oxygen-containing groups and 

recovering a conjugated structure. The reduced GO (rGO) sheets are usually considered one 

chemically derived graphene and are known as rGO. Some other names have also been given 

to rGO, such as functionalized graphene, chemically modified, or reduced graphene. 

2.6 Surface modification of Graphene oxide  

The functionalization of GO plays an essential role in controlling the exfoliation 

behavior of GO and rGO but also holds the key to various applications. Once rGO has 

been produced, there are ways that one can functionalize it for use in different 

applications. Covalent functionalization and noncovalent functionalization are two 

approaches that are used. In covalent functionalization, oxygen functional groups on 

GO surfaces, including carboxylic acid groups at the edge and epoxy/hydroxyl groups 

on the basal plane, can be utilized to change the surface functionality of GO. By treating 

rGO with other chemicals or creating new compounds by combining rGO with other 2D 

materials, one can enhance the properties of the mixture to suit commercial applications. 

 

Fig.5  Schematic of some popular graphene synthesis techniques along with their respective 

features and their potential applications[63] 
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2.6.1 Ionic liquid 

Ionic liquids (ILs) are molten salts from the association of organic cations and 

organic/inorganic anions with a melting point below 100 °C. Paul Walden reported the first IL 

(ethylammonium nitrate) in 1914. ILs are the subject of a multidisciplinary study involving 

chemistry, materials science, chemical engineering, and environmental science. As more 

information about the nature of ILs becomes available, specific key fundamental ideas diverge 

from the initial concepts. Ionic liquids (ILs) emerged as a greener alternative to conventional 

organic solvents. ILs are tunable and can be adapted to extract a given analyte by properly 

selecting constituent ions. IL's physicochemical features are now extensively recognized. 

"Non-volatile, non-flammable, air and water" is a term that is frequently used. Flammable, 

unstable, and volatile. This is owing to the vast number of Cation and anion combinations. In 

many physical and chemical processes, this occurs frequently. This method is preferred rather 

than using traditional volatile solvents and catalysts within a suitable spectrum of "green" and 

"designer" characteristics[64]. Moni et al. functionalized reduced graphene oxide (rGO) with 

varying amounts of IL to improve the dispersibility and interaction with the fluoroelastomer 

(FKM) matrix. A schematic diagram of surface modification of reduced graphene oxide with 

IL illustrated in figure-6. 

 

Fig-6 Preparation of Ionic Liquid Modified Reduced Graphene Oxide[65] 

 

2.6.2 Silane modification 

Silane organic compounds as a modifier of carbon-based materials could produce nanomaterial 

with new chemical and physical properties. Yang and coworkers prepared modified graphene 

via facile covalent functionalization of GO with 3-aminopropyltriethoxysilane and employed 
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it as reinforcing components in silica monoliths shown in figure-7.[66]. The resulting 

functionalized graphene sheets showed high dispersibility into water, polar solvents such as 

ethanol, dimethylformamide (DMF), and dimethyl sulfoxide (DMSO). Chemonne et al. linked 

chelating groups via a silanization reaction between N-(trimethoxysilylpropyl) 

ethylenediamine tri acetic acid (EDTA-silane) and hydroxyl groups on GO sheets. The 

modified GO showed high adsorption behavior for Pb (II) removal[67]. 

  

Fig.7 - Illustration of the reaction between GO and 3-amino- propyltriethoxysilane 

(APTS)[66] 

2.6.3 Hybrid nanofillers 

Hybrid multiscale fillers in polymer matrices could exploit the individual properties of nano or 

microscale fillers and contribute to enhanced mechanical and thermal properties[68]. 

Numerous studies reported that friction and wear behavior could be improved by lowering 

adhesion and higher stiffness and strength. This could be achieved by incorporating specific 

fillers individually or in combination in polymer matrices. The wear performance of hybrid 

nano fillers ( nano-aluminium oxide, Al2O3, and nano-silicon carbide, SiC) infused epoxy resin 

composite system was discussed by Alhazmi et al.[69]They reported that Al2O3 reinforced 

epoxy composites during wear tests showed better wear resistance than SiC (silicon carbide) 

reinforced epoxy composite systems. Typically, hybrid nanocomposites consist of materials 

produced from several nanofillers combined through multiphase or single-phase approaches to 

enhance the properties of materials. The three most important principles in the design of hybrid 

nanofiller polymer nanocomposites, particularly for tribological applications, are "(1) 

economic consideration by which expensive nanofiller can be combined with less expensive 

ones, (2) combined functional and property enhancement, and (3) efficient preparation method 

hybrid effect"[70]. Tribological hybrid polymer nanocomposites are created by adding two or 

more nanofillers capable of synergistic impact on polymeric materials[71].  
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Table-5 Composite system of hybrid nanofiller and multiscale filler reinforced composites for 

tribo applications. 

Matrix Hybrid  fillers Test methods References 

Hybrid nanofiller reinforced polymer composites 

Epoxy  Aluminum oxide(Al2O3) and 

silicon carbide (SiC) 

Pin –on-disc apparatus; 

load 5N;velocity 20rpm 

[69] 

Polyphenylene sulphide(PPS) Short/micro Carbon 

fiber/polytetrafluroethylene 

Ring on block test rig, 

linear velocity of 

0.42m/s, load 200N, 

duration 120min, dry 

sliding 

[72] 

Nomex/PTFE fabric Boron nitride 

nanosheets/carbon 

nanotubes 

Sliding velocity 

0.26m/s,120 min 

[73] 

Multiscale filler reinforced hybrid composites 

Epoxy Glassfiber/nanoclay Pin –on-disc apparatus [74] 

Polyphyneylene 

sulphide(PPS) 

Nano CuO/Aramid/Kevlar 

fiber 

Pin-on-disc sliding 

configuration, sliding 

speed 1m/s, 6h duration 

[75] 

Polyphyneylene sulphide 

(PPS) 

Short carbon fiber/sub micro 

scale TiO2 

Pin on disc wear tests, 

Room temperature, 

sliding speed 1 to 3m/s, 

20h duration 

[76] 

Polyetheretherketone (PEEK) Short carbon fiber/ nano 

SiO2 

Block on ring tests, 

room temp: 21οC; dry 

sliding, sliding velocity 

0.5 to 2 m/s, 20 hr 

duration 

[77] 

 

 

Studies that record the inclusion of two separate carbon-based nanofillers to generate hybrid 

polymer nanocomposites for tribological applications are of commercial interest since such 

secondary hybrid nanocomposites offer better tribological capabilities than single filler-filled 

nanocomposites. The composite system of hybrid nanofiller and multiscale filler reinforced 

composites is shown in table-5. In a study of graphene/short carbon 

fiber/polytetrafluoroethylene/polyether ether ketone (G/SCF/PTFE/PEEK) hybrid 

nanocomposites, researchers discovered that graphene does not only improve the load-bearing 

capacity of the system but also stimulates the formation of a uniform transfer film with superior 

strength and contributes to better tribological performance than pristine graphite[78]. Likewise, 

in a ternary hybrid epoxy nanocomposite system, multi-walled carbon nanotubes (MWCNT) 
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and graphite nanopowder were mixed with carbon fiber (CF) to provide superior component 

interaction[79]. A more coiled and robust structure was discovered, which improved heat 

absorption, tensile stability, and overall toughness of the ternary nanocomposite system, 

resulting in greater wear-resistant capacity and lubrication effect—this improved 

nanocomposites' adherence to the counter-surface. The impact of hybrid fillers on the 

tribological performance of nanocomposites was investigated under various sliding 

temperatures, speeds, and loads. It was observed that as the sliding temperature rises, the 

coefficient of friction falls while wearing resistance increases[80]. The polymer matrix softens, 

and the shear force decreases when exposed to high temperatures, decreasing the coefficient of 

friction and simplifying material removal. Because of the improved thermal conductivity of 

graphene composites, it provides more excellent wear resistance at high temperatures 

 

2.7 Tribology  

Tribology is an interdisciplinary science of interacting surfaces in relative motion. The critical 

issues addressed in this section are friction, wear, and lubrication. For the last few decades, 

conventional engineering materials have been replaced by polymeric materials for most 

tribological applications. The self-lubricating property of polymers and scope for improving 

surface and bulk properties by adding suitable fillers makes it a potential candidate for 

replacing the conventional materials for the tribological application. Today there is a rapid 

increase in the application of polymeric materials for developing mechanical systems where 

rubbing contacts are present. These contacts can roll and slide in nature, and polymeric contacts 

replace conventional engineering materials. When we return the traditional metallic or ceramic 

materials with a polymeric system, mechanical lubrication can be reduced. By adopting this 

replacement, greater control over the coefficient of friction can be achieved. Compared with 

engineering metals and ceramic, the mechanism behind the wear in polymers significantly 

differs in surface topography and its bulk mechanical properties. Polymers in the tribo are their 

viscoelastic behavior and low surface energy. Polymer tribology is a science that deals with 

the analysis of abrasion, adhesion, and fatigue of polymer materials in a friction contact. 

Friction generally means a resistive force experienced by the bodies undergoing relative 

motion, and it may be due to the electromagnetic interactions on charged particles on the 

rubbing surfaces. Various parameters, surface roughness, surface tension, surface wettability 

and interaction with lubricants, etc., significantly affect the tribological performance of the 
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polymer composites. For the last few decades, greater attention has been given to developing 

polymer-based composites for tribological applications. The self-lubricating property of the 

polymer matrix is the main reason for this, and the usage of additional lubricants can be avoided 

to a greater extent. After adding functional fillers and reinforcements to polymer composites, 

it was discovered that they exhibit outstanding friction and wear properties. Because of this, 

they are adaptable to a variety of industrial applications. 

Table -6 : Dynamic Coefficient of friction for commonly used polymer groups[81] 

Polymer COF Polymer COF 

PTFE  0.10 PVC  0.30 

UHMWPE 0.12 HDPE  0.28 

Nylon6 Cast  0.26 LDPE  0.60 

Nylon 6 Cast, Oil filled  0.14 Polypropylene Homo Polymer  0.26 

  Nylon66  0.25 

Acetal, Homopolymer 0.20 Nylon66” Super Tough” 0.28 

PEEK Unfilled  0.18 Nylon 66 Extruded 0.26 

PEEK 30% GF 0.31 Acetal Co polymer 0.18 

Polysulphone  0.37 PEEK 30% Gr 0.30 

  PEEK 30% carbon filled  0.22 

  PPO/PS 0.39 

 

          The main consequence of friction is wearing. Wear leads to degradation of material 

performance, leading to wastage of materials. Dynamic Coefficient of friction for commonly 

used polymer groups is shown in table-6. Different wear mechanisms include adhesive wear, 

abrasive wear, corrosive wear, erosive wear, and fatigue wear. Excessive wear may lead to 

catastrophic failure of the system and affect productivity badly. Proper control over the 

coefficient of friction wear rate can be optimized. So much energy is lost in friction in 

mechanical components. To minimize energy loss, energy wastage in friction has to be 

minimized. By adequately addressing the issues in tribology, we are conserving energy. 

Therefore, finding new materials and technologies in tribology is critical for developing a 

greener and more sustainable world.  

Polymer tribological properties are not inherent in the material but are specific to the 

sliding system[82]. Because of their viscoelastic properties, polymers' tribological behavior is 

primarily influenced by the nature of the material and its counter-face, sliding surface 

roughness, contact pressure, velocity, and temperature. These factors affect the total contact 

area and the transfer film generation, resulting in various friction coefficients and wear patterns. 
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The polymeric transfer layer, which occurs during polymer-metal or polymer-polymer sliding, 

is an essential component of polymer tribology because it modifies the contact surface [80] 

2.7.1 Tribology of polymers reinforced with nanofillers 

Polymer nanocomposites are widely used for tribological applications due to their ability to 

withstand abrasion and wear resistance and are mechanically rigid when reinforced 

appropriately with the suitable fillers. In the design of tribological polymer/nanocomposites, 

the choice of matrix, the reinforcement materials, and the mechanism to control the internal 

lubricants are significant. Wang et al.[83] reported studies on (PEEK) polymer with different 

types of nanofillers (ZrO2, Si3N4, SiO2,SiC)  and found that nanofiller content below 10 wt% 

could lead to enhancement in wear resistance and reduced CoF[84]. The mechanisms that 

enhanced the tribological performance are the occurrence of transfer film and smoothened steel 

counterface. Schwartz et al.[85] Studied the wear resistance exhibited by PPS/nano alumina 

composite and revealed maximum wear resistance at nanofiller content below 10 wt%.  The 

enhanced filler dispersion in the matrix could be observed below 10 wt% and the composite 

exhibited a higher wear rate. Li et al. [86] reinforced PTFE with ZnO nanoparticles, and 

appreciable wear resistance was observed at 15 vol% of filler, but PTFE/ZnO nanocomposite 

exhibited a higher friction coefficient concerning virgin PTFE. Polymethylmethacrylate 

(PMMA) incorporated with nanosized CaCO3 particles disclosed enhanced abrasion resistance, 

and a noticeable increment in wear resistance was observed at 3 wt% of CaCO3[87].   

Table-7 The lowest wear rate reported for selected composites widely used in tribo 

applications. 

 

Matrix Nanofiller Vol% of nano filler Least wear rate 

reported, k(x10-

6 mm3/Nm) 

Reference 

PTFE Al2O3 12(<40 nm size) 1.2 [88] 

PEEK Si3N4 2.8(<50 nm size) 1.3 [89] 

Epoxy Si3N4 0.8(<20nm size) 2 [90] 

Epoxy  Al2O3 2(13 nm size) 3.9 [91] 

PEEK SiO2 3.4 (<100 nm size) 1.4 [83] 

PTFE ZnO 15(50 nm) 13 [86] 
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PPS TiO2 2(30-50 nm) 8 [92] 

 

The wear rate for some of the most wear-resistant nanocomposites is given in Table 7. New 

nanofillers have generated significant interest over the past two decades because they can 

provide rubbers with new functionalities like electrical conductivity, wear resistance, low gas 

permeability, and low heat buildup, in addition to improving the mechanical properties of the 

rubbers at very low loading[93]. For instance, layered silicates were added to rubbers to give 

them a better gas barrier property and outstanding tensile strength[94]. Rubber nanocomposites' 

electrical conductivity was increased by the addition of carbon nanotubes[95]. The introduction 

of graphite nanosheets improved rubber nanocomposites' abrasion resistance [96]. The 

incorporation of boron carbide into natural rubber resulted in low heat generation[50]. 

 

2.7.1 Tribology of rubber nanocomposites  

Beginning in 1942, many rubber scientists studied the variation of the COF with load and found 

that the COF for rubber compounds used in tires decreases with increasing load[97]. 

Nanostructured elastomeric materials, one of the fastest-growing materials, are increasingly 

used in applications that include friction and wear. As a result, the practical importance of 

wearing such rubbery nanocomposites cannot be overstated. Thorough scientific research on 

the abrasion of such nanocomposites has yet to be conducted. Because of the surrounding 

wear's complexity and mechanism, much of the knowledge on the tribological behavior of 

rubbery macro composite materials is empirical. Schallamach[98] found that the COF of rubber 

increased as sliding velocity over a wide velocity range in a minimal range and found that the 

phenomenon was related to a change in temperature. Wear resistance is an essential piece of 

technical information directly influencing rubber products' working life, such as tires, conveyor 

belts, shoes, and seals. The wear resistance of pure rubbers is minimal, so wear-resistant fillers 

must be added to the rubber matrix. Solid lubricant is one of the most widely used wear-

resistant fillers. Thavamani and Bhowmick [99] reported abrasion of carbon black filled natural 

rubber (NR), styrene-butadiene rubber (SBR), and hydrogenated nitrile rubber (HNBR). They 

confirmed the abrasive wear by slight tearing was not solely due to crack growth between wear 

and frictional work using an entirely different apparatus.  

 When a hard surface slides on a soft surface, there are possibilities for removing 

material from both surfaces that could lead to the formation of a groove. This is like forming a 
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ridge which leads to wedging, plowing, and cutting of materials and could be categorized as 

abrasive wear. The experimental evidence revealed in various articles explains that wear rate 

is proportional to the average load, abrasive particle size, and inversely proportional to the 

hardness of the material. Single-body and two-body abrasive wear are two modes of wear 

transfer [37].  Abrasive marks formed on one surface are called single-body abrasive wear, and 

abrasive wear developed on both surfaces is grouped under two-body abrasive wear [38].  

 Nanostructured elastomeric materials, one of the fastest-growing materials, are 

increasingly used in many applications to reduce friction and wear. Because of the complexity 

surrounding wear and its mechanism, which depends on many parameters such as the physical 

and mechanical properties of interacting surfaces, temperature, pressure, and the velocity at 

which the wear occurs, much of the knowledge on the tribological behavior of rubbery macro 

composite materials is empirical. As a result, the practical importance of wearing such rubbery 

nanocomposites cannot be overstated. Thorough scientific research on the abrasion of such 

nanocomposites has yet to be conducted. Ionic liquid-modified graphene (TrGO-IL) was 

created through an amidation reaction and thermal reduction. After that, it was blended with 

fluoroether rubber to create rubber composites. The ionic liquid was used as a self-lubricating 

layer on graphene to provide an adequate interface bonding of TrGO-IL with rubber matrix to 

increase FM's friction and wear resistance [96]. The composite's friction coefficient and wear 

rate dropped by 13.1% and 59.8%, respectively. 
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Fig.7 - Schematic diagram of tribological properties improvement mechanism of the 

graphene/fluoroether rubber composite introduced by IL[100]. 

Xing et al. used a modified latex compounding approach to create scalable and facile GE/SBR 

nanocomposites with high molecular-level interfacial contact between GE and SBR. Compared 

to the composite containing unmodified graphene, the compatibility of rubber withionic liquid 

modified reduced graphene oxide (TrGO-IL) and the crosslinking density increased. More 

significantly, FM-TrGO-friction IL-1's coefficient and wear rate dropped by 13.1% and 59.8%, 

respectively[100]. The GE/SBR nanocomposites exhibit exceptional electrical conductivity, 

gas impermeability, low heat buildup, enhanced wear resistance, and thermal stability[95. 

2.7.2. Tribological tests 

To understand the tribological features of the developed composites, two types of wear 

tests were carried out on the filler reinforced elastomeric specimens to study their friction and 

wear properties –   two-body and three-body wear tests. Two body wear studies were conducted 

on a pin-on-disc machine as per ASTM G99 standards, as shown in figure 8. The pin gets 

rubbed against a rotating steel disc (EN -32) of hardness HRC 65 with a track diameter of 100 

mm under loaded conditions. After noting the pin-shaped specimens' initial weight, they are 

subjected to an initial run-in period so that the specimen surface comes in complete contact 

with the disc surface. The coefficient of friction between the pin and the disc is measured by 

the deflection occurring in the calibrated load cell. The experiment is conducted for different 

loads, sliding distances, and temperatures, and the detailed experimental operating condition is 

listed in table-8. 

 

Fig.8 Schematic representation of pin-on-disc test 
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Table 8. Detailed Experimental Operating Conditions  

 

 

After completion of the tests, the specimen pins are cleaned with acetone and dried. Their final 

weights are noted for determining the weight loss from which the wear rates are calculated. 

The equipment monitor displays the generated tangential frictional force when the specimen 

starts to rub the counter face, and this force is recorded to calculate the coefficient of friction 

(𝜇) as follows: 

𝜇 = 𝐹𝑓/𝐹𝑛---------------------------(1) 

Where Ff (frictional force) and Fn(normal load which is applied). The specific wear rate (𝑊𝑆) 

is calculated by: 

𝑊𝑆 = ∆𝑚/𝜌𝐹𝑛𝐿--------------------(2) 

 

Here Δm is the weight loss, ρ is the composites' density, Fn is the applied load and L is the 

sliding distance (meters). 

2.7.3 Three-body wear tests: 

A dry rubber wheel abrasive wear test rig is used to conduct three-body wear studies according 

to ASTM G65, as shown in figure 9. The test specimen of size 76mm x 25mm x 2 mm, gets 

abraded by using dry sand as the abrasive particle, which is introduced in between the test 

specimen and the rotating wheel (rotated at a speed of 2 m/s) with a chlorobutyl rubber tire in 

a controlled flow rate. The wheel rotates so that its contact face moves toward sand flow. The 

wear tests are carried out for different load conditions. The abrasive particles used are silica 

Parameters Operating Conditions 

Temperature                                               Ambient conditions (temperature: 29 ° C) 

 Relative humidity                                                                                

Test disc  

Roughness of EN-31 

Rubbing duration 

Load 

55(±5) % 

Hardened ground steel (EN 31, hardness 60 HRC) 

1.6 m Ra 

1800s 

10N,20N and30N 

Sliding speed 

Sliding distance 

1m/s,2m/s,3m/s and 5m/s 

1800mm and 3600mm 

Pin size (ASTM G99 Std.) 30 mm × 10 mm × 10 mm 
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sand (AFS 50/70) of size 150-300 Mm, and the sand flow rate between the rubber wheel and 

specimen is 375 ± 5 g/min. The wear rate, determined from the measured weight loss values of 

the specimens, is further converted to wear volume. The equation calculates the specific wear 

rate (Ks); 

𝐾𝑠 =
𝑉

Fn × 𝐿
− − − − −−− (3) 

Where V- Volume loss (wear) 

Fn-  AppliedLoad 

L - Sliding distance (meter) 

 

Fig. 9 -Schematic diagram of dry sand/rubber wheel abrasive wear test rig 

 

The main techniques for reducing polymer friction are: 

❖ Inclusion of solid (soft) fillers, 

❖ External lubrication,  

❖ Intrinsic (internal) lubrication. 

The inclusion of solid soft fillers into a harder polymer reduces friction coefficients by using 

the harder polymer as a matrix and the softer filler/polymer as a lubricant, forming a transfer 

film at the interface between the filled polymer and a steel surface. 
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Research gap 

Silicone rubber is a unique type of polymer with many applications, including seals, shock 

absorbers, adhesives, and the aviation sector. The lack of wear resistance and mechanical 

properties is a fundamental drawback of silicone rubber that restricts its continued use in 

particular unique situations. Graphene is a two-dimensional layered-structured material that 

attracted considerable interest as solid lubricants and lubrication nano-additives during the last 

decade due to their outstanding tribological performance stemming from their unique chemical 

and physical features. The excellent friction and wear-resistant properties of graphene make it 

a new and emerging lubricant in many applications. To our knowledge, no published work has 

yet examined the friction properties of graphene-silicone rubber composites. 

Nanostructured fillers have recently been investigated for usage in elastomers. Even though 

using these filler compounds in elastomers is still challenging, they greatly enhance 

thermoplastic properties. In elastomers, the mixing process is still a challenging and complex 

task. This makes it difficult to manage filler particle agglomeration, dispersion, and interactions 

with the matrix. These issues are now being solved using various techniques, such as surface 

modification, grafting, and different compatibilizing agents. Graphene elastomer 

nanocomposites, also known as next-generation materials, have drawn much attention because 

of their excellent electrical, mechanical, and thermal capabilities. The synthesis of elastomer 

nanocomposites now has a promising pathway because of the discovery of graphene. 

Examining the available literature and papers and publishing trends revealed the latest 

advancements in polymer nanocomposites in tribology. The main techniques for reducing 

polymer friction include solid (soft) fillers, external lubrication, and intrinsic (internal) 

lubrication. The effect of different forms of nanofiller on the tribological performance of 

polymer nanocomposites is explored, including carbon-based nanofiller, silicon-based 

nanofiller, and hybrid nanofiller. Polymer tribology and its friction and wear mechanisms are 

far more complicated but harder to understand than metal tribology.  

There has been limited research on nanoparticle-filled polymer composites for 

tribological purposes. They prove that, despite intensive work on improving the tribological, 

mechanical, and thermal properties of polymers, there are still many inaccuracies in the subject, 

and effective management of the tribological, mechanical, and thermal properties of polymers, 

particularly elastomeric materials, still requires a lot of work. 
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3. Aim of the research work 

  This study outlines an innovative way to improve silicone rubber's tribological, 

mechanical, and thermal properties, unique to my work. Compared to other elastomers 

forms, very few results have been reported with QM reinforced graphene-based fillers in 

the literature, especially in tribology. Objectives of the research work, conducted during 

the doctoral studies, including 

● To develop graphene-based Silicone rubber nanocomposites and study it is the 

properties of mechanical, thermal, and tribological properties 

● To functionalize the surface of graphene using silane and ionic liquids  and prepare 

modified .graphene/silicone rubber composites and thereby its properties 

● To characterize the graphene-based materials and composites using XRD, FTIR, 

SEM, TEM, TGA, DMA, etc 

● Study the synergistic effect of fumed silica and reduced graphene oxide 

on the mechanical, thermal, and tribological properties of silicone rubber 

nanocomposites  

● Using Pin on Disk and Dry abrasion apparatus, examine the tribological properties of 

composites and the influence of different parameters on the materials' properties. 

● The experimental data were utilized for training artificial neural networks (ANNs), 

which were then used to predict the COF of the nanocomposites for values for which 

the experiment was not performed 

Later, the research was expanded to include tribological parameters such as coefficient of 

friction and composite wear rate, which were associated with the morphological examination 

of the worn surface. Due to the broad spectrum of research work, the following section presents 

published works on the abovementioned issues. The following is a list of publications that were 

relevant to the dissertation. The contributions of specific authors are shown in each of the 

included publications 
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Publication -1:  

An investigation on the tribological and mechanical properties of silicone 

rubber/graphite composites 

 

Article summary 

This study discusses a novel approach to improving silicone rubber's tribological properties 

(QM). In this study, tribological properties and surface characteristics of silicone 

rubber/graphite (QMG) composites were investigated as a function of applied load, sliding 

velocity (1–5 m/s), and temperature). The inclusion of graphite significantly reduces the 

friction coefficient (40%) and the specific wear rate of QM (50%). The wear mechanism 

involves the formation of transfer film at the interphase between composite and steel 

counter surface. The tribological performance of QMG composites was found to agree with 

their morphological, mechanical, and dielectric properties. 

 

Methodology 

❖ Cure characteristics 

❖ Mechanical properties  

❖ Tribology  

❖ Dielectric studies  

❖ Thermal conductivity studies 
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Publication -2: 

Fabrication of exfoliated graphite reinforced silicone rubber composites - Mechanical, 

tribological, and dielectric properties 

 

 

Article summary 

The effect of exfoliated graphite (EG) on the mechanical, tribological, and dielectric 

properties of the silicone rubber (QM) composites have been systematically investigated 

and analyzed. Morphological analysis of the composites helps understand the interfacial 

interaction between the filler and the rubber matrix and the wear mechanism. An 

enhancement in the mechanical, tribological, and dielectric properties was observed with 

increased filler loading, and better performance was observed at 7 phr of filler loading. The 

AFM and TEM analysis show that the performance improvement is attributed to the better 

interaction between the QM chains and the EG layers. It is also apparent from the Kraus 

plot, which supports the reinforcing effect of EG in the QM matrix. 

Methodology 

❖ Cure characteristics 

❖ Mechanical properties  

❖ Tribology  

❖ Dielectric studies  

❖ Thermal conductivity studies 
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Publication -3: 

A study on the influence of reduced graphene oxide on the mechanical, dynamic 

mechanical, and tribological properties of silicone rubber nanocomposites 

 

 

Article summary 

Graphene oxide (GO) was synthesized using Hummer's method, reducing it with 

hydrazine. Synthesized reduced graphene oxide (rGO) was characterized by FT-IR 

spectroscopy, X-ray diffraction spectroscopy, Raman spectroscopy, and X-ray 

photoelectron spectroscopy. An elastomeric nanocomposite was prepared by incorporating 

rGO in silicone rubber using a two-roll mill mixing method. The tribological study was 

conducted at a wear surface of hardened ground steel against different applied loads, sliding 

speed, and temperature using a pin on disk setup—addition of rGO results in an 

improvement of mechanical, tribological, and thermal properties of silicone rubber. The 

coefficient friction (COF) and specific wear rate of the nanocomposite decreased with rGO 

concentration, applied load, and temperature. Morphological analysis of SRrGO 

nanocomposites was deeply investigated by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), and atomic force microscopy (AFM). Worn 

surface analysis confirms that rGO forms a lubricant film on the counter surface, but it fails 

to create a strong adhesive film on the metal surface. The depth wear rate decreased by 

incorporating rGO in the Silicone rubber (SR) matrix. 

Methodology 

❖ Cure characteristics 

❖ Mechanical properties  

❖ Tribology  

❖ Dielectric studies  

❖ Thermal studies 
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Publication -4:  

Study the characteristics of novel ionic liquid functionalized graphene 

oxide on the mechanical and thermal properties of silicone rubber 

nanocomposites 

 

Article summary 

In the present work, we investigated the effect of ionic liquid (1 ethyl 3-methylimidazolium 

dicyanamide) modified graphene oxide (ILGO) on the mechanical and thermal behavior of 

silicone rubber (QM) nanocomposites. Silicone rubber nanocomposites (QMILGO) were 

prepared by the conventional two roll mixing method. The interactions of ILGO and 

silicone rubber nanocomposites have been investigated using Fourier- transform infrared 

spectroscopy, Raman spectroscopy, Dynamical mechanical analysis, and thermal 

conductivity measurements. The surface treatment of graphene oxide with IL resulted in 

significant changes in nanocomposites' mechanical and thermal properties, attributed to 

increased filler–polymer interaction. Studies show that the inclusion of ILGO led to an 18% 

improvement in mechanical properties and a 10% enhancement in thermal stability of 

QMILGO nanocomposites. Thermal conductivity studies and composites' dynamical 

mechanical analyses (DMA) indicate that QMILGO 1.5 nanocomposite obtained 

maximum thermal conductivity (28% improvement) and dynamic mechanical behavior 

compared to neat QM. 

Methodology 

❖ Cure characteristics 

❖ Mechanical properties  

❖ Tribology  

❖ Dielectric studies  

❖ Thermal studies 
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Publication -5: 

Study the effect of fumed silica on the mechanical, thermal, and tribological properties of silicone 

rubber nanocomposites 

Article summary 

This study explored the mechanical, thermal, and tribological properties of silicone rubber 

(QM) / Fumed silica (FSiO2) nanocomposites. The mechanical properties of silicone rubber 

were increased by optimizing the silica content of the composite. The effects of applied 

load, temperature, and sliding speed on the tribological behavior of the samples were 

evaluated. The addition of FSiO2 significantly reduced the friction coefficient of the 

composite. Surface wear analysis of the nanocomposite revealed that the nanoparticles 

have a positive rolling effect. The strengthening properties of the compound improve 

significantly as the diffusion of FSiO2 increases, resulting in a more significant 

improvement in the tensile and dynamic material properties and a substantial reduction in 

the friction coefficient (25 percent) and specific wear rate (Ws). The silica-filled surface of 

the rubber is relatively smooth, with few grooves and ridges, and the reinforcing fillers 

seem to have anti-wear properties 

Methodology 

❖ Cure characteristics 

❖ Mechanical properties  

❖ Tribology  

❖ Dielectric studies  

❖ Thermal studies 
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Publication -6: 

 Tribological performance of ionic liquid modified graphene oxide/silicone 

rubber composite and the correlation of properties using machine learning 

methods 

 

Article summary 

This study investigates and predicts the tribological properties of an imidazolium ionic liquid 

modified graphene oxide (ILGO) with silicone rubber (QM) composite. The pin on the disc 

tribometer was utilized to conduct experimental tribological property analysis, with load, 

sliding velocity, and temperature as changing parameters. The coefficient of friction (COF) of 

QMILGO1.5 was 42 percent lower than that of pure QM. The study found that ionic liquid 

serves as a self-lubricating layer for graphene, establishing a solid graphene-to-ionic liquid 

interface bond with the rubber matrix. The experimental data were utilized for training artificial 

neural networks (ANNs), which were then used to predict the COF of the nanocomposites for 

values for which the experiment was not performed. The produced composite's predictions of 

friction coefficient utilizing the ANN technique were quite close to experimental results. The 

work's fundamental goal is to buy experimentation verifies the COF of functionalized graphene 

oxide (ILGO) with silicone rubber composite, use the actual experimental values to train a deep 

neural network using Multilayer perceptron, and then use the trained network to predict the 

values of COF for which obtaining the values by experimentation was difficult.  

 

Methodology 

❖ Ionic liquid modification of GO 

❖ Tribology  

❖ ANN method 
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Publication -7:  

Fabrication, characterization, and properties of silane functionalized graphene oxide/ 

silicone rubber nanocomposites 

 

 

Article summary 

This work used octadecyl trichlorosilane (ODTS) to create a novel silane-modified graphene 

oxide (SiGO). Further, varied concentrations of silane-modified graphene oxide were used to 

make silicone rubber (QM) nanocomposite using the open two roll mixing mill. The 

composites were studied for their mechanical, thermal, and tribological properties. The results 

showed that a small amount of silane-modified graphene oxide significantly increased the 

mechanical and tribological performances. Under dry sliding, silane-modified graphene oxide 

significantly reduced wear and friction to the silicone matrix. Nanocomposites have a lower 

wear rate than neat silicone rubber; their friction coefficient is almost 36% less than pure 

silicone rubber: the higher the load and temperature conditions, the more significant the 

difference in friction and properties. Wear mechanisms were revealed by Scanning Electron 

Micrographs of the worn surface. The transfer film formation on the counter surface and 

acceptable wear debris improved the nanocomposite's friction and wear resistance 

characteristics. 

 

Methodology 

❖ Silane modification of GO 

❖ Tribology  

❖ Mechanical properties 

❖ Thermal properties 
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Publication -8:  

 

Study the synergistic effect of fumed silica and reduced graphene oxide insertion 

on the thermal, mechanical, tribological, and solvent transport properties of 

silicone rubber nanocomposites 

 

Abstract 

This study explored the effects of hybrid nanofillers such as fumed silica 

(FSiO2) and reduced graphene oxide (rGO) on the mechanical, thermal, solvent 

transport, and tribological properties of silicone rubber nanocomposite (QMSirGO). A 

pin-on-disc test system was used to investigate the friction and wear properties of 

QMSirGO nanocomposites, which were significantly influenced by the applied load, 

temperature, and rGO concentration. Study shows that better graphene oxide dispersion 

in the matrix paved the way for improved tensile and dynamic mechanical properties 

and lowered the coefficient of friction (COF) and specific wear rate (Ws) values. 

Compared to silicone rubber (QM), the friction coefficient of the QMSirGO1.5 

composite was reduced by around 40%. The mechanism involves the formation of a 

lubricant layer, which smooths the material surface that comes into contact with the 

metal surface. In the solvent transport study, we investigated the effect of solvents' 

structure, molecular size, filler concentration, and the transport mechanism of 

composites, and the extent of reinforcement was evaluated using Kraus equations. 

 

Methodology 

 

❖ Preparation of hybrid silicone rubber nanocomposite 

❖ Study the mechanical, thermal and tribological properties 

❖ Analyse the tensile fracture surface and worn surface 
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Conclusions  

The present study includes a systematic and detailed investigation into the mechanical, 

thermal, and tribological behavior of graphene-based silicone rubber nanocomposites as a 

function of nanofiller concentration. Tribological studies focus on investigating the effect of 

operating parameters such as applied load, sliding velocity, and temperature on the behavior of 

silicone rubber nanocomposites. Silicone rubber filled with natural graphite, exfoliated 

graphite, reduced graphene oxide, ionic liquid modified graphene oxide, and silane-modified 

graphene oxide fabricated by the simple two-roll mixing method were well explored in all 

aspects. In brief, the nanocomposites' nanofiller loading's cure kinetics, morphology, 

mechanical behavior, solvent transport characteristics, viscoelasticity, thermal behavior, and 

dielectric response were investigated in detail. 

Natural graphite, the foundation material for all graphene derivatives, is inexpensive 

and possesses superior thermal and mechanical stability and electrical conductivities. They also 

work as a lubricant due to their loosely packed architecture. The study shows that adding 

graphite improved the tribological performance of QMG composites. The QMG20 has superior 

mechanical, tribological, and thermal conductivity than other silicone rubber graphite 

composites. The worn surface morphology of the composite shows a smooth surface, indicating 

that the presence of graphite significantly reduced the metal contact. Lubricant film formed on 

the counter surface prevents the asperities in contact with the composite surface. This results 

in a decreased coefficient of friction and specific wear rate. 

Silicone rubber with 7 phr of exfoliated graphite composite recorded decreased friction 

and wear properties. The study found that adhesive wear between the surfaces in contact was 

the primary cause of wear in the composite. AFM and TEM analysis confirm the better 

dispersion of EG particles on the composite surface form a lubricant film and improved wear 

resistance. Silicone rubber composites with 15phr of exfoliated graphite composites improved 

dielectric performance by increasing AC conductivity and dielectric permittivity and lowering 

the dielectric loss. 

The improved wear-resistant of the composite was obtained with 2phr of rGO loading. 

The rGO between the friction surfaces reduced contact between the material and hard metal 

surface by acting as a lubricant film. The morphology analysis indicated that adding rGO 
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decreased wear and resulted in a relatively smooth surface with fewer scars, thus indicating the 

presence of rGO significantly reduced metal contact. Tribological properties of the composites 

with different sliding speeds, loads, and temperatures were investigated to optimize composite 

composition with a wide range of conditions. Incorporating rGO improved nanocomposites' 

mechanical properties and thermal conductivity due to enhanced interaction between rGO and 

silicone rubber matrix. Overall, the wear resistance of the composite was enhanced by the 

addition of rGO, as is evident from the depth wear rate analysis 

The desirable interactions between graphene oxide and the ionic liquid 1-ethyl-3-

methylimidazolium dicyanamide are most likely caused by cation–π-interactions between the 

IL's cations the π- electrons of graphitic structures at the graphene oxide surface. The 

experiment demonstrated that ionic liquid surface modification of graphene improved the 

tribological properties of QMILGO composites by enhancing graphene matrix interaction and 

IL lubrication effects. In addition to 1.5 phr   ILGO, the resulting QMILGO nanocomposite 

exhibited a prominent reinforcement effect (17% increase in tensile strength) and 28% 

improvement in thermal conductivity compared to the neat QM. Moreover, the property 

enhancement was because of the homogeneous distribution of ILGO on the inside of the QM 

matrix. The thermal conductivity results reveal that adding ILGO significantly improves the 

conductivity (by 28%). In the next stage, we used experimental data for training artificial neural 

networks (ANNs), which were then used to predict the COF of the nanocomposites for values 

for which the experiment was not performed. The results were validated using a trained Neural 

network, which predicted COF values for various temperature, speed, and load conditions. The 

produced composite's predictions of friction coefficient utilizing the ANN technique were quite 

close to experimental results. 

The effect of fumed silica on the mechanical, thermal, and tribological properties was 

evaluated. The study shows that adding fumed silica significantly improved silicone rubber's 

mechanical properties and optimized the composite's silica content. The effect of tribological 

parameters such as applied load, temperature, and sliding speed was evaluated. The addition of 

FSiO2 significantly reduced the friction coefficient of the composite. Surface wear analysis of 

the nanocomposite revealed that the nanoparticles have a positive rolling effect. The 

strengthening properties of the compound improve significantly as the diffusion of FSiO2 

increases, resulting in a more significant improvement in the tensile and dynamic material 

properties and a substantial reduction in the friction coefficient (25 percent) and specific wear 
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rate (Ws). The silica-filled surface of the rubber is relatively smooth, with few grooves and 

ridges, and the reinforcing fillers seem to have anti-wear properties. Due to the rubber surface's 

extremely high stiffness and rigidity, a small quantity of fumed silica could significantly 

decrease the coefficient of friction and specific wear rate of QMSi composites. The coefficient 

of friction and specific wear rate of QMSi composites are affected considerably by applied load 

and sliding velocity. As the applied load and sliding speed rise, all-composite materials' friction 

coefficient declines. The contact area also became temperature-independent during sliding, 

ruled primarily by the mechanical properties of the rubber and only marginally reliant on the 

sliding velocity. The friction and wear properties of silicone rubber with 3 phr fumed silica 

composite was the lowest of all the composites evaluated. Adding FSiO2 results in a positive 

rolling effect, improving the composite's tribological properties. A similar product is also 

observed with the dry abrasion results 

It was noted that the QM nanocomposites exhibited improved mechanical, thermal, and 

tribological properties at the very low loading of fillers. However, it is concluded that such 

improvement in properties is only observed when fillers are uniformly dispersed and interact 

with QM chains. The improved thermal conductivity of silicone rubber nanocomposites could 

lead to its many promising industrial applications, e.g., circuit boards in power electronics, 

thermal greases, sealants, elastomeric thermal pads, and phase change materials. 

Future Scope for research 

 

  Nowadays, polymer composite replaces metals from almost all areas, increasing their usage 

steadily. There is a remarkable improvement in tribological properties observed with nano-

filler. A future study might focus on the tribological performance of polymer nanocomposites 

augmented with greener nanofillers, such as natural nanofibers and waste-derived wollastonite 

nanofibers, given the rising concern about environmental sustainability. The tribology of 

silicone rubber with natural and synthetic fibers is an area of future research. Moreover, 

silicone rubber with nanocellulose is also a promising area of study. Another good work is 

validating the tribological results with artificial intelligence or machine learning methods. For 

sealing applications, tribological properties under thermo-oxidative ageing are required. The 

tribological property of silicone rubber for the application as wire covers which enhance the 

fire safety of the building will be another area of importance.  
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