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Abstract 

     This work includes preparing  and studying a transparence polymeric 

coating that has good tribological and mechanical properties, and the coating 

enhanced with nanoparticles has the ability to absorb UV radiation while 

keeping transparency.  

     Reducing friction coefficient to enhance the wear resistance behavior for 

coating for mobile and computer screen applications also increasing the life 

span of car lamp covers and glass, plastic windows and coating of solar cells. 

     The solution-casting technique was used to create the nanocomposite  

coating made of GO, Graphene oxide modified (MGO), hybrid filler of MGO 

and Bees wax (BW)º and polymer PMMA. By using a solution mixing 

procedure, composite coating samples with GO, MGOº nanoparticles at 

different weightº percentagesº (0, 0.25º, 0.5, and 1º wtº%) and 1 wt% of MGO 

with (0.1,0.25 and 0.5 wt %)  of BW were created.   The distribution of nano 

and the fracture failure were assessed using scanning electron microscopy 

(SEM) method.  

      The chemical structureº of the PMMA and nanocomposite coating was 

examined using the (FTIR) method also Hardness, FTIR, DSC, UV, 

nanoindentation, contact angel and pull off and wear tests were done for 

samples. Additionally, the mechanical characteristics of PMMA 

nanocomposites coating were investigated in the nanoparticle addition and to 

investigate the connection between tribological and mechanical behavior.   

 The outcomes demonstrated that the inclusion of the GO, MGOº 

nanoparticles improved the PMMA tribological performance. The wear and 

friction coefficient of PMMA nanocomposites coating were found to be lower 

than those of pure PMMA coating. Coefficient of Friction decreased by 26% 

for PMMA\MGO\BW 0.5 wt% and this sample has lowest wear rate and 

coefficient of friction. According to the microstructure data, the ultrasonic 
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treatment had a significant role in achieving excellent dispersion and reducing 

the agglomeration of the nanoparticles.  

      There has been a noticeable improvement, as seen by the findings of 

mechanical properties such as hardness, elastic modulus, and pull off. UV test 

showed that there is decreasing in transparency with increasing filler content 

and the absorption of UV increasing with addition of GO, MGO fillers and 

hybrid filler of MGO and BW.  

   The results of the wettability indicate that the addition of beeswax 

improved the wettability resistance of PMMA. The improvement in hardness 

(Vickers) by 55% for PMMA\1 wt % MGO\BW 0.5 wt% . Elastic modulus 

has improved by 38% for sample PMMA\ MGO\BW 0.5 wt% , and the results 

of the wettability  tests showed that there is increasing with addition of 

modified Graphene oxide and beeswax. Tg increased about 20% for 

PMMA\MGO 1 compared with pure PMMA. 
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1. Introduction 

Coating technology employs organic coatings to offer surface 

protection, decorative finishes, and a variety of other uses for goods and 

trade. Numerous commonplace items are only useable and hence 

sellable due to their surface treatment [1]. 

    Lately, the development of multifunctional polymer coatings has 

gotten a lot of consideration because of the value of these materials in 

applications, for example, drag decrease in microfluidic gadgets, self -

cleaning surfaces, and the counteraction of consumption and fouling [2] 

    Using thin coatings allows the designer of a mechanism to take full 

advantage of the mechanical characteristics of the underlying substrate 

without compromising lubrication conditions. This argument is, 

perhaps, the strongest advantage that the usage of thin film coatings 

provides over the usage of bulk materials. To make full use of this 

argument, more wear resistant, higher load bearing ability and even 

lower friction characteristics coatings must continuously be developed 

[3]. 

    Polymethyl methacrylate (PMMA) is among the best polymers for 

solar applications. It provides exceptional optical qualities, great 

machining precision, and inexpensive prices. The coating of soft 

material serves primarily to enhance its mechanical durability. 

Additionally, anti-reflective coatings are important for many solar 

applications [4]. 

    Polymers are now often used in a variety of tribological 

applications. This is a fast-growing field that offers the appealing 

benefits of self-lubrication and enhanced cleaning. Furthermore, the 

intrinsic weakness of polymers might be successfully reduced by 

utilizing various unique fillers; polymer composites are increasingly 
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being employed as sliding components, which were previously solely 

made of metallic materials [5]. 

     Today, polymer composites are one of the most widely used 

engineering materials, with a significant market share. They offer a 

unique combination of benefits, including simplicity of manufacture, 

good performance and cost-effectiveness, which polymers, metals and 

ceramics cannot match. On the other hand, polymers cannot provide the 

qualities required for tribological applications on their own. Inorganic 

particle fillers are used to improve properties and reduce the cost of 

polymer goods [6]. 

     In the past, polymeric/inorganic composite materials have garnered 

considerable interest for diverse purposes. Polymer matrices have been 

infused with inorganic fillers in the form of nanoparticles, nanotubes, 

and fibers to gain diverse functional characteristics [7]. 

    The addition of fillers or fibers to thermoplastic polymers helps to 

reinforce the surface, hence improving the polymer's tribological 

performance. Fillers, such as particles, are frequently added to 

polymeric materials to improve processability and mechanical 

compound qualities while also lowering material prices. The behavior of 

fillers is influenced by their shape, surface area, surface chemistry, and 

distribution of particle sizes [8, 9]. 

     Thermoplastics have various advantages over thermoset  matrices, 

including higher impact tolerance, decreased fracture propagation, 

recyclable materials, superior chemical resistance, and rapid forming 

process availability [10]. 

     Polymers toughened with nanoparticles are rising in popularity as a 

result of their extraordinary capabilities resulting from nano-scale 

formations. One of the most appealing properties of nanoparticles is 

their extraordinarily high specific surface area, which allows for the 

creation of a large quantity of interphase in a composite and, as a result, 
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a strong link between the fillers and the lattice even with a somewhat 

low load nano filler. When nanoparticles are incorporated into a 

polymer–matrix, the wear rate of the polymer is frequently reduced [11]. 

     In recent years, graphene oxide has garnered a great deal of attention 

not only because of its exceptional inherent qualities, but also because it 

has been used to generate a diverse assortment of materials [12]. 

  As a graphene derivative, graphene oxide (GO) is an oxidized form 

of graphene having oxygen-containing functional groups connected to 

its edges and surface, such as epoxy, hydroxyl, and carbonyl  [13]. 

  This facilitates the manufacture of many homogeneous GO layers 

using straight forward solution coating techniques, such as  spray 

coating, spin coating, and solution casting, as well as the quick 

dispersion of GO in polar solvents [14, 15]. 

     Several uses of coated GO light waveguides in photonics have been 

demonstrated. This category includes humidity sensors, waveguide 

polarizers, saturable absorbers, and optical modulators   [16, 17]. 

     In this study, graphene oxide and  preparation of modified graphene 

oxide nanoparticles were incorporated into PMMA matrices as a 

reinforcement  and addition of bees wax as a lubricant  in order to create 

polymer/graphene oxide nano composite coatings for Teflon and glass 

substrates. The influence of graphene oxide concentration, beeswax, and 

polymer matrices on the mechanical, optical, and tribological properties 

of coatings was examined. 

 

 

 

 

 



 

4 

 

 

1.2 Aims of the Work 

  This work is dedicated to prepare and study the tribological and 

mechanical performance of polymer nanocomposite coating. Studying 

the effect of graphene oxide, modified graphene oxide   and graphene 

oxide\ beeswax hybrid filler on the tribological, mechanical and optical 

properties of the resultant coating and reducing friction coefficient to 

enhance the wear resistance behavior for coating for mobile and 

computer screen applications also Increasing  the life span of car lamp 

covers and glass, plastic windows and Coating of solar cells . 

1.3 Scope of the Work 

To achieve the above aims, the following activities has been done: 

1. A survey of the relevant literature.  

2. Choosing simple technique, which is solution casting coating method.  

3. Carrying out the required structural mechanical and tribological tests 

to determine various properties, such as hardness, wear state, nano 

indentation, SEM, UV and so on. 
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2.1 Introduction 

 Polymers are a class of materials with a wide range of applications in 

daily life. Due to their use in several fields of research, technology and 

industry. polymeric materials have thus far had a significantly greater 

impact on society. Additionally, the demand for lightweight composites 

made of high strength polymeric materials is steadily rising because of 

these materials' superior mechanical qualities, low processing 

temperatures, high performance, cheap cost, and exceptional 

environmental stability [18]. 

 Utilizing nanoscale particles in polymeric coatings has recently 

proven to be a successful way to enhance their mechanical, optical, 

physical, anticorrosion, electrical, and thermal characteristics  [19].dry 

lubricants have been used classically in applications involving vacuum, 

high temperature, contamination sensitive and chemically aggressive 

conditions, because in these environments’ fluid lubrication is not 

feasible [20]. 

 In the area of dry lubrication, solid lubricants are used in the form of 

bulk materials and in the form of thin coatings, the selection between 

these two forms of material usage is mostly dependent on the design 

requirements and characteristics of the specific mechanical system to be 

studied.  

 Base materials for solid lubrication are chosen due to their natural 

characteristics of low resistance to shear forces. This is the sought 

behavior to promote effective lubrication. This natural characteristic can 

rise from atom arrangements (typically lamellar solids) or molecular 

structures.  

 An example of material that provides dry lubrication due to atom 

arrangement is graphite. Lubrication characteristics are delivered due to 
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the weak London forces that govern interaction between carbon planes 

promoting low resistance to relative sliding motion  ]22  ,21 [. 

 The exponential increase in the polymer composites usage reflected 

and supported the extraordinary transformations that happened in the 

20th century. The use of composite materials has increased recently due 

to its better advantages, which include low weight, strong mechanical 

and chemical resistance, and high thermal capabilities, which go beyond 

the base material alone. Composite materials are used in a number o f 

applications. 

  The composite material may be made with a variety of properties 

and improved in one area without impacting another, depending on the 

application and purpose of usage. Nowadays, composite materials are 

used extensively in the aerospace and aviation industries [23].  

 The field of nanotechnology has attracted attention due to the 

potential to develop both human lives and the planet as a whole 

[24].polymer/graphene synthesized nanocomposites and graphene-doped 

polymers such as epoxy, polyethylene (PE), and polymethyl 

methacrylate (PMMA) are also available [25]. 

 

2.2 Poly Methyl Methacrylate (PMMA) 

   It is a kind of polymer made of methyl methacrylate. PMMA, 

Plexiglas, and Lucite are trade names for poly methyl methacrylate, 

which belongs to the vinylidene polymers family (acrylics)  [26]. 

  This type of polymer has unique optical qualities, including 

transparency of around 92 percent, theoretical limit for incident visible 

region, very little UV absorption. PMMA can be utilized instead of 

glass, coating, and as a resistance for electron beam or ion-beam resists 

in microelectronics chip fabrication [27].    
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  Because of the methyl ester pendant groups, which prohibit 

molecules from forming crystalline bonds with one other, PMMA is 

classified as an amorphous substance [28]. 

  PMMA from the standpoint of a hydrocarbons, polyº [1-(methoxy 

carbonyl)-1-methyl ethylene], and from the perspective of an ester, poly 

(methyl2-methylpropenoate monomer of isocyanate [29]. 

  PMMA was developed by Hill and Crawford at the beginning of the 

1930s, while German chemist Otto Rohm used it for the first time in 

1934 [30]. PMMA is a thermoplastic that is optically clear (transparent) 

and frequently used in place of inorganic glass due to its high impact 

strength, low weight, shatter resistance, and favorable production 

characteristics [31]. 

  PMMA is a promising polymer with potential uses in coating, 

conductive devices, sensor, analytical separation, and pneumatic 

actuation [32]. 

  The appealing optical and physical characterizations of poly(methyl 

methacrylate), which are important for determining its area applications, 

make it a necessary and fascinating polymer. PMMA is a high stiffness, 

strong insulation. There are certain drawbacks to poly(methyl 

methacrylate), such as brittleness and poor chemical resistance, 

although these can be improved via chemical or physical a lteration. 

Each unit has both hydrophilic (carbonyl) and hydrophobic (methylene) 

groups [33] 

  PMMA is an environmentally friendly substance. The external 

lenses of cars and trucks are made of PMMA. it is used to make the 

spectator shield in ice hockey arenas. Many motorcycles helmet visors 

and the windows on many airplanes and police cars used for riot control 

are made of PMMA. Medicine also makes use of PMMA. 
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     It is having been utilized to replace intraocular lenses in eyes 

because of its high compatibility with human tissue. PMMA is a 

common material used to make hard contact lenses. PMMA-containing 

bone cement is used to affix implants and replace missing bone. PMMA 

effectively distributes stress with natural bone because its Young's 

modulus is close to that of bone. PMMA is frequently used for dentures  

[34]. 

 

2.2.1 PMMA Physical Properties  

    PMMA which is a transparent, colorless polymer with 100 °C glass 

transition temperatures and, at ambient temperature, a density of 1.20 

g/cm3. The polymer has a melting point of 130 degrees Celsius  [35] 

.PMMA has high exposure resistance to sunlight because of how little it 

changes when exposed to UV rays. It also has excellent optical qualities 

[36]. 

     PMMA has a high Young's modulus and a low elongation at 

breakage, which contribute with its mechanical strength. Being one of 

the toughest thermoplastics with exceptional scratch resistance, it does 

not break when ruptured. The majority of laboratory chemicals' aqueous 

solutions have no effect on this polymer, demonstrating its respectable 

chemical resistance. It is only moderately resistant to esters, ketone, and 

chlorinated and aromatic hydrocarbons [37].  

     The tactility of a polymer, particularly vinyl polymers, is defined as 

the relative stereochemistry. Glass transition temperature (Tg), 

solubility, hydrolysis, and crystallinity of a polymer are all physical 

properties that not depend only on the monomer type but on the 

secondary and tertiary structures, or link stereochemistry [38]. 
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Figure 2.2: A chemical structure of the repeating unit of PMMA polymer  [39]. 

2.2.2 Optical Applications of PMMA 

     Many academic fields, including medicine, engineering, astronomy, 

and pure science, use optical science and place great importance on it. 

additionally, practical applications include those found in lasers, 

microscopes, fibers, lenses, and polymers. The optical activity of a 

substance is determined by the refractive index of the substance and is 

the result of the interaction of the substance with light. PMMA is 

employed in optical applications due to its high refractive index, good 

UV light resistance, chemical stability, and exceptional mechanical 

characteristics. Organic polymers are excellent substrates for 

immobilizing semiconductors for heterogeneous photocatalytic 

applications because they are often inexpensive, lightweight, and simple 

to produce [40]. 

2.3 Applications of PMMA in Nanotechnology 

    In the realm of nanotechnology, a significant advancement was made 

possible by the discovery of interactions between polymers and 

nanomaterials. This interaction created polymer nanocomposites that 

improved material properties with a small number of nanoparticles. 
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Strength, flame retardancy, scratch resistance, optical characteristics, 

electrical conductivity, thermal stability, and solubility can be 

improved.  

    Due of nanocomposites promise in nanotechnology, many researchers 

focus on their fabrication and uses. Plastic chip electrodes (PCEs) were 

made using PMMA and graphite using a straightforward solution casting 

technique. Also PMMA using in coating of soler cell .This material was 

characterized by AFM, SEM, microscopy, mechanical, and electrical 

properties, and TGA. The created electrode was affordable, useful for 

many different applications, and replaceable [41]. 

 

2.4 Graphene Oxide (GO) 

    The most popular precursor for making graphene materials right now 

is graphene oxide (GO). Sulfuric acid and potassium permanganate are 

the two main ingredients used in the modified Hummer's technique, 

which is often used to create GO by intercalating and oxidizing graphite 

powder [42].  

  Graphene oxide, which is often produced by exfoliating graphite, 

opens the door to the flexible, inexpensive properties. In recent times, 

fillers for creating composites have used graphene oxide and graphene 

bucky paper. The bucky sheets are composed of a self-contained, 

porous, and thin carbon fillers network connected by van der Waals 

forces. 

  Numerous processes, including as vacuum filtering, evaporation-

induced, resin infiltration, spin coating, and self-assembly utilized to 

create graphene oxide and products with graphene that resemble paper 

[43]. 
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    GO is highly desirable for bendable, flexible thin film 

optoelectronics, generated on plastic or paper-like substrates. Similar to 

carbon nanotube network architectures, graphene and graphene oxide 

sheets may combined to generate polycrystalline thin films with multi-

layered network structures. 

Thin film transistors, transparent conductors, electrodes, 

chemical/biological sensors [44]. 

 Figure 2.3: Graphene cycle  [45]. 

     photodetectors, non-volatile memory systems, field emitters, and 

paper-like materials based on graphene and graphene oxide each have 

special properties [46]. 

    Graphite exfoliation yields GO, graphite intercalation chemicals, and 

graphene. At first, GO created by exfoliating graphite with HNO 3 and 

H2SO4 
[47]By reducing the interplanar forces, the chemical alteration of 

the GO surface resulted in lamellar stacking. Therefore, under thermal, 

ultrasonic, and other intense conditions, these oxidized GO layers may 

be removed with ease. It has been crucial to prepare GO in order to 

synthesis graphene.  

   Offman and Hummer suggested an alternative method of GO 

oxidation that involved contacting graphite with strong sulfuric acid and 
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potassium permanganate (KMnO4). The modified Hummer technique is 

the most often used method for GO production [48]. 

   Alkaline is solution used to decrease a GO dispersion; they created 

reduced GO. They came to the conclusion that this process created thin 

lamella carbon with very little hydrogen and oxygen. The so-called 

"graphite oxide soot" resulting from the rapid combustion of graphite 

oxide was investigated. According to electron microscopy, this soot was 

revealed to include graphene nanoplatelets, which are comprised of 

multi-layer hexagonal sheets of carbon (approximately 12.6Aº, or 2-3 

layers). Graphite and its intercalation compounds, however, attracted a 

lot of attention since they offered a practical path for ion storage.  

Graphite intercalation compound was a new name for a single carbon 

layer in the graphite structure [49]. 

 

 2.4.1 GO Physical Properties and Reactivity 

   Hydrophilic and intensely oxygenated graphite oxide can be 

exfoliated in water to create a stable dispersion. The dispersion 

comprises graphene oxide sheets [50]. 

   The most typical GO dispersion medium is water, and there are two 

methods for dispersing GO in water, mechanical stirring and sonication. 

However, several applications show that sonication is inferior to 

mechanical stirring because it produces flaws and shrinks the size of the 

GO sheet (from microns to a few hundred nanometres) [51]. 

   Numerous solvents, such as tetrahydrofuran (THF) and N, N-

dimethylformamide, can be used to dissolve GO. Therefore, it is 

believed that GO is amphiphilic in nature, with the edges being more 

hydrophilic and the center being more hydrophobic, and that it may 

have a surfactant-like function [52]. 
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2.5 Coatings of Polymers and Their Composites 

      In general, coatings can be classified as either hard‖ or soft 

coatings and polymer-based coatings belong to the soft coatings. 

Using the Archard wear model, we would expect hard coatings such as 

diamond-like carbon (DLC), Ti–N and WC/C synthesized through physical 

vapor deposition (PVD) techniques are effective in preventing both 

abrasive and adhesive wear of metal sliding contacts [53]. 

     DLC coating has a significantly lower scuffing load and higher 

COF compared with a PTFE-based coating under simulated 

unidirectional sliding swash plate compressor environment. In 

addition, hard coatings (DLC) are more sensitive with the 

environment conditions and hard coatings are relatively expensive 

and exhibit difficulties in coating them on substrates with low 

surface energy or high roughness. Some metallic alloys with different 

preparation methods can decrease wear rate and COF [54, 55]. 

   Tribological performance improvement is not very sufficient for 

extremely low wear and COF applications. Thus, alternative 

solutions such as inexpensive soft polymer coatings need to be 

explored. 

    Polymer coatings are widely used as tribological protective 

coatings, such as erosion/corrosion resistance coatings for 

automobile transparent protective coating for touch panel screens and 

optical applications , hydrophobic coatings for moisture repellent and 

dirt resistance 

     Bio-implant materials like artificial joints , bearing materials for 

compressor bearings or thrust pad bearings . Most of the researchers 

have been using Nano/Micro indentation/ scratch or moderate 

conditions such as low PV (pressure times velocity) and low 
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temperature to investigate these polymer coatings‘ tribological 

performance [56, 57]. 

 

2.6 Nanocomposite 

   Nanocomposites can be used to create monophasic or multiphasic 

ceramics, glasses, or porous materials, each having specifically 

designed and enhanced characteristics. In comparison to monophasic or 

micro composite alternatives, a range of nanocomposites, including 

those made of sol-gel, intercalation, entrapment, electro ceramic, and 

structural ceramics, display better characteristics. It is anticipated  that 

the use of nanocomposites in materials processing will have a 

significant influence on ceramic materials used in electro ceramics, 

catalysis, sensors, and other fields of technology [58]. 

   A multiphase solid material or a structure with nanoscale repeat 

distances between its various phases, when one of the phases has one, 

two, or three dimensions of less than 100, is referred to as a 

nanocomposite (nm). Due of their desired electrical characteristics, 

nanocomposites are frequently employed in semiconductor and 

electronics applications.  

   Nanocomposite may be produced as transparent conductive films 

(TCF), which are a highly transparent, cost-effective replacement for 

traditional materials in flexible displays and touch panels. Compared to 

traditional materials, the market for nano composites is growing much 

faster, with market volume in 2018 expected to be between 3.5 and 5 

times that of 2010 [59]. Figure 2.5 show the growth of nano composite. 



Chapter Two                    Theoretical Part and Literature Review 

 

15 

 

Figure 2.5: The growth of the Nano composites market [59]. 

Multiple phases that have at least one, two, or three dimensions in 

the nanoscale range offset a nanocomposite material. Phase interfaces 

are produced when material dimensions are reduced to the nanoscale 

level, and they are crucial for improving the characteristics of the 

material.  

   The surface area to volume ratio of the reinforced material used to 

create nanocomposites has a direct impact on our understanding of how 

structure and property relate to one another. Opportunities for 

overcoming barriers in the medical, pharmaceutical, food packaging, 

electronics, and energy industries are provided by nanocomposites on 

whole new scales [60]. 

 

2.7 Types of Nanocomposites 

According to the kind of matrix, nanocomposites are divided into three 

categories 

However, nanocomposite types according to the reinforcing type 

include [61]. 
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2.7.1 Nanoparticle-Reinforced Composites  

  The most often used composites in everyday materials are probably 

particulate composites, those are strengthened with microscopic 

particles of various substances. Particles are often incorporated to 

increase the yield strength and matrix elastic modulus [62]. 

     It has been demonstrated that new material characteristics may be 

acquired by decreasing the particle size to the nanoscale [63]. 

 

2.7.2 Nanoplatelet-Reinforced Composites  

   The two most well-known varieties of nanoplatelet-reinforced 

composites are nano graphite and nano clay. Both clay and graphite may 

be found as layered materials in their bulk forms. The layers must be 

divided and distributed evenly throughout the matrix phase in order to 

make the most use of these components.  

  The inter-layer gap in a clay particle is at lowest in the classic 

miscible condition. The distance widens and is referred to as the 

intercalated condition when injecting polymer resin into the gal lery 

separating the neighbouring layers. A clay is regarded as having 

exfoliated after the layers have completely separated [64]. 

   Different filler materials are used, but montmorillonite, a form of 

nano clay, is the most popular. Clays are hydrophilic in their natural 

form, whereas polymers are hydrophobic [65]. 

 

2.7.3 Nanofibers-Reinforced Composites  

   Many different polymers, such as poly (ethylene terephthalate), 

polycarbonate, acrylonitrile-butadiene-styrene, poly (ether sulfone), 

polypropylene, poly (phenylene sulfide), nylon, and epoxy, have been 

reinforced using vapor-grown carbon nanofibers. 
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    It is well known that carbon nanofibers may have a variety of 

morphologies, from structures with a chaotic bamboo-like structure to 

highly graphitized, in which the conical shells of the nanofiber are 

nestled within one another. Typically, the diameter of  carbon nanofibers 

ranges from 50 to 200 nm [66]. 

 

2.8 Fabrication of Polymer Nanocomposite  

   The creation of innovative polymer-nanocomposites (PNCs) has 

attracted a significant amount of study over the past decades. In 

difference to typical composites, the PNCs have fillers fewer than 100 

nanometers in size. Polymer-nanocomposite has the benefit of 

enhancing the pure polymer's qualities without compromising its 

processability, intrinsic mechanical properties, or light weight  [67].  

   The size and characteristics of the nanofiller, as well as the 

interface between the nanofiller and the matrix, are the most important 

aspects of the design and behavior of PNCs. Carbon nanotube (CNT)-

based PNCs have been extensively studied in recent years. The intrinsic 

bundling of CNTs, the restricted availability of high-quality nanotubes, 

and the expensive cost of these materials have limited their applicability  

[68].  

   Graphene has garnered interest as a candidate for the creation of 

innovative PNCs because its outstanding features and the accessible 

availability of progenitor, graphite. Extremely low graphene loadings 

could substantially enhance the physical, electrical, and mechanical  

properties [69]. 

   Due to its remarkable reinforcement in composites, graphene and its 

derivatives-filled polymer nanocomposites have demonstrated vast 

application potential in the domains of electronics, aircraft, car, defense 
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industries, green energy, etc. Integration of individual graphene into 

polymer matrices is of utmost importance if its characteristics are to be 

fully exploited in applications. Graphene surface-to-volume ratio was 

higher than carbon nanotubes, making it possibly more useful for 

enhancing the electrical, mechanical, thermal, microwave absorption 

properties of polymer matrices, and gas permeability [70]. 

2.9 Graphene-Polymer Nanocomposites Synthesis 

  Utilizing three separate synthesis techniques, graphene-polymer 

nanocomposites were produced. Solution blending, melt blending, and 

in situ polymerization are the most common techniques for producing 

polymer .matrix .composites.     

Figure 2.6: Generic manufacturing methods for filler-filled polymer-based 

composites (GO) [71]. 

2.9.1 Solution Mixing 

    The most basic approach for preparing polymer composites is 

solution mixing. The procedure involves three steps: ultrasonication-

assisted filler dispersion in a suitable solvent, polymer integration, and 

remove of solvent by distillation or evaporation Polymer covers 

graphene sheets during the solution mixing process, and after the 
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solvent evaporates, the graphene sheets reassemble, create the 

nanocomposite by sandwiching the polymer [72].  

    A polymer and filler's solvent compatibility plays a crucial role in 

generating a proper dispersion. This method may be used to create 

polymer composites from a variety of polymers, including poly (vinyl 

alcohol) Polyvinyl fluoride, Polyethylene , Poly (methyl methacrylate) 

[73] . 

     GO is compatible with water-soluble polymers like PVA because of 

the oxygen functional groups. By mixing PVA powder right into an 

exfoliated aqueous solution of GO at 85 °C, GO-PVA composites were 

created. The bulk of the GO sheets are completely exfoliated and clearly 

well-dispersed in the PVA matrix, with just a tiny number of restacks, 

according to field emission scanning electron microscopy (FESEM) 

images. XRD measurements of composites verified the molecular 

dispersion of GO in the PVA matrix. Chemical functionalization can 

increase the solubility and polymer interaction of GO [74]. 

     GO was grafted with polymer utilizing a solution mixing method. 

Functionalization of graphene sheets is advantageous for dispersion in  

water and organic solvents with less agglomeration and for obtaining 

composites with greater graphene loading. Ultrasonication can aid the 

homogenous dispersions nevertheless, extended exposure to huge power 

of ultrasonication might result in defects in graphene that harm the 

characteristics of the composite [75].  

  Functional groups on GO that include oxygen may disrupt the 

conjugated structure, reducing carrier mobility and concentration. 

Additionally, the linked groups change graphene's electronic structure 

and act as potent scattering sites that interfere with electrical current. 

GO sheets are often insulating as a result [76].  
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2.9.2 Melt Blending  

  In particular for thermoplastic polymers, melt blending is a more 

practical and adaptable method. Fillers are dispersed in the polymer 

matrix using a high temperature and shear force. High temperature 

softens the polymer matrix, allowing for straightforward dispersion of 

the reinforcing phase [77]. 

     Another method disadvantage is the rolling, bending, or even 

shortening of graphene sheets during mixing as a result of intense shear 

pressures, which is not conducive to greater dispersion [78]. 

     The impact of blending techniques on the characteristics of 

graphene/polyethylene nanocomposites has been explored. The bulk of 

melt-blended samples seem to be phase separated, and occasionally full 

exfoliation happens. In addition, they found that melt -blended 

composites did not demonstrate significantly increased electrical 

conductivity, but solvent-blended graphene could reduce the surface 

resistance of polymer at concentrations, incorporating graphene into a 

PE matrix enhanced the tensile modulus, regardless of the blending 

technique [79]. 

   Nevertheless, it’s have created graphene/poly (lactic acid) (PLA) 

nanocomposites with improved properties by melt mixing. The 

researchers have employed a master-batch technique for melt-blending 

graphene into PLA. The graphene was successfully dispersed, resulting 

in nanocomposites with greatly improved crystallinity, electrical 

conductivity, mechanical properties, crystallization rate, and flame 

resistance. The properties are determined by graphene dispersion and 

loading [80]. 
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2.9.3 In Situ Polymerization  

   It is a frequently employed method for fabricating graphene 

polymer nanocomposites such as epoxy, PMMA [81] poly (butylene 

terephthalate) (PBT) , PE etc. This process involves inflating graphene 

or a derivative of it in a liquid monomer before dispersing a suitable 

initiator. Heat or radiation can cause polymerization to occur.  

    During in situ polymerization, the intercalation of monomers into 

the layered structure of graphite increases interlayer spacing and 

exfoliates graphene platelets, resulting in well-dispersed graphene in the 

polymer matrix. Using multiple chemical processes, the in situ 

polymerization approach enables covalent connection between 

functionalized sheets and polymer matrix. 

    Major disadvantage of this technology is the rise in viscosity as the 

polymerization process progresses, which complicates handling and 

restricts load fraction . In addition, the method is sometimes performed 

in the presence of solvents, a major issue in the solvent mixing 

technique is solvent removal [82].  

   Using in situ polymerization to create chemically modified 

graphene/epoxy composites, the lowest electrical conductivity 

percolation threshold has achieved for epoxy reported. Research 

revealed a universal method for fabricating highly dispersed 

graphene/polymer nanocomposites with precise structural control  [83]. 

 

2.10 Polymer/GO Composite 

   Graphene oxide paper compositions demonstrated extraordinary 

electrical conductivity together with amazing mechanical rigidity and 

flexibility when they were left to stand alone. Due to these properties, 

GO paper may be useful for electrochemically active materials that are 
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flexible, such as batteries, supercapacitors, medical devices, and fuel 

cells [84]. 

   Due to the smaller active surface of unitary graphene and the lower 

electrical conductivity of GO, these materials are incapable of 

sustaining heightened electrochemical activity. To enhance the GO and 

graphene paper materials' electrochemical characteristics, a second 

phase that is both electrochemically active and electrically conductive is 

required.  

   The mechanical and thermal characteristics of the resulting 

nanocomposites can be improved by adding graphene oxide filler 

components to a polymer matrix. This is in comparison to the qualities 

of pure polymer. Low concentrations of GO can completely alter the 

chemistry of a polymer matrix, resulting in novel features such as 

antibacterial and fire-retardant qualities [85]. 

GO sheets are known to possess phenolic and carboxylic hydroxyl 

functionalities. When the aniline monomer is immersed in the polymer's 

aqueous phase, hydrogen bonds or van der Waals forces adsorb it to the 

site containing the functional groups described above. As a result, these 

locations act as seeding dots for polyaniline nanoparticles  [86]. 

2.11 Mechanical Features of Composites with Graphene     

Oxide and Polymers 

   One of the most resilient substances ever made, graphene oxide may 

improve the mechanical properties of polymer matrices even when 

subjected to extremely low loads. The most significant improvements 

are in tensile strength and elastic modulus.  

   Graphene oxide/polymer composites, in addition to ways for 

graphene reinforcing polymer matrices The different manufacturing 

procedures lead to an increase in the tensile strength and elastic 
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modulus of polymer composites with different graphene loadings. This 

is owing, in part, to the vast disparities that exist between the structure 

and fundamental characteristics of graphene, as well as between its 

surface modification, the polymer matrix, and the process of 

polymerization [87]. 

   The abundance of functional groups in GO promotes strong 

interfacial contact and load transfer from the host polymers to the GO; 

the functional groups have the power to significantly alter the van der 

Waals interactions between the GO sheets, which facilitates the 

dispersion of the GO sheets in polymer matrices; and the high molecular 

weight of GO makes it more resistant to aggregation [88]. 

   GO may not be preferable to clay for mechanical reinforcement due 

of clay's cheaper cost. GO is lighter and more flexible than clay, making 

GO/polymer composites better structural materials. Graphene/polymer 

composites may be multifunctional. Electrical and thermal conductivity 

should also be improved [89]. 

    GO has better thermal and electrical conductivity. Due to 

variations in surface chemistry, which lead to variations in the 

dispersion states of fillers in matrices, the interfacial interactions 

between fillers and matrices, and the crystallinity of the polymer 

matrices, the efficacy of GO/polymer composites to improve mechanical 

properties differs from that of GO composites . The effect of GO to 

nanocomposite loading enhances tensile strength [90]. 

 

2.12 Modification of Nanographene Oxide 

   Graphene oxide (GO) and Graphene are well-known, atomically 

thin, two-dimensional barrier materials with excellent gas barrier and 

mechanical properties [91].The surface of fibers that have a high degree 
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of crystallinity is chemically inert and smooth to the microscopical eye. 

As a consequence of this, their adhesive bonding with the vast majority 

of matrices is poor; hence, a surface treatment is often carried out in 

order to strengthen the reinforcing effect [92] .  

 Chemically activating the surface of the fiber and coating with 

coupling agents or finish formulations to make chemical bonds  with 

resins on the surface of the fiber. This method improves mechanical 

performance and surface activity concurrently. The nanostructured 

interface created by the grafted carbon nanotubes enhanced the 

interlaminar strength in modified fibre bismaleimide composite [93]. 

    Greater specific surface area of graphene platelets, enhanced 

mechanical interlocking at the nano-filler–matrix interface, and the two-

dimensional shape of graphene platelets have been linked to this 

increased efficiency. Produced through the controlled oxidation of 

graphite, graphite oxide (GO) is an oxygen-rich carbonaceous layered 

substance. Each layer of GO is made up of a sheet of graphene oxide, 

which is graphene that has been oxidized  [94]. 

   The surface of graphene oxide, which is generated through 

controlled oxidation of graphite, contains epoxide and other oxygen-

containing functional groups that react with these functionalities on the 

fibre surface [95]In an oxidative media, graphene oxide may be entirely 

exfoliated to form aqueous colloid suspensions of few-layer carbon 

sheets by sonication or magnetic stirring [96]. 

  Due to oxygen functional groups presence, the graphene oxide (GO) 

surface chemistry is extremely diverse. Several functionalization 

techniques may be employed [97]. Ultrasonication is a straightforward 

method for synthesizing graphene oxide from expanded graphite [98]. 

  The primary purpose of adapting Hummers' approach with ultra-

sonication was to employ ultra-sonication-supplied shear forces to 
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breakdown the van der Waals connection and disassemble the graphite 

oxide flake [99]. 

  The resulting GO's surface properties are greatly reliant on the shape 

of the starting material. Variations in morphology result in 

modifications to the characteristics of GO [100]. 

There are enormous differences between GO nano-sheets and 

ordinary GO (obtained from the graphite powders). Normal micrometer-

sized GO collisions travel to the water's surface [101] . 

   Graphene oxide (GO) with epoxy, hydroxyl, and carboxylic groups 

opens a novel chemical modification path. Such as advancements in GO 

structural geometry, physiochemical properties, and functionalization, 

as well as graphene-based new carriers for enzyme immobilization [102]. 

     Separating graphite layers is the first stage in making graphene 

oxide, followed by oxidation to increase layer spacing [103].The 

electrical properties, electrochemical properties, and mechanical 

properties of GO may all be traced back to these oxygenated groups. 

These oxygenated functional groups found in GO increased several of 

its features [104].  

   The relative amount of these oxygenated groups is very sensitive to 

the synthesis pathway as well as the stoichiometric conversion rate . 

Oxygenated groups can be more modified chemically to confer various 

functionality on GO sheets [105]. 

   These functionalities, whether covalent or noncovalent, open up a 

wide variety of doors for GO, such as the immobilization of a variety of 

electroactive species for the design of active electrochemical systems, 

the preparation of a stable dispersion in organic solvents, and the 

stabilization of GO sheets from agglomeration in organic solvents by 

nanoparticles coating [106]. 
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   The presence of nanoscale items and macromolecules on the surface 

of GO, which are readily accessible for further modification known as 

chemical functionalization, exemplifies the diversity of GO 

functionalization strategies. These modifications of GO have broadened 

its application in many technologies, including composite materials, 

polymer grafting, and as building blocks for thin films [107]. 

   The most common technique for covalent bonding is the use of a 

suitable cross-linker, depending on the functional groups on the surface 

of the nanomaterial support. 

   GO has a natural tendency to produce severe aggregations at 

relatively high loading because to its large surface area and Van der 

Waals' interaction. Unquestionably, the most urgent problem that has to 

be solved right away to ensure a successful use of GO in coating is 

improving GO dispersion. GO can be chemically treated with polymeric 

solubilizing groups to increase its dispersion [108]. 

  Silanes are frequently used as reinforcing agents to modify the 

surface of GO. The silanes alteration can increase GO's compatibility 

and covalent bridges to the matrix, leading to a significant improvement 

in coatings' corrosion protection effectiveness [109]. 

  3-Glycidoxypropyltrimethoxy silane was used to modify the TiO 2-

GO nanocomposite (GPTMS). TiO2-GO nanocomposite that has been 

uniformly dispersed in epoxy resin with the use of GPTMS, which 

includes functional groups like silicone and epoxide, can produce a 

nanocomposite with anticorrosion capabilities. Silane-functionalized 

nanoscale particles are used to create nanocomposites [110]. 
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2.13 Fabrication of Surface Coating 

  It has always piqued interest to see how organic and polymer 

coatings develop on conducting substrates. The coatings can be used to 

decorate surfaces, change optical activity, protect against heat and 

corrosion, and more.  

  Enhancing the interfacial laminar shear strength and toughness of 

brittle composites are two other significant uses. Initially, manual or 

mechanical application methods were used to cover substrates with 

organic and polymer coatings. However, manual or mechanical 

application of coatings had drawbacks that went beyond what was 

already problematic [111]. 

Coating and printing must be distinguished in this situation. The 

distinction may initially seem rhetorical, but when the filmmaking 

process is examined, its physical relevance should become readily clear. 

Historically, the term "printing" has been used to describe a technique 

in which an ink layer is transferred from a stamp to a substrate via a 

reverse process.  

   A postage stamp is a perfect illustration of something that does this. 

Contrarily, coating is the process of applying an ink layer to a substrate 

by pouring, painting, spraying, casting, or spreading the ink evenly 

across the surface. Coating does not frequently entail the production of 

a complex pattern, but printing may also imply this. Screen printing, pad 

printing, gravure printing, flexographic printing, and offset printing are 

examples of printing processes. 

   Examples of coating methods include spin coating, doctor blading, 

casting, painting, spray coating, slot-die coating, curtain coating, slide 

coating, and knife-over-edge coating. The only technique that may be 

included in both categories is inkjet printing. It is a coating process at 
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its core, but because of its capacity to reproduce intricate patterns and 

connection to office printing on paper, it is also appropriately called a 

printing method, which is why it has that word in its name [112]. The 

coating process can be classification as following: 

 

2.13.1 Solvent Casting  

   This is perhaps the simplest method of filmmaking. The benefit is 

that no equipment other than a horizontal work surface is required. 

Simple application of a solution to a substrate is followed by drying. 

While it is feasible to produce both high-quality and thick films. The 

method lacks control over film thickness, resulting in frequent picture -

framing effects at the margins of the film and precipitation during 

drying. In situations when liquid surface tension predominates, drying is 

not uniform. In addition, if crystallisation or precipitation be avoided, 

the coating ingredient must be extremely soluble in the solvent used 

[112]. 

   The continuous solvent cast technique, the oldest method for 

making plastic films, was created more than a century ago in response to 

the demands of the then-emerging photography industry. After 1950, 

thermoplastic polymer new film extrusion techniques took over as the 

primary way to produce plastic films, and solvent cast technology's 

significance waned. Solvent cast technique is currently gaining more 

and more appeal for the creation of films with exceedingly high quality 

criteria.  

   Uniform thickness distribution, optimum optical purity, and 

incredibly minimal haze are some of this technology's benefits.  The 

films are very flat and dimensionally stable, and the optical orientation 

is practically isotropic. It is possible to prepare the cast film in-line with 
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an optical coating scheme. New materials and enhanced solvent casting 

and coating procedures have been developed as a result of the rapid 

expansion of new liquid crystal display applications.  

   The fundamental components of cast film production are described, 

and technical aspects of dope preparation, die design, casting support, 

film drying, and solvent recovery are covered. The main uses of films 

produced using various polymer/solvent combinations are outlined The 

last polymer layer. The resulting films are isotopically oriented and flat. 

If the basic components are soluble yet non  melting, this process can be 

used to create high-temperature resistant films. 

   However, this approach also has a few drawbacks. The solvent 

volatility has a significant impact on film formation. Less volatile 

solutions will take longer to evaporate, delaying the drying of the 

polymer layer in the process. Additionally, less volatile solvents have a 

tendency to leave more solvent residue in the finished film. This 

method's high energy and thus high expense are due to solvent recovery. 

Despite all drawbacks, solvent casting produces polymer films with 

superior properties than those made using other techniques [113]. Figure 

2.7 showed the solvent drying produce polymer film. 

Figure 2.7. Solvent drying to produce polymer film [113]. 
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2.13.2 Spin Coating 

Spin coating is a technique for creating thin films that evenly 

cover flat surfaces with organic compounds [114]. Figure 2.8 show the 

Stages of spin coating on substrate 

Figure 2.8: Stages of spin coating on substrate [114]. 

  The material is placed on the turntable in the first stage, after which 

the spin up and spin off stages take place sequentially while the 

evaporation stage continues the entire process. Utilizing centrifugal 

force, the applied solution on the turntable is dispersed. The layer thins 

as a result of fast rotation. The applied layer's drying process comes 

after this stage. 

   Rapid rotation makes it feasible for the solvent to evaporate 

uniformly. Low volatile components of the solution remain on the 

substrate's surface whereas high volatile components are evaporated or 

simply dried off the substrate.  

  The coating solution's viscosity and rotational speed regulate the 

thickness of the layer that is deposition [115]. 
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The size of the substrate is one of the key drawbacks of spin 

coating. High-speed spinning is more challenging as the size goes up 

because film thinning gets more challenging. There is virtually little 

material efficiency in spin coating. Typically, throughout the procedure, 

(95-98)% of the material is tossed off and disposed away, and just (2 -

5% of the material is dispensed onto the substrate [116]. 

2.13.3 Spray Coating 

Spray coating is used in industry to cover complex-shaped 

polymeric substrates [117]. Figure 2.9 show Spray coating on substrate 

Figure 2.9: Spray coating on substrate [114]. 

2.14 Trimethoxysilanes (TPTMS) 

   Trimethoxysilane (TPTMS) are employed for surface modification 

to generate hydrophilic surface qualities or to attach functionalities that 

may be further obtained by various typical organic coupling 

techniques[118].The reaction of the silane surface modifiers is more 

regulated but also more difficult than that of organic modifiers like 

carboxylic acids since it necessitates an activation phase through the 

hydrolysis of the alkoxy groups prior to binding to the surface  [119]. 
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   A solution of methanol (1.45 mol) in pentane (50 ml) was added to 

a solution of trichlorosilane (0.485 mol) in pentane(200 ml) that was 

constantly agitated at 0 °C in order to produce trimethoxysilane. A 

nitrogen flow is utilized to remove the generated HC1. The distillation 

of the combination provides 0.29 mol of trimethoxysilane with a boiling 

point of 87 ° C and a yield of 60%. At 0 degrees Celsius, triethoxysilane 

was produced by combining a solution of trichlorosilane (0.5 mol) in 

hexane (1000 ml) with solutions of ethanol (1.5 mol) and N, N-

diethylaniline (1.5 mol) in hexane (500 ml). Before filtration, the 

mixture is agitated continuously for 24 hours at room temperature. With 

a distillation yield of 78%, triethoxysilane has a boiling point of 131°C 

and a mass of 0.39 mol [120]. 

   Three-aminopropyl trimethoxy silane was added in varying 

quantities to change the Fe2O3 nanoparticles (APTMS). After adding 

different amounts of modified and unmodified nanoparticles to the 

polyurethane matrix, the mechanical characteristics of the resulting 

nanocomposites were examined.  

   The FTIR spectra and XPS investigations proved that APTMS was 

effectively grafted onto nanoparticle surfaces and formed chemical 

bonds with them. Furthermore, silane surface treatment of the 

nanoparticles considerably enhanced the mechanical properties of  the 

polyurethane coating. The greatest obvious improvement was brought 

about by changing the nanoparticles [121]. 

   On the properties of acrylic-based polyurethane/silica composites, 

the effects of surface modification of nanosilica particles with various 

silane coupling agents, such as methyltriethoxysilane (MTES), 

octyltriethoxysilane (OTES), Vinyl triethoxy silane (VTES), and 

methacryloxy propyl trimethoxy silane (MATMS), were examined. They 

noticed that the OTES and MTES modified nanosilica particles 
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dispersed uniformly in the polyurethane matrix when the organic 

coating on the nanoparticles was thicker. 

    They came to the conclusion that a key element in influencing the 

mechanical characteristics of polyurethane is the size of the silane 

chains. The addition of MTES and OTES surface modified nanoparticles 

reduced the coating's storage modulus because long-chain silane 

molecules were plasticized. This implies that the chemical composition 

and chain length of the silane coupling agents have a considerable 

impact on the properties of the nanoparticles in the coating matrix  [122]. 

 

2.15 Beeswax 

    At first, the only natural wax used in commerce was beeswax. The 

term "wax," which comes from the Old English word "weax," originally 

solely applied to the wax produced by the European honeybee Apis 

mellifera, but it started to be used for other natural compounds as early 

as the 19th century, including ozocerite, which had certain qualities 

similar to beeswax. Since ancient times, beeswax has been valued as a 

commodity. One early example is the inclusion of beeswax on the 9 th-

century Viking ship discovered at Oseberg Beeswax is being used in a 

variety of industrial, pharmaceutical, and medical applications [123]. 

    Making proper knowledge of its make-up crucial. Additionally, 

beeswax often costs roughly twice as much as vegetable waxes and 

eight times as much as petroleum wax, respectively [124]. 

    One of the most popular recycling methods for turning plastic trash 

into liquid or gaseous fuels is pyrolysis. However, the technique takes 

close attention and a lot of work. To save energy, polymethylene 

methacrylate (PMMA) is co-pyrolyzed with beeswax at a 1:1 ratio using 

a thermogravimetric analyzer (TGA). Beeswax considerably lowers the 
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reaction's activation energy when it is added to polymers. The 

thermodynamic parameters of the thermal breakdown of plastics are 

observed to be affected by the combination of beeswax. In comparison 

to similar waste plastics, the plastic and beeswax combination has a 

lower enthalpy value [125]. 

    Using a number of approaches, the mechanical characteristics of 

beeswax are determined and compared as a function of temperature. The 

coefficient of friction of beeswax is measured and compared to the 

coefficients of plasticine and Nylon 6–6. It is demonstrated that the 

frictional behavior of beeswax deviates and instead resembles that of a 

traditional soft, elastic polymer [126]. 

 

2.16 Tribology of Materials 

     Tribology may have been implied by the word tribos, which is Greek 

for "rubbing." It could depict both the engineering and the physics of 

surfaces interacting with one another through relative movement. In 

order to understand how surfaces, interact with one another and to 

prescribe improvements in a particular application, it may be necessary 

to examine the friction, grease, and wear for planning surfaces  [127]. 

    Tribology is a multidisciplinary field that includes mechanical 

engineering (particularly the study of wear resistance in relation to 

machine parts like gears, journals, and roller bearings), materials 

science, surface technology, coatings, surface topography research, and 

the science of lubricants and additives. When two surfaces  are brought 

into contact, the contact first forms at the asperities' greatest points, 

allowing the load to be sustained by asperities' deformation. As a result, 

the visible (or noticeable) zone of touch only makes up a small portion 

of the true (or real) region of contact [128]. 
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     The study of wear, friction, and lubrication is referred to as 

tribology. Systems exhibit wear and friction when the two solid bodies 

move in relation to one another. Wear and friction mostly cause a loss 

of energy and resources. Systems exhibit wear and friction when the two 

solid bodies move in relation to one another. Wear and friction mostly 

cause a loss of energy and resources [129]. 

 

2.17 Tribology of Polymer Nanocomposite 

    Because of their quick growth and superior tribological, mechanical, 

and corrosion qualities, polymers have frequently taken the place of 

numerous traditional metals sliding components. Due to the successful 

use of unfilled polymers in engineering, composite materials were 

created using polymers, allowing for the changing of characteristics by 

the addition of one or more reinforcing fillers. High hardness, strength, 

or elasticity are provided by the fillers, and a self-lubricating effect is 

added by the polymeric matrix  [130]. 

    Polymers are frequently thought of as a solid lubricant for materials, 

rather than just being employed in dry environments. Due to their ability 

to deliver very low wear rates and friction coefficients in a variety of 

operational circumstances with high dependability, polymers are 

frequently used as materials for dry or self-lubricating bearings and 

bushings [131]. 

  Due to their elasticity, ability to accommodate stress loading, 

minimal friction, and resistance to wear, polymers are being employed 

more often in tribological applications. To fit a specific purpose, 

polymers may be altered both on their surface and in their bulk using a 

variety of chemical and physical techniques. The ability to manage their 
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friction and wear characteristics made them appealing options and 

extremely promising materials for tribologists [132]. 

  Around the middle of the 1990s, the use of nano-particles in 

polymers for improving tribology performance was introduced, and this 

field has since grown fairly promising in terms of its potential for the 

future. The vast majority of the time, a polymer nanocomposite's 

superior mechanical capabilities depend on the filler's (nanoparticles or 

nanofibers) exceptionally large contact area with the matrix (a polymer). 

Higher interface results in greater phase bonding and, as a result, 

stronger and more durable characteristics than those of an empty 

polymer [133]. 

2.18 Friction 

  Every mechanical system that has pieces moving relative to one 

another has friction. In most mechanical applications, friction is 

detrimental, but in many other situations, it is crucial to ensuring the 

system's primary function [134]. 

  According to Figure 2.11, friction force is the opposing force 

tangential to the common boundary of two bodies when one body moves 

or tends to move in relation to the surface of the other under the 

influence of an external force. The coefficient of friction is the 

dimensionless ratio of the friction force (F) to the normal force (N) 

pushing the two bodies together [135]. 

μ = F/N …………... (1)  
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Figure 2.10: A Solid Body During Sliding [132]. 

2.19 Wear 

  Wear is damage to a solid surface that typically includes material 

loss that happens over time as a result of relative motion between 

surfaces of things that are in touch. It is simple to picture how the 

asperities would constantly slide on top of one another and eventually 

remove material. Even though one contact surface is significantly 

tougher than the other, wear still occurs and material will be lost from 

both [136]. 

  Wear is established on the chemical makeup and mechanical 

behavior of the contacting surfaces when contact occurs during rolling, 

sliding, or impact action. In reality, wear begins by altering the surface's 

qualities through contact [137]. 

As shown in figure 2.11 wear volume loss can be calculated from 

equation below: 

𝐕𝐨𝐥𝐮𝐦𝐞 𝐥𝐨𝐬𝐬, 𝐦𝐦³ =
𝐦𝐚𝐬𝐬 𝐥𝐨𝐬𝐬,𝐠

𝐝𝐞𝐧𝐬𝐢𝐭𝐲,𝐠/𝐜𝐦³
 × 𝟏𝟎𝟎𝟎 ………… (2) 

Figure 2.11: A simple tribo-mechanical system [138]. 
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2.19.1 Wear of Polymer Composite 

  Polymers are advantageous for several sliding scenarios because of 

their capacity to self-lubricate while gliding across metallic surfaces. 

Thus, polymer-metal sliding techniques may be used to achieve low 

friction coefficient of connected with reasonable wear resistance 

without the need of an outside grease.  

  The inclusion of other elements, such as inorganic particles 

composites like clays, fibers, and even particles of different polymers, 

can affect the characteristics of polymers. When filler particles are 

added to polymers, it frequently results in a better-bonded and more 

uniform transfer layer than when the polymer is left empty. This leads 

to increased wear resistance in the first scenario and lower wear 

resistance in the second scenario [139]. 

 

2.19.2 Wear test models 

It depends on the type of tribological loading being compared that 

determines which wear test is utilized in practice. Tribological loading 

examples include sliding, rolling, sliding while rolling, and oscillating sliding.  

When assessing the wear of plastics, sliding wear test methods, such as the 

pin-on-disc and block-on-ring tests, are widely employed. Figure 2.12 depicts 

the testing principles for the pin-on-disk and block-on-ring tests [140]. 

Figure 2.12: Test principles of (a) block-on-ring(b) pin-on-disk wear tests [140]. 
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Figure 2.13 depicts a fretting wear testing machine that may be used to 

analyze wear caused by vibrations. The counter body of this machine is 

typically ball-shaped and oscillates over the specimen being tested [140]. 

Figure 2.13: Testing principles of oscillating wear experiments [140]. 

2.20 Literature Review 

  Chau, et al. , [141], 2008 Described how to make a silica-PMMA 

nanocomposite. In an organic solvent, the surface-modified silica 

nanoparticles can be thoroughly mixed before being integrated into the 

polymer resin. The nano-composite demonstrated enhanced mechanical 

properties and may be used with other functional acrylic materials. 

According to DSC research, silica concentration rise along with the 

hybrids' glass transition temperature. In nanocomposite with 10 wt% 

silica content, good transparency (>90%) and hardness grade (>5H) are  

observed. 

  Jeon,  et al. , [142], 2008  CreatedFilms and hard coating for 

UV/thermal dual curing were created. The coated sols included 

nanoparticles modified with organosilanes (such as methacryloxy-

propyl trimethoxy silane, vinyl triethoxy silane, and 3-glycidoxy-

propyltrimethoxy silane). On poly(methyl methacrylate) substrates, hard 

coating films with pencil hardness over 8H and transparency above 90% 

in the visible light spectrum were created using this coating solution. 

Additionally, UV/thermal dual curing allowed for a speedy 35-minute 

cure of the coating solution at 100 °C. On the hardness and transparency 
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of the resultant films, the effects of the additive and initiator are 

detailed. 

  Gonçalves, et al. , [143] 2010 Graphene oxide, a novel two-

dimensional allotrope of carbon, is generating a lot of interest. The 

availability of large amounts of graphene (G) that can be easily 

processed by chemical exfoliation to produce graphene oxide is 

particularly alluring (GO). In this study. AFM, FTIR, and contact angle 

were used to describe the surface of the PMMA-grafted GO (GPMMA). 

The ability of these new nanocomposites to be uniformly disseminated 

in polymeric thick matrices and to foster strong interfacial adhesion, 

which is especially important in stress transmission to the fillers, is 

what makes them interesting.  

  The mechanical investigation of the resultant films demonstrated 

that loadings of GPMMA as low as 1 wt% are effective reinforcing 

agents, producing films that are even harder than pure PMMA films and 

composite films of PMMA made with GO. In point of fact, the addition 

of GPMMA fillers at a weight-to-weight ratio of 1 percent led to a 

considerable improvement in the elongation at break, which resulted in 

a material that was significantly more ductile and, as a result, more 

durable.  

  Kim,  et al. [144], 2011 examined the  tribological behavior of 

coatings made by directly casting PMMA-grafted-MWCNT 

nanocomposite materials onto metal surfaces was examined. To add the 

contact force, amino-functionalized MWCNTs were first covalently 

functionalized with PMMA. Due to robust interfacial contacts in the 

nanocomposite, PMMA-MWCNT had a greater dispersive capacity in  

polyimide matrix than pure MWCNT composite.  

  The maximum amount of PMMA-g-MWCNT that could be used was 

5 weight percent because too much MWCNT causes the nanocomposi tes 
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to be brittle and fragile. Dry circumstances were used to conduct sliding 

testing in ball-on-disk arrangements. A 12.7 mm steel ball was 

subjected to a normal contact force of 9.7 N, resulting in a Hertzian 

circular contact stress of 0.65 GPa. The sliding tests were conducted at a 

speed of 0.02 m/s until the coefficient of friction stabilized. In this 

investigation, the nanocomposite coating with 3 wt% MWCNT 

reinforcement was the most stable and had the lowest coefficient of 

friction. As a result of the formation of a thin, uniform friction film on 

the wear track during sliding, the conclusion that the friction film is 

essential for the nanocomposite coatings to exhibit a stable frictional 

behavior. 

  Gonçalves, et al.  [145], 2012  investigated that if functionalized 

carbon nanotubes (f-CNTs) and graphene oxide (GO) might be used as 

reinforcing agents for poly(methyl methacrylate) (PMMA) as a matrix. 

The results for changes in the mechanical characteristics that were 

measured for the reinforced composite (storage modulus, bending 

strength, and elastic modulus) were mixed. 

   The nanofiller functions as a scavenger of the radicals created 

during the polymerization reaction due to the delocalized bonds. 

Because of this, it hypothesize that this result is the result of each of the 

nanofillers preventing the polymerization process from occurring in the 

composite. In addition, it demonstrated that the mechanical 

characteristics of the GO-reinforced  containing 0.5 wt%  when the 

radical species concentration was doubled.  

  Yang,  et al. , [146], 2013 studied Functionalized reduced graphene 

oxide (RGO) was created by treating graphene oxide with dodecyl, 

octyl, and propyl trimethoxysilane and then reducing the result with 

hydrazine hydrate. The results showed that the alkyl groups were 
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effectively grafted onto the surface of RGO and that graphene's 

lipophilicity increased with the length of the alkylated chains.  

  By solution mixing, the RGO- was also introduced into the 

polypropylene matrix as a reinforcing element. The resultant 

nanocomposites showed a notable improvement in mechanical, thermal, 

and crystallinity properties. This study offers a fresh approach for 

enhancing graphene's solubility and dispersion in polymer matrixes.  

  Stojanović,  et al ,  [147], 2014  showed that melt compounding 

technique is used to create PMMA/silica nanocomposites with great 

optical transparency and improved mechanical characteristics. A 

methacryloxypropyltrimethoxy silane coupling agent was used to 

modify the surface of SiO2 particles in a supercritical carbon dioxide–

ethanol combination using a standard method.  

  The deagglomeration and dispersion of nano silica, which results in 

the ideal particle-matrix bonding in composites, are greatly influenced 

by the dispersion of silica nanoparticles in ethanol at low temperatures. 

Composites coated using the supercritical coating process and loaded 

with 5 wt% silica nanoparticles were found to have the best mechanical 

and optical qualities. 

  Kesong Hu , et al .[148], 2014  showed that flexible nanocomposites 

have been created as a result of the introduction of graphene-based 

nanomaterials for new applications requiring better mechanical, thermal, 

electrical, optical, and chemical performance. If correct structural and 

interfacial organization is accomplished, these nanocomposites 

demonstrate exceptional structural performance and multifunctional 

features by synergistically integrating the traits of both components. 

Here, it has been provide a brief overview of the materials used to 

create the graphene-polymer nanocomposites, their fundamental 
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interfacial interactions, and the accompanying theoretical models for 

predicting their mechanical properties.  

  Then, using the weak and strong interfacial contacts present in 

functionalized graphene sheets, we address several assembly approaches 

available for successfully inserting the strong and flexible graphene-

based components into polymer matrices. In addition to discussing 

mechanical performance, its provide a brief overview of the various 

physical (thermal, electrical, barrier, and optical) characteristics that are 

influenced by interfacial interactions and processing conditions.  

  Hu, et al. [149], 2014 investigate GO and grafted GO (rGOPDA-g-

PMMA) were employed to investigate the root cause of the improved 

mechanical properties of poly (vinyl chloride) (PVC). Dopamine was 

employed to reduce the quantity of GO while polydopamine was used to 

cover the GO surface .to synthesize rGO-PDA-g-PMMA, surface-

initiated atom transfer radical polymerization and mussel-inspired 

chemistry were combined.  

  The resulting derivatives were characterized by thermogravimetric 

analysis, Fourier transform infrared spectroscopy, X-ray diffraction, and 

Raman spectroscopy. Solution blending was employed to make PVC 

nanocomposites with GO derivatives, and casting was used to produce 

the nanocomposite films. The mechanical properties of the 

nanocomposites were investigated using tensile testing as well as 

dynamic mechanical thermal analysis. 

  Harb, et al. , [150], 2016  found that the surfaces of the films  

protective coatings based on PMMA–silica nanocomposites reinforced 

with carbon nanotubes were extremely smooth and that CNTs were 

dispersed uniformly in the nanocomposites. The nominal composition of 

the films was validated by X-ray photoelectron spectroscopy (XPS), and 

nuclear magnetic resonance demonstrated that CNT loading had no 
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effect on the connectivity of the silica network. Thermogravimetric 

analyses and mechanical testing showed that coatings containing CNTs 

had higher thermal stability, hardness, adhesion, and scratch resistance 

than coatings without CNTs did . 

  Al-Kawaz, et al. , [151], 2016 showed that the Carbon nanotubes 

(CNTs) may become more chemically compatible after chemical 

functionalization . (MWCNTs) functionalized with (PMMA) are created 

by “grafting from" in situ atom transfer radical polymerization it 

enables two factors are used to regulate the thickness of the polymer 

layer grafted onto MWCNTs: feeding ratio the volume fraction of the 

solvent to the ratio of MMA to MWCNT.  

  This study compared the impact of various PMMA-grafted-

MWCNT/PMMA, PMMA-grafted-MWNCT fillers incorporated into a 

PMMA matrix, and produced using a method for solution mixing. The 

tribological capabilities of 20 mm coatings of on PMMA, these 

nanocomposites were deposited. To keep the PMMA clear, the amount 

of embedded fillers is kept to a minimum. With an increase in the 

weight percent of polymer grafted to the surface of MWCNT, it was 

discovered that the coefficient of friction tended to decrease. 

Additionally, when the weight percentage of PMMA-coated MWCNT 

grew, the elastic modulus did as well. 

  Hang Hu , et al. [152], 2018 studied 3-glycidoxy-propyl trimethoxy 

silane (GPTMS), functionalized graphene oxide (FGO) was created. It 

was then incorporated into polysiloxane coatings to improve their 

mechanical properties, notably their scratch resistance, using sol -gel and 

epoxy/amino curing techniques. TEM, FTIR, and XPS provided 

evidence for the graphene oxide (GO) surface's functionalization. In 

comparison to GO, FGO was shown to be more compatible with and to 
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make a stronger contact with the polysiloxane matrix based on the 

microstructures that were seen using OM and SEM.  

  Using nanoindentation, macro scratch, and progressive load scratch 

tests, the mechanical performance of FGO/polysiloxane nanocomposite 

coatings was evaluated, revealing a considerable improvement over 

either pure polysiloxane or GO/polysiloxane coatings. Only 0.75 wt% of 

FGO is required to obtain a 40% increase in microhardness (233 MPa), 

an 83% improvement in scratch resistance (1100 g), and a 144% rise in 

1st scratch critical normal load (4.88N). In addition, elastic recovery and 

scratch damage morphology were studied to shed light on scratch 

behavior and the reinforcing process. 

  Nazri, et al. , [153] 2018 studied (GO) is well known for possessing a 

number of unique properties that are advantageous in a range of 

applications. it is produced by the graphite chemical oxidation. The 

GO's plane is joined by oxygen functional groups, setting it different 

from graphite and graphene's crystal structures. In this work, GO was 

produced utilizing a modified version of Hummers' method from natural 

graphite powder. Investigations were done into how different response 

durations, such as 24, 48, 72, and 96 hours, affected GO yields. 

   The results showed that different GO samples exhibited distinctive 

morphologies, attachments of functionalized groups, crystallinity, and 

UV-Vis absorption peaks A scanning electron microscope (SEM), 

Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction 

(XRD), and UV-Vis were used to analyze GO.  

  The surface of GO (48 hours) had a platelet-like appearance, 

according to the SEM results, as opposed to GO (72 hours), where wavy 

wrinkled and layered-flakes, as well as crumpled structures, were 

visible. Due to the extended oxidation duration, FTIR studies showed 

that there were more numerous oxygen-containing functional groups in 
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GO (96 hours) than GO (24 hours). Additionally, the GO absorption 

peak was seen at about 230 nm, and its strength increased with reaction 

time.  

  Loste, et al. , [154], 2019 found that  Incorporating inorganic 

nanoparticles into polymer matrix enhances their fascinating and 

complementary properties. Transparent polymer nanocomposites are 

important in many applications. To achieve high transparency in 

nanocomposites, the aggregation of nanoparticles that causes light 

scattering must be reduced.  

  This review introduces light scattering, refractive index 

modification, and transparency assessment methods for nanocomposites. 

Several aggregation-restraining approaches focus on creating 

transparent nanocomposites. Several strategies have been employed to 

govern polymerization, nanoparticle formation, and the polymer-

nanoparticle interface, together with polymer casting or processing. 

Optical characteristics of inorganic nanoparticles have gained  the 

greatest interest.  

  Polymer/nanoparticle systems are also reported for creating 

transparent polymer nanocomposites with advanced optical features, 

such as UV or IR filtering, photoluminescence, extreme refractive 

index, dichroism, or nonlinear optical properties. 

   Boussehel , [155], 2019 described how surface modification impacts 

polystyrene composites with olive pomace flour (OPF). First, the OPF 

was treated with 3-(Trimethoxysilyl)propyl methacrylate (TMSPMA). 

Composite samples were generated by mixing treated OPF with 

polystyrene (PS). The structural and property changes brought about by 

this treatment were seen and discussed using morphological, thermal, 

mechanical, and FTIR studies.  
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   As OPF concentration rose, composites' tensile strength and 

elongation at break reduced but their Young's modulus increased; silane 

coupling agent-prepared composites were more thermally stable than 

untreated composites; and OPF's surface modification by TMSPMA 

boosted filler-matrix interaction. 

  Shah, et al. , [156], 2020 (GO) is anticipated to significantly improve 

the permeability and selectivity for O2/N2 separation. In order to 

improve separation efficiency, GO functionalized with 3-

(Trimethoxysilyl)propyl methacrylate (TMOPMA) was utilized as an 

inorganic filler and inserted into a PVC/PAMPS based MMM. Different 

membrane compositions were created, and the combination of 0.5 g of 

PVC, 1.0 g of PAMPS, and 0.015 g of filler produced the optimum 

morphology. 

   SEM, EDS, FTIR, Raman, and XRD spectroscopy were used to 

analyze the produced membrane and inorganic filler . Additionally, gas 

permeation tests were conducted to determine how well the synthetic 

membrane separated O2/N2. At 5 bar pressures, the greatest 

permeabilities for O2 and N2 were 4097 and 3373 bar, respectively. With 

the rise in permeability, a tendency toward slow growth was seen for 

selectivity. The results showed a tendency toward improving selectivity 

when feed gas pressure increased along with the permeability of gases 

through the membrane. 

  Chathuranga, et al. [157], 2021 , studied that in many synthetic 

materials, strength and toughness have traditionally been seen as 

mutually incompatible qualities. This contradiction has been resolved in 

natural materials like nacre by tuning internal architecture at the 

nanoscale. In this study, a nanocomposite of graphene oxide (GO) and 

poly (methyl methacrylate) (PMMA) with a "brick and mortar" 

microstructure and improved interfacial strength is created. Tensile 
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strength and toughness are respectively 55% and 42% higher than those 

of traditional GO/PMMA nanocomposites, at 261 7 MPa and 5 0.2 MJ 

m3, respectively. The nanocomposite also exhibits remarkable wet -

environment stability. Consequently, this work enhanced mechanical 

characteristics. 

 2.25 Concluding Remarks 

     In previous studies, graphene or graphene oxide was used with the 

polymer as a reinforcing material, and the properties of the composite 

material were improved in terms of mechanical or thermal properties. 

Coatings were also made and strengthened using different fillings. In 

addition, the graphene oxide was improved and the results were 

compared before and after the improvement and its use in composite 

materials. Different methods of coating were used. 

    In the current work, a simple and inexpensive method of coating 

was used, which is the solution coating method. A composite coating of 

PMMA polymer was also made with a nano-based filler material, 

graphene oxide, and it was taken into account that the coating be 

transparent. Also, the filler was improved in terms of diffusivity and 

was modified with silane. Also, beeswax was used as a lubricant that 

helped spread the nano in the base material and improved flexibility.
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3.1 Introduction  

 This chapter includes: 

 1-Listing the used materials (PMMA, graphene oxide, silane, and 

beeswax) and mentioning their properties. 

2-Describeing the procedures used to prepare the substrates. 

3-The experimental procedure that followed to prepare the coating 

  4-Listing the required tests and the devices to evaluate thin films 

such as FTIR, DSC, SEM, Contact Angle, UV, Wear test, and Nano 

indentation. 

  The experimental component entails the synthesis and 

characterization of nanocomposite materials as well as the examination 

of the mechanical, structural, and tribological characteristics of 

thermoplastic poly (methyl methacrylate) PMMA and PMMA 

nanocomposite with (0.25%, 0.50%, and 1% wt.%) GO nanoparticles no 

modified. 

  PMMA with (0.25, 0.5, and 1 wt. %) GO modified nanoparticles  

with (1) wt. % GO modified nanoparticles with (0.1, 0.25, and 0.5) wt. 

% beeswax The characterization of nanoparticles includes the use of 

nanoindentation, SEM, and FTIR. Pin-on-disc sliding test used to 

determine tribological characteristics. The mechanical tests include 

those for hardness, pull off, elastic modulus, and scratch resistance. 

Optical properties are such as UV. 
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3.2 Work plan 

A work process has been chosen in order to accomplish the thesis' 

goal. Figure 3.1 presents experimental part and test. 

 

Figure 3.1: Flowchart of experimental part and tests. 
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3.3 Materials Used in this Study 

3.3.1 PMMA matrix 

  The Guangzhou Ideal Technology Co. Ltd./China offered kind of 

PMMA that was employed in this investigation has the characteristics 

listed in table 3.1 

Table 3.1: Properties of PMMA. 

Property Units Value 

Modulus of Elasticity GPa 3.5 

Glass Transition (Tg) °C 100 

Friction coefficient  0.78 

Density g/cm3 1.18  

  

3.3.2 Graphene oxide  

  Nanoparticles (GO) was used to reinforce the (PMMA) matrix. It 

supplied as a powder by (Platonic Nanotech /India). The 

characterization of GO is shown in Table 3.2 and Graphene oxide shown 

in Figure 3.2. 

                                Figure:3.2  Grapheneº oxideº 
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Table 3.2: Graphene oxide (GO) Nanoparticles 

Product name GO powder nanograde 

Appearnce Black powder 

Particle size 50-100 nm 

GO content ≥ 99 % 

                         

3.3.3 (Trimethoxysilyl)propyl methacrylate  (TMSPMA) 

   Silane (Trimethoxysilyl)propyl methacrylate (TMSPMA) is a 

hydrophobic compound. Silanes can significantly enhance thermoplastic 

and other materials wetting, compression, shear, mechanical, and wet 

electric characteristics. The acrylate's extra functional group makes 

TMSPMA's 98% purity. It was purchased from the local market. Its 

from ALDRICH company. Figure 3.2 shows the TMSPMA and 

TMSPMA structure. 

 

Figure 3.3: (a) (Trimethoxysilyl)propyl methacrylate structure [158] , (b) 

TMSPMA 

 

 

 

A B 
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3.3.4 Beeswax 

  The principal compounds' primary components include saturated and 

unsaturated monoesters, diesters, saturated and unsaturated 

hydrocarbons, free acids, and hydroxy polyesters. The chemical formula 

is C15H31COOC30H61. It was purchased at the local market. Figure 3.4 

shows the beeswax picture. 

                                         Figure 3.4: Beeswax              

3.3.5 Tetrahydrofuran (THF)  

 C2H4O were used as surfactant agent for PMMA \ PMMA with 

graphene oxide thin film preparation with the properties maintain in the 

Table (3.2)  

Table 3.2: THF Properties 

Property value 

Purity % 99 

Density 0.888 g/mL 

Boling Point 66°C 
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3.4 GO Modifications 

  The graphene oxide was modified with silane (Trimethoxysilanes) 

by dispersing 1.8 g of graphene oxide in 1.8 liters of deionized water 

and sonicating the solution for 30 minutes. The GO solution is added to 

the ethanol and silane solution and stirred at 70 °C for 2 hrs. Then 3 ml 

of hydrochloric acid (HCL) is slowly and carefully added to the solution 

and left on the sterilizer.  

  The solution was allowed to be cool, then filtered to get the 

modified graphene oxide (MGO) using a Buchner funnel as shown in 

Figure 3.8. The Buchner funnel technique consists of a funnel with filter 

paper at the top, a nozzle in the funnel via which a vacuum line is 

attached to extract the air, and then the solution is introduced to the 

funnel. Through the top filter, where the liquids are withdrawn to the 

funnel and the graphene particles remain trapped in the filter paper, the 

procedure takes place throughout the vacuum's work. 

 MGO was then removed from the filter paper and dried in an oven at 

80 Cº for four hours, resulting in an activated graphene oxide that was 

ready to use [54]Figure 3.9 shows the procedure of modified graphene 

oxide and the Buchner funnel. 
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Figure 3.8: GO Modification process 

Figure 3.9: (A) Modified of graphene oxide   (B) Buchner funnel 

3.5 Beeswax Extraction 

  The bees wax was extracted from the honey by first bringing the 

honey with the cells to be dissolved in an ethanol solvent and stirred at 

70 Cº for an hour, after which the bees wax was melted and honey 

dropped to the bottom because honey don’t dissolve in ethanol while the 

wax remaining on top. The wax was removed, and then the process was 

repeated. 

A B 



Chapter Three                                                   Experimental Part  

56 

 

  The same procedure was used to remove impurities and honey from 

the wax. After a day, the top layer of wax was removed and placed in a 

glass container, after which it was removed again and baked at 60 

degrees Celsius for two hours. It is then dried to remove the ethanol, 

and it is ready to use. 

Figure 3.10: Beeswax extraction 

3.6 Preparation of PMMA Nanocomposites 

In order to prepare the nanocomposite, the nano GO powder was 

dried at 100 °C for 2 hours under vacuum. The filler  was weighted in 

the required proportions and PMMA nanocomposite with (0.25, 0.5 and 

1) wt. % GO , (0.25, 0.5 and 1) wt. % GO modified and (1) wt.% GO 

modified  with (0.1,0.25,0.5) BW. The procedure for preparing PMMA 

nanocomposites consisting of the polymeric materials were carefully 

washed with alcohol to remove oils, dust, grease or any surface 

contaminants. 

   The material is in the form of particles. They were then weighed 

according to the appropriate proportions for mixing. Preparing PMMA 

Nano composite  with  PMMA particles weighing 10 g were dissolved in 

THF solvent with a volume of 5 ml and stirred for 4 hours to make the 

composite material. The GO  solution was prepared by dissolving the 

GO in 5 ml of THF as the solvent.  
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 The solution was then placed in a sonication dispersion device for 30 

minutes, and after that, the solution was included. An hour was then 

spent mixing the polymeric solution. After coating a glass, the solution 

was poured into the polymeric mold. The modified graphene oxide 

samples were made using the same procedure, but the graphene oxide 

was already modified when it was introduced. We'll go through how to 

modified graphene oxide in the next part. Beeswax was collected from 

honey for the addition, and the procedure for obtaining beeswax will be 

discussed in the future part. 

    After sonicating the modified graphene oxide in THF solvent for an 

hour, it was poured over the polymeric solution, added to beeswax, and 

left on the curtains for an hour. Then, it was poured into the polymer 

mold and the glass plate was coated. This procedure is repeated for each 

one of the samples . 

  PMMA containing (1) wt.% GO modified nanoparticles with (0.25, 

0.5, and 1) wt.% beeswax. The MGO was then blended with 

Tetrahydrofuran (THF) solvent and bees wax using an ultrasonic 

instrument at 30% of the total energy (1,200 w) for 30 minutes and 40 

°C to disperse the particle aggregates. Some activities were carried out 

before dumping the samples into the molds to prepare the mold for 

casting. To begin with, the samples were poured into two molds. The 

first was composed of Teflon polymeric material.  

   Because of the Teflon material is characterized as a hydrophobic 

substance, the material does not stick to it, and also because the spilled 

solution consisting of PMMA polymer does not interact with the mold 

and THF solvent, nanomaterials of graphene oxide, waxes, and 

lubricants, this mold was used for its advantages in the ease of 

extracting samples from the thin films from the mold. Glass plates were 
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utilized to coating the material on, and the molds were cleansed of dust 

and contaminating substances before pouring the material. 

   Before pouring the material, the molds were cleaned using acetone. 

The plates were also put on a flat surface before pouring to guarantee 

that the casting was exactly even in the mold. The application of a 

grading scale (the water balance) is a tool used by construction workers 

to check that the surface is level before the material is put into the 

molds. Molds as shown in Figures (3.7) 

  

 

 

 

                       

 

 

 

Figure 3.7: (A) Glass mold, (B) Teflon mold, (C) coating on glass mold , (D) 

coating on Teflon mold 

Table 3.4 Code Sample 

No. Code Sample Full Name 

1 PMMA Pure PMMA 

2 PMMA\GO 0.25 Pure PMMA\graphene oxide 0.25 wt% 

3 PMMA\GO 0.5 Pure PMMA\graphene oxide 0.5 wt% 

4 PMM\GO 1 Pure PMMA\graphene oxide 1 wt% 

A B 

C D 

A 



Chapter Three                                                   Experimental Part  

59 

 

5 PMMA\MGO 0.25 Pure PMMA\graphene oxide Modified 0.25 wt% 

6 PMMA\MGO 0.5 Pure PMMA\graphene oxide Modified 0.5 wt% 

7 PMMA\MGO 1 Pure PMMA\graphene oxide Modified 1 wt% 

8 PMMA  

\MGO\BW 0.1 

Pure PMMA\graphene oxide Modified 1 wt% 

\Bees Wax 0.1 wt % 

9 PMMA\MGO\BW 

0.25 

Pure PMMA\graphene oxide Modified 1 wt% 

\BeesWax 0.25 wt % 

10 PMMA 

\MGO\BW 0.5 

Pure PMMA\graphene oxide Modified 1 wt% 

\BeesWax 0.5 wt % 

11 GO graphene oxide 

12 MGO graphene oxide Modified 

13 PMMA\MGO\BW Pure PMMA\graphene oxide Modified 1 wt% \ 

Varity Wight percentage of beeswax 

 

3.7 Testes Devices 

3.7.1 Scanning Electron Microscopy (SEM) 

   The JEOL 6400F Field Emission Phonon used to examine the 

dispersion of GO, MGO nanoparticles in the PMMA matrix and 

MGO\BW in the matrix, as illustrated in Figure 3.11. This experiment 

was carried out by collecting the resulting material on 1 cm x 1 cm 

pieces of aluminum foil morphology of thin films according to (ASTM 

986-04).To minimize charge interruptions the samples were coated with 

a gold using gold-sputtering equipment Images were magnified from 

5,000 to 50,000 times their original size. sample. 
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Figure 3.11: The Scanning Electron Microscopy Machine.  

3.7.2 Infrared Fourier Transform Spectrometry (FTIR) 

   FTIR test is done by utilizing IR Affinity-1 Shimadzu –Japan 

Figure (3.12). To know the type of interaction between components and 

bonds types of it. A graph of transmittance against wave number 

produced by FTIR spectroscopy reveals the chemical structure.  This test 

carried out according to ASTM E1252 The appropriate material was 

determined by comparing this chart to the standard chart.        

 

 

 

 

 

 

   

Figure 3.12 : FTIR spectroscopy  analysis device 
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3.7.3 Wettability Test 

   Contact angle (Lablabs fitting mode) was used to evaluate the 

wettability of the nanocomposite samples using “SL200B Optical 

Dynamic / Static Contact Angle Meter” as shown in Figure (3.13) with a 

contact angle range of 0 to 180 . This device computes and compares the 

left and right contact angles, determines their average value, and 

provides a Real-time data graph enabling video recording of contact 

angle changes. 

 

 

 

 

 

Figure 3.13: Contact Angle Measurement Device. 

3.7.4 Pin-on-Disc Test 

   Figure 3.14 depicts the sliding test carried out on the pin-on-disc 

wear machine (ASTM G99). Under dry circumstances, the wear samples 

were evaluated. The pin specimen is 5 centimeters in length and 6 

millimeters in diameter. The counter face was comprised of steel 

carbide with a diameter of 35 mm that remained constant during all 

testing. The experiments were conducted at room temperature. During 

the test, the sliding time was 20 min, and the sliding rotations per 

minute rpm 300  m/s. 3 MPa was the nominal contact pressure. Before 

each test, a brand-new disc was utilized.  

   These tribological processes can be analyzed individually for 

polymers and chemicals. As illustrated in the following equation, The 
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friction coefficient (COF) may be calculated as the frictional force (Ff) 

divided by the normal load (FN). 

µ=
𝐅𝐟

𝐅𝐍
          (1) 

The deformation of fills reveals that adhesion, solid isotope 

crusts, and debris plowing between two surfaces are all examples of 

atomic-level mechanical interactions. Friction is significantly 

influenced by the shear technique and the rupture of the material 

surrounding the contact zone between the two surfaces.  

Wear rateº (W. R) = ΔW/ πD.N. t      gm/cm        (2)  

where: - D is the sliding circle diameter in cm, t is the sliding period 

in minutes, and N is the speed of the steel disc (rpm). 

 

1 2 3 
6 

5 4 

7 8 

Figure 3.15: Pin-on-Disc Sliding 

Machine. 
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 Table 3.3: Device Elements 

 

 

 

 

 

 

3.7.5 Nanoindentation 

   Nanoindentation is a great way to learn about mechanical property 

measurement at the nanoscale, including for things like ultra-hard 

coatings with very thin layers. The four types of mechanical 

deformation (elastic, plastic, viscous, and fracture) which are most 

commonly encountered during indentation testing are first considered. 

The initial nonlinearity beyond which the reaction can no longer be 

considered linear.  

   Hardness, or contact Hardness (Hc), is the standard unit of 

indentation plasticity; it is defined as the peak load (Pmax) divided by 

the contact area under load (Ac), Hc = Pmax/Ac. Instrumented 

indentation measurements can be taken immediately after thermal 

stabilization using the novel top surface referencing technique.  

    In addition to the modulus, the present approach may be utilized to 

determine the hardness of a material H. Using its conventional meaning, 

hardness: 
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  where A is the predicted hardness imprint area and P max is the 

maximum indentation force, hc total displacement h is represented as 

 

   where hc is the vertical distance along which contact is created and 

hs is the surface displacement at the edge of the contact (now known as 

the contact depth) which links Er to A and S to the observed contact 

area and modulus. 

   The slope of this line, which is determined by the derivative dP/dh 

at point (Pmax, hmax), indicates the surface's elastic stiffness and is 

denoted by the following equation: 

 

For the indenters (assuming perfect geometry), the contact º area 

Ac is given by:  

AC = 24.5º hc
2                 (6)             

hc = hmax − hs                     (7) 

The reduced elastic modulus is then obtained using the stiffness.

 

(3) 

(4) 

(5) 

(8) 
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Figure (3.17)  is a graphic depiction of data from an indentation 

experiment showing load vs indenter displacement. Peak indentation 

load is denoted by Pmax, indenter displacement is denoted by h m, dX, 

final contact impression depth is denoted by h f., and initial contact 

impression  

Figure. 3.17 Diagram of a segment through an indentation that shows the different 

amounts used in the analysis  

 

Figure 3.18 Indentation curve 
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3.7.6 Differential Scanning Calorimetry (DSC)  

  The test was done using a SH1MADZ-4 DSC-60 equipment in 

accordance with ASTM D3418-03 (Figure 3.18). The samples of pure 

materials (PMMA) and PMMA nano graphene oxide in powder form 

were analysed under nitrogen gas and a heating rate of 10 °C / min 

between 25 and 350 °C.  

 

        Figure 3.19 : Differential scanning calorimetry (DSC) device.  

3.7.7 Ultraviolet-visible spectrophotometer test  

   UV-Visible – CECIL 2700 computerized spectrophotometer used to 

assess the sample's optical characteristics. The sample is positioned in a 

certain location on the UV/VIS instrument. depicts the operating 

principle of a double beam spectrophotometer, which employs two 

beams of light: a reference beam and a beam that passes through the 

sample as a sampling beam. this test was done in Iraq and Iran .  Figure 

3.20 shows the principle of UV. 
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Figure 3.20 The principle of UV. 

3.7.8 Hardness (Micro Vickers Hardness) Test 

The hardness of PMMA and its nanocomposite were tested. Each 

hardness value is the mean of four independent samples.  The test is 

made according to ASTM standard C1327-90, using digital micro 

Vickers hardness tester (TH-717),at 0.5kg with a dwelling time of 15 

second. Vickers hardness is calculated using the following equation.   

Hv=1. 854 (P/d2)            (9) 

Where, Hv, is the Vickers hardness (MPa), P, load (N), d, diagonal 

length of the indentation impression (μ m) 

 

 

 

 

 

Figure 3.21 : Vickers   Device 
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3.7.9 Scratch Test 

Hardness is frequently used to determine a material's resistance to 

irreversible or plastic deformation. There are three different ways to 

quantify hardness. The material's capacity for being scratched, indented, 

and rebounding. The scratch hardness test measures the resistance of a 

material to scratches and abrasion caused by sharp object contact.The 

ISO 1518 standard is used to describes a method for determining how 

resistant a single coating or multi-coat system of paint, varnish, or a 

similar product is to penetration by the scratching with, a stylus loaded 

to a certain load. 

 Figure (3.23) show the Scratch Device and According to Figure 

(3.22) , the test sample's surface is exposed to a continuous normal force 

from the stylus, which creates the relative sliding motion that creates 

the scratch track. Only the front half of the indenter is completely 

supported by the material due to the dynamic nature of scratching; the 

back half is either only partly or not supported at all. The formula for 

universal scratch resistance is as follows    Hsp=
𝟒 𝒒 𝒑

𝝅 𝒘𝟐
                (10) 

   Hsp is considered the scratch of hardness, W stands for the measured 

scratch width, P represents the applied normal load, and q represents a 

factor ranging from 1 for elastic materials to 2 for plastic materials (q is 

considered to have a mean value of 1.5). Due to the fact that most 

polymers are naturally viscoelastic or viscoelastic in this study [54] 
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Figure 3.22 Scratch Tip 

Figure 3.23: Scratch Device 

3.7.10 Pull Off Test 

  Pull off automated coating adhesion meter included a "pull-off"-

style pulling head, was used to evaluate the adherence of the applied 

coatings. Pull-off measurements were taken three times on each 

specimen .The pull-off test's classification in accordance with this 

standard. The obtained samples' failure kinds are displayed. 

  When assessing coating adherence using a pull-off adhesion gauge, 

the pull-off test can be performed once a suitably prepared dolly has 

been attached to the prepared coating. 
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  When performing a pull-off test on a coating applied to a thin 

substrate, it is imperative to employ a thin substrate base ring or thin 

substrate skirt; otherwise, the applied force might distort the substrate 

and cause the coating to fail prematurely.  

  Bond testers are more advanced testing tools that can be used when 

higher precision is required. A bond tester provides more control and 

increased automation. This technology may also be used to assess direct 

tensile strength and/or adhesion between two layers. The test standard is 

ASTM D4541-22. Figure 3.24 explain Pull off sample and Figure 2.25 

pull-off Device. 

 

Figure 3.24 Pull off sample. 
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Figure 3.25: pull-off Device 

 

Pull off = F/A 

Where F is the applied force and A is the contact area.  
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4.1 Introduction  

This chapter presents the results obtained from the prepared 

samples. Tribological, mechanical and optical, properties of 

nanocomposite coating PMMA reinforced with different wight 

percentages of GO , MGO and MGO\BW hybrid. Studying the structure 

properties using FTIR, thermal properties by DSC, the mechanical 

properties for the prepared samples which included Hardness and Pull 

off, tribological properties including Wear test and Scratch test, optical 

properties using UV the Wettability properties using contact angel test , 

the morphological properties using SEM and elastic and viscoelastic 

behavior by using nanoindentation.  

 

Results And Discussion  

4.2 FTIR  
  Figure 4.1 showed that The FT-IR spectra of GO and MGO reveals a 

prominent peak at 3417 cm-1 as well as a number of peaks of lesser 

strength at, for GO band at 1622 cm-1  refers to the stretching vibration 

mode C=C for conjugated alkene structure, the stretching of carboxylic 

acid groups, a drop in the intensity of the peak at 3425 cm-1and a 

decrease in the intensity of the peak at 1636 cm-1 compering with MGO.  

  Form Figure (4.1), FTIR spectra demonstrate that MGO has not 

undergone any chemical reaction. GO has oxygen-containing functional 

groups, including hydroxyl (O-H), carbonyl (C-O), and C-O-C groups, 

which correspond to absorption peaks at 3400, 1636, and 1232 cm-1. The 

peak at 1625 cm-1represents GO's skeleton, while the peak at 1438 cm-1 

is due to the C-OH bending vibration [159]. GO  3400 cm-1 absorption 

peak becomes less pronounced after MGO alteration. 

  Figure (4.2) showed the distinctive peaks of the PMMA polymer and 

Graphene oxide films were determined. The peaks at 3442 and 1730 cm-
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1 related to the stretching vibrations of CH2 and C=O groups, whereas 

the peak at 2925 cm-1 corresponds to the asymmetrical stretching of C-H 

bonds in the CH3 group.  

  The asymmetric deformation vibration of methyl group is appeared 

around 1427 cm-1 and the C-O-C symmetrical stretching appeared at 

1150 cm -1. Band at 942 cm-1 is due to the C-O-CH3 rocking [160]. 

  FTIR was used to examine the molecular structure of (pure PMMA, 

PMMA\GO, PMMA\MGO and PMMA/MGO/BW) and to understand the 

bonds between Pure and composite materials. The 1148 cm-1peak is the 

C–O bond stretching vibration in C–O–C. 

   PMMA/GO reduces GO's C–O, C–O–C, and –OH FTIR peaks. GO 

network growth decreases C=O 1728 cm-1 FTIR peak. FTIR spectra of 

GO/PMMA and MGO/PMMA nanocomposite coatings demonstrate the 

appearance of two peaks at 2877 cm-1   indicates the formation of Si-O-

C bond [161]. 

  Beeswax has organic compounds. Figure 4.2 shows 

PMMA\MGO\BW FTIR spectrum. 1175 Cm-1relates to C=O stretching 

and CH bending of esters, whereas 1750 Cm-1 is due to C=O stretching 

of esters and free fatty acids Absence of a new peak in 

PMMA\MGO\BW FTIR spectra proved composite was a mix of two 

components [162]. 
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Figure 4.2: FTIR For PMMA, PMMA\GO 0.5 wt%  , PMMA\MGO 0.5wt % , PMMA\1 wt% 

MGO\BW 0.5 
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4.3 DSC Test 
  Figure (4.3) shows the DCS analysis of pure PMMA wich used to 

determine PMMA and PMMA nano-composites glass transition 

temperatures. The results showed that Neat PMMA has a Tg of 99 °C . 

this agree with [163] 

  Figure 4.4 is PMMA containing 0.25 wt% GO nanoparticles had a 

glass transition temperature (Tg) that was approximately 10 °C higher 

than that of pure PMMA. The Tg values for PMMA containing 1 wt% 

GO and 1 wt% MGO. were approximately 18 °C and 19 °C higher, 

respectively. 

  Because of the large specific surface area of nanoparticles and their 

homogeneous dispersion within the matrix, these particles are able to 

effectively act as nucleating agents, as shown in Figure 4.5 

Additionally, increasing in Tg can be attributed to the nanoparticle's 

occupation of a space in the PMMA lattice, which in turn restricts the 

mobility of chain diffusion. 

  So it is clear, that Tg values increased linearly from 99 Cº (for PMMA [164]. 

up to 117 Cº (for sample with 1 wt% MGO.) 19% . This increment in Tg give 

an indicator about the improvement of the mechanical properties of the 

prepared samples as well as the thermal stability and this agree with . When 

Graphene Oxide amounts increased within the composite structure, the steric 

hindrance increased, so the polymeric chain restricted and cannot be sliding 

above each other’s, which leads to increase Tg and this agree with [165]. 

Table 4.1 Tg for PMMA and it’s composites 

Sample Tg 

PMMA 98.61 oC 

PMMA\GO 0.25 wt% 109.96 oC 

PMMA\GO 1 wt% 116.53 oC 
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PMMA\MGO 1 wt% 117.58 oC 

PMMA\1 Wt% MGO\BW 

0.5 
107.72 oC 

 

 

 

 

 

 

 

 

                                        

 

                              Figure 4.4 DSC curve for PMMA\GO 0.25 wt% 

Figure 4.3 DSC curve For PMMA 

  

 

 

 

 
 

Figure 4.1 DSC Curve For PMMA\GO 0.25 Wt%  
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Figure 4.5  DSC Curve For PMMA\GO 1 Wt% 

 

 

Figure 4.6 DSC Curve For PMMA\MGO1 Wt% 

 

 

 

 

 

 

Figure 2.7 DSC Curve For PMMA\1 Wt% MGO\BW 
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4.4 Hardness Test  
    Material hardness is defined as the resistance of material against 

surface deformation caused by external load. The Vickers hardness test 

for PMMA nanocomposite is shown in Figure 4.8 The hardness of the 

PMMA increases with the increasing nanoparticles content addition. 

The measured values of the micro hardness with change in GO content  

the increase in GO content led to increase in density, and micro 

hardness from 11 to 18.4 HV.  

   Figure. (4.8) showed the hardness of the pure PMMA and PMMA 

reinforced with GO and MGO. the increase in GO and MGO content 

caused to increase of hardness value. The hardness value increased by 

96% for PMMA\GO 1 wt and  100% for PMMA\MGO 1wt%. Addition 

of wax led also to increase in hardness from (21.3) for 0 wt% wax to 

(23.7) 0.5 wt% beeswax as shown in Figure (4.9)  

    The addition of beeswax had a significant effect on the improvement 

of the dispersion of MGO, as well as the improvement of the mechanical 

properties of the resulting compound, as it improved the hardness by 

110   % in comparison with pure PMMA. 

 

Figure 4.8 Micro Hardness test For PMMA\GO And PMMA\MGO wt% 
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Figure 4.9 Micro Hardness test For PMMA\1 wt% MGO\BW (hybrid composite) 

 

4.5 Coefficient  of Friction  and Wear result 
  According to the findings, the friction coefficient reduced in a linear 

faction when the weight percentage of GO increased. Specifically, the 

coefficient of friction changes from 0.78 for pure PMMA to 0.68 for 

PMMA that had been reinforced with GO 1 wt %, as shown in Figure 

(4.10). This might be attributed to cleavage of graphene oxide layers 

which behave as a solid lubricant  

   As shown in Figure (4.10). addition of MGO can cause a significant 

reduction in friction coefficient of (PMMA/MGO) nanocomposite was 

decreased (from 0.78 to 0.67) and the coefficient of friction decreases as 

the MGO content increases.  
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                    Figure 4.10 Friction of Coefficient. For PMMA\GO And PMMA\MGO 

 

The presence of beeswax with the PMMA\1 % MGO 

nanocomposite leads to decrease in the coefficient of friction.  Beeswax 

plays a significant role in enhancing the dispersibility of MGO in 

PMMA matrix and also decrease the interfacial shear stress at contact 

zone which can reduce the coefficient of friction . 

 

                 Figure 4.11 Coefficient of Friction For PMMA\1 wt% MGO\BW 
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The wear rate losses of PMMA\GO and PMMA\MGO 

Nanocomposite decrease as the GO ,MGO content increases, and this 

behavior is related to the role of GO and MGO as a solid lubricant. GO 

and MGO maybe decreased the interfacial shear stress at the contact 

zone. Figure 4.12 showed (0.25%, 0.50%, and 1%) GO and MGO 

PMMA. GO can enhance the wear resistance when sliding. GO 

nanoparticles worked as a solid lubricant on the.samples surface during 

testing, and their resistance to rubbing during sliding decreased wear 

volume loss. The wear rate decreased by 58% for PMMA\GO 1 wt % 

and decreased by 69% for PMMA\MGO 1 wt% as compered for pure 

PMMA.  

The inclusion of nanofillers and wax increases the wear resistance 

of PMMA because the GO and MGO nanoparticles operate as a barrier 

material that prevents the PMMA matrix large-scale fragmentation due 

to the mean contact pressure. Due to the composites' limited thermal 

conductivity, produced heat localizes and softens the contact surface. 

Consequently, the shear strength of the interfacial surface layer required 

for the sliding technique would be drastically reduced.  

  Figure 4.13 shows the greatest reduction in wear volume correlates 

to the decrease in friction coefficient seen in PMMA nanocomposites 

(0.5 wt.%) beeswax by 34% for PMMA\MGO 1wt%  which has the 

lowest wear volume. This reduction in friction coefficient and wear 

volume was a result of the ultrafine GO nanoparticles partially 

smoothing the counterpace. Also, lubricating wax increases in  addition 

of wax reduce the rate of wear since wax acts as a lubricant. 
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Figure 4.12 Wear rate for PMMA\GO and PMMA\MGO wt % 
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Figure 4.13 Wear rate for PMMA\1 wt% MGO\BW wt %   
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4.6 Pull Off Test  
Pull off adhesion testing is widely used to assess the protection 

coating process. The pull-off strength of manufactured coatings is 

displayed in Figures 4.14 and 4.15 along with the most common kind of 

failure. The coating detachment from the surface of glass substrate 

completely in the form of adhesive failure (coting\ substrate interfacial) 

There is no significant increasing in the adhesive strength with 

increasing the wight percentage of GO in the composite, also the result 

showed that the nanocomposite with MGO of increasing the brittleness 

of the resultant coating which can decrease the adhesive bond with glass 

substrate. The pull-off strength of coatings reinforced with beeswax was 

the lowest of any of the coating types tested, even lower than that of 

unreinforced coatings.  

 

Figure 4.14 Pull Of test for PMMA\GO And PMMA\MGO 
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         Figure 4.15 Pull Of test for PMMA\GO , PMMA\MGO , PMMA\MGO\BW 

 

4.7 Contact Angel Test  

Measuring the contact angle of the finished coating the wettability 

of the coating was assessed. This test was carried out with distilled 

water at (30 °C), where the contact angle measured after 30s.Figure 4.16 

shows the representative images of contact angels on the pure PMMA 

and its composites. 

  The water droplets were rapidly absorbed on the neat PMMA surface 

data which was taken every ten second, while these droplets on the 

PMMA\MGO nanocomposites still possessed relatively slightly 

incrassating contact angle at the same time. It can be seen that the 

contact angle increased with more MGO nanoparticles addition, 

PMMA\MGO. while there is slightly decrasing with additon of GO 

without modification because GO is a haydrophilc  
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Silane coupling agent is a hydrophobic compound and this agree with 

[166]. 

  Measurements of the contact angle are used to assess the surface 

attributes of a composite coating made of PMMA and beeswax that 

contains 0.1 weight percent of MGO.  

Figure 4.16 displays the findings that were gathered from the 

experiment. This is indicated by the contact angle value of the 

PMMA\MGO\BW 0.5 has (93°) composites in comparison to the pure 

PMMA coating (68°) there is increasing 37% in contact angel.  This can 

be attributed to the addition of an optimal amount of GO nanoparticles  

.All samples using a solid lubricant increased the contact angle. It has 

been discovered that beeswax samples had a high contact angle with 

water. 

Beeswax is considered to be the most hydrophobic natural 

substances due to a high content in esters of long-chain fatty alcohols 

and acids, as well as long-chain alkanes[167]. 

 

 

Test after 30 second 

PMMA PMMA\GO 0.25 PMMA\GO 0.5 
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PMMA\GO 1 PMMA\MGO 0.25 PMMA\MGO 0.5 

 

PMMA\MGO 1 PMMA\MGO\BW 0.1 PMMA\MGO\BW 

0.25 

PMMA\MGO\BW 0.5 

Figure 4.16 Contact angle of pure PMMA and it’s composites (PMMMA\GO , 

PMMA\MGO, PMMA\1 wt% MGO\BW) 

 

Table 4.2 Contact Angel CAV 

Samples Contact Angel (CAV) 

PMMA 68º 

PMMA\GO 0.25 66 º 

PMMA\GO 0.5 65 º 
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PMMA\GO 1 61 º 

PMMA\MGO 0.25 72 º 

PMMA\MGO 0.5 75 º 

PMMA\MGO 1 79 º 

PMMA\1 wt% MGO\BW 0.1 84 º 

PMMA\1 wt %MGO \BW 0.25 88 º 

PMMA\1 wt % MGO\BW 0.5 94 º 

 

4.8 Scratch test 
Addition of GO and MGO to PMMA can enhanced scratch 

hardness to 23% and 32% respectively under 0.5 kg probe load as a 

comparing with pure PMMA. Materials with suitable value of hardness, 

elastic modules have high scratch hardness as shown in Table 4.3 . It 

seems that with increasing GO and MGO wight percentage the plastic 

deformation was reduced. 

  PMMA reinforced with GO and MGO showed a scratch resistance 

more than pure PMMA. Addition silane coupling agent can Surface 

modifications for GO it enhance dispersibility and interfacial 

interactions between the nanofiller and the matrix due to efficient load 

transfer using silane, which was responsible for the improvement of 

several mechanical properties, and this agree with [168] increase in 

hardness and corresponding enhancement on scratch resistance. 

   The presence beeswax can reduce the coefficient of friction due to 

the decreasing of the interfacial shear stress in the contact zone which 

can increase the scratch resistance. For PMMA\1 wt% MGO\BW were 

the scratch hardness improved by 68% relative to pure PMMA with 
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increasing wight percentage of beeswax as shown in Figure 4.17 and 

Table 4.3 

  The ability of a polymer coating to resist scratches is contingent 

upon a number of parameters, including the coating's hardness, 

mechanical qualities, chain segment structure, dispersion of fillers, and 

processing [169, 170]. 

Table 4.3 Scratch hardness for PMMA and its composite (PMMA, PMMA\GO, 

PMMA\MGO, PMMA\MGO\BW) 

Sample 
Scratch hardness value 

(MPa) 

Pure PMMA 0.0119 

PMMA\GO 0.25 wt% 0.0127 

PMMA\GO 0.5 wt% 0.0136 

PMMA\GO 1 wt% 0.0146 

PMMA\MGO 0.25 wt% 0.0136 

PMMA\MGO 0.5 wt% 0.0146 

PMMA\MGO 1 wt% 0.0157 

PMMA\MGO\BW 0.1 wt% 0.0169 

PMMA\MGO\BW 0.25 wt% 0.0183 

PMMA\MGO\BW 0.5 wt% 0.0199 
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Scratch  

PMMA 

 

PMMA\GO 0.25 Wt% 

PMMA\GO 0.5 Wt% 

 

PMMA\GO 1 Wt% 

 

Figure 4.17 Optical images for Scratch hardness for PMMA\GO 
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Scratch 

PMMA 

 

PMMA\MGO 0.25 Wt% 

PMMA\MGO 0.5 Wt% 

 

PMMA\MGO 1 Wt% 

 

 

 

 

Figure 4.18 Optical images for Scratch hardness for PMMA\MGO 
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Scratch 

PMMA\MGO\BW 0 Wt%  PMMA\MGO\BW 0.1 Wt% 

 PMMA\MGO\BW 0.25 Wt%  PMMA\MGO\BW 0.5 Wt% 

  

 

 

 

 

 

Figure 4.19 Optical images for Scratch hardness for PMMA\MGO\BW 
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4.9 UV-Vis and Absorption Spectroscopy Result 
    Absorption of the produced samples is illustrated in Figure 4.20 for 

the ultraviolet, visible, and infrared areas of the electromagnetic 

spectrum. The inclusion of graphene oxide created changes in the 

electrical energy levels that were present within the structure of the 

polymeric composite material, as demonstrated by the fact that 

absorbency increased with increasing graphene oxide concentration in 

the UV area. 

    These modifications make it possible for the structures to capture 

potentially dangerous UV radiation and release it as innocuous heat 

instead of letting it pass through. This is a beneficial advantage which 

highlights that the composite films have the potential to avoid the 

hazards of UV-degradation and remain in operation for extended periods 

of time. 

     The same pattern of behavior is observed in the visible area (400-800 

nm), where the absorbance rose linearly with the amount of graphene 

oxide present, albeit at lower intensities. This is due to the fact that the 

radiations which are present in the VIS area have lower energy and 

longer wavelengths. Additionally, it can be seen that the absorbance 

throughout the VIS area is relatively constant. This indicates that the 

prepared films absorb all of the colors that fall within this range at the  

same rate. Additionally, the combination of graphene oxide and wax 

improved the absorbency in the infrared region, which made it possible 

to identify the chemical functional groups.  

    This indicates that the vibrational and rotational motions of the 

molecules included inside the composite structures were altered as a 

direct result of the presence of graphene. And this is in accordance with  

[171]. 
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Figure 4.20 UV Absorption 

Transmittance decreases with graphene oxide concentration 

(Figure 4.21). PMMA\GO nanocomposite absorbs UV light between 250 

nm and 400 nm, according to UV–Vis spectrum. GO blocks UV and 

provides UV-shielding. On increasing wt% of GO nanoflakes, UV 

transmittance reduced without impacting visible range transparency. 

Adding wax to the composite likewise lowered transparency. 

Transparency fell from 92% of the very transparent PMMA polymer to 

72% of the polymer reinforced with 0.1wt% graphene oxide and 0.5wt% 

wax, which is acceptable within the visibility range. 
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Figure 4.21 UV-VIS Test for All Samples 

4.10 Scanning Electron Microscope (SEM) 
  Scanning electron microscope (SEM) is used to show the 

morphology and nanoparticle distribution in the polymer matrix (Figure  

4.22) it clear that GO nanoparticles are well dispersed through the 

PMMA matrix and there is a little agglomeration of the nanoparticles in 

the structure of the polymer”. 

  It can be observed also, in low content GO (0.25 and 0.5%) particles 

are dispersed homogeneously inside the PMMA matrix with a very few 

agglomerates. On the other hand, when the filler content increased (1%) 

agglomeration increased with a reasonable proportion of particles 

distributed at the nanoscale. As it was observed during sample 

fabrication, the matrix viscosity significantly increased as nanopart icle 

concentration increased. Further increases in GO produce an increase in 

the brittleness of the PMMA matrix. 
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    Additionally, low content MGO (0.5 and 1%) particles are seen to be 

uniformly dispersed within the PMMA matrix with very few 

agglomerates. On the other hand, agglomeration increased with a 

reasonable proportion of particles distributed at the nanoscale as the 

filler content increased (1%) in the sample. The matrix viscosity 

significantly increased as the nanoparticle concentration increased, as 

was seen during sample fabrication. The brittleness of the PMMA 

matrix increases as GO continues to rise. 

  The use of hybrid filler (MGO 1wt% with a variety weight 

percentage of beeswax) had a clear effect in improving the dispersibility 

of the MGO within the PMMA matrix, which led to a change in the 

fracture behavior of the surface from plastic deformation to a more 

elastic behavior. The surface of the MGO was encapsulated with 

beeswax which ensured that it was completely covered with PMMA 

matrix, it is abundantly evident that the proportion of wax that was most 

successful was 0.5 percent. This resulted in an improvement in the 

mechanical performance of the composite that was created, in addition 

to an improvement in both the elastic and viscoelastic recovery. 



Chapter Four                                           Results and Discussions  

 

96 

 

 
 

  



Chapter Four                                           Results and Discussions  

 

97 

 

  

  4.11: Nano Indention Test:  
   Nanoindentation is one technique that may be applied to the process     

of determining the mechanical properties of coating layer [172].  

  Indentation load versus depth graphs may be used to determine a 

material's hardness as well as its elastic modulus. Indentation depths, 

that are less at a given force, are indicative of a material's enhanced 

hardness.  

  The indentation unloading response can be determined by the 

material's elastic modulus. Initial unloading slope is used to measure the 

elastic modulus of a material; slopes that are steeper indicate that the 

material is more rigid. According to the load–depth curves, GO causes 

an increase in both the hardness and elastic modulus of PMMA. 

   The indentor and flexure setups that were utilized to determine the 

elastic modulus. There is increase in hardness by 86% for PMMA\GO 1 

Figure 4.22 SEM Image for pure PMMA and its 

composite (PMMA , PMMA\MGO 0.5 , PMMA\GO 1 , 

PMMA\MGO 1 , PMMA\MGO\BW 0.1 , 

PMMA\MGO\BW 0.5) 
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wt% and 93% for PMMA\MGO wt% in compering with pure PMMA 

and after addition of beeswax the improving in hardness by 120 %  for 

PMMA\MG\BW 0.5 wt% compering with pure PMMA. 

 

Figure 4.23 Hardness for PMMA\GO 

 

Figure 4.23 Hardness for PMMA\MGO 
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                                          Figure 4.24  Hardness for PMMA\MGO\BW 

Figure 4.25 illustrates the elastic modulus of PMMA as well as the 

nanocomposites made from it. The addition of GO nanoparticles leads to 

an increase in the material's elastic modulus. The increase in the 

composites' modulus is a reflection of the stress that has been 

transferred from the PMMA matrix to the high-modulus GO that has 

been embedded. For this reason, it is preferable to have high interfacial 

adhesion between the PMMA and the GO in order to stiffen the 

composite.  

  Figure 4.26 and 4.27 showed the elastic modulus of  PMMA\MGO 

and PMMA\MGO\BW as well as the nanocomposites made from it. The 

addition of MGO nanoparticles leads to an increase in the material's 

elastic modulus also the addition of bees wax can make better  

distribution for MGO and bees wax increase the recovery of mater ial.  

    The increase in the composites' modulus is a reflection of the stress 

that has been transferred from the PMMA matrix to the high-modulus 

MGO and PMMA\MGO\BW that has been embedded. For this reason, it 
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is preferable to have high interfacial adhesion between the PMMA and 

the MGO in order to stiffen the composite  

   According to the adhesive theory of wear, the level of wear 

resistance has a one-to-one correspondence with the elastic modulus. 

The true area of contact is reduced when there is a high elastic modulus, 

which leads to low adhesion and wear. For PMMA\MGO , the result 

showed that there is also increasing. For addition of wax ,young 

modulus is also increased. 

 

 

 

Figure 4.23Youngs Modulus For PMMA\GO 
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Figure 4.24 Youngs Modulus For PMMA\MGO 

 

 

Figure 4.25Youngs Modulus For PMMA\MGO\BW 
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                      Figure 4.26 Nanoindentation load–displacement curve For PMMA 

Figure. 4.29 compares nanoindentation load–displacement curves 

generated on pure PMMA and PMMA/GO films. viscoelastic 

contribution and confirm that Oliver–Pharr model may be used to 

analyze elastic behavior during unloading. Loading and unloading 

curves showed no discontinuities or steps, suggesting homogenous GO 

dispersion and no indentation fractures.  

  Pure PMMA has the lowest indentation force resistance and deepest 

indentation. The PMMA/GO nanocomposite films' load–displacement 

curves are all moved to the left, demonstrating that the layered structure 

increases load resistance. PMMA\1 wt%MGO\BW 0.5 is good for 

PMMA to increase indent resistance. Figure. 4.31 shows the indentation 

hardness and elastic modulus for MGO and beeswax increases PMMA 

elastic modulus and hardness. PMMA\MGO\BW 0.5 wt% elastic 

modulus and hardness are 28.3% and 90% higher than pure PMMA this 

agrees with [173]. 
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Figure 4.29 Nanoindentation load–displacement curve For PMMA And 

PMMA\GO 

 

Figure 4.30 Nanoindentation load–displacement curve For PMMA And 

PMMA\MGO 
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Figure 4.31 Nanoindentation load–displacement curve for PMMA\MGO\BW 

 

Figure 4.32 Nanoindentation load–displacement curve for samples 
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    Through Table 4.4, Figures 4.29, 4.30, and 4.31 show that the 

elastic area increases with an increase in the percentage of GO, 

MGO, and BW as well as for the viscoelastic area, while the plastic 

area decreases with an increase in the percentage of GO, MGO, and 

BW. This results in good mechanical properties for the coating in 

addition to improving its surface properties. 

 

Table 4.4 Plastic, elastic and viscoelastic behavior for PMMA and 

 its composite. 

Sample Elastic 

Percentage% 

Viscoelastic 

Percentage% 

Plastic         

Percentage% 

PMMA 0.178 0.089 0.731 

PMMA\GO 0.25 0.238 0.128 0.632 

PMMA\GO 0.5 0.248 0.139 0.612 

PMMA\GO 1 0.263 0.156 0.581 

PMMA\MGO  0.25 0.226 0.131 0.627 

PMMA\MGO  0.5 0.251 0.137 0.604 

PMMA\MGO  1 0.269 0.159 0.572 

PMMA\MGO\BW 0.1 0.274 0.171 0.565 

PMMA\MGO\BW 0.25 0.278 0.179 0.553 

PMMA\MGO \BW 0.5 0.284 0.187 0.539 
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5.1 Conclusions 

The results of this investigation led to the following conclusion:  

1- FTIR results proved, there are just physical interactions but no 

chemical reactions; interaction, can enhance the desperation and the 

stability of GO in the nanocomposite. 

2- DSC testing, show a rise in Tg with the increasing GO and MGO 

content. DSC tests are suggestive of the fact that the composite 

(PMMA/GO, PMMA\MGO, PMMA\MGO\ BW) are good 

compatible composite and the result showed that there is 

improvement in Tg with increasing of GO and MGO content.  

3- The Hardness shows improvement with the increasing of GO and 

MGO nanoparticles and BW. PMMA\MGO\BW 0.5 showed 

increasing in hardness about 110% compere with pure PMMA. 

4-  Pull off showed adhesive frailer for all sample and shows increasing 

with addition of GO content but a little decreasing with addition of 

MGO and BW. 

5- Tribological properties include wear and scratch tests. The Wear rate 

of PMMA was greatly improved with the inclusion of GO and MGO 

nanoparticles and BW. PMMA\MGO\BW 0.5 showed increase in 

wear rate by 77% compering with pure PMMA. Friction coefficient 

showed decreasing by 35% for PMMA\MGO\BW 0.5 compering 

with pure PMMA. Scratch test shows improvement in scratch 

hardness with increasing of GO and MGO and with addition of BW 

PMMA\MGO\BW 0.5 shows increasing by 42% in scratch hardness 

compering with pure PMMA. 

6- UV‐ VIS Spectroscopy showed that the prepared films have an 

absorption in the range 300-900 and the highest absorption in the 

range 300-400, adding GO and MGO increased the absorbance while 
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the transmittance decreased. PMMA\MGO\BW 0.5 showed 

decreasing in transparency by 19% compering with pure PMMA. 

7- Contact angel showed that there is no much change with addition of 

GO. because of GO is a hydrophilic. and with addition of MGO the 

resultant showed a little increasing in contact angel and with 

addition of BW shows the highest contact angel and change to 

hydrophobic coating change from 68° for pure PMMA to 94° for 

PMMA\MGO\BW 0.5. 

8- The microstructure analysis (SEM) of the GO, MGO nanoparticles in 

the PMMA matrix revealed excellent dispersion and little 

agglomeration due to increasing GO. PMMA\MGO\BW had good 

coating morphology than other samples. 

9- Nano indentation results show that there is increasing in hardness 

by 120 % for PMMA\MGO\BW 0.5 compere with pure PMMA. 

and the elastic modules increase by 31% for PMMA\MGO\BW 0.5 

compere with pure PMMA. Also, for same sample above the 

plastic response decreased by 27 %. 

5.2 Recommendations  

The following suggestions for more research in this area could be 

helpful: 

1- Studying the effects on tribology of the interaction of SiO 2 

nanoparticles and other nanoparticles with PMMA. 

2- Examining the tribological properties of several high-

performance thermoplastic nanomaterials, such as polyether ether 

ketone (PEEK) and GO. 

3- Making blend of two polymers like PET and PMMA 

4- Using different coating method, such as spin coating and spry 

coating. 
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 الخلاصة 
 

تحضير    العمل  هذا  بوليمري    ودراسة  يتضمن  خصائص    شفاف  طلاء  له 

الميكانيكية  الخصائص  تحسين    ، ذلك  إلى  بالإضافة  جيدة.  للطللاء     ترايبولوجية 

يكون  لذالك  امتصاص    المقوى الطلاء    بالاضافة  على  القدرة  لديه  النانوية  بالجسيمات 

 الأشعة فوق البنفسجية مع الحفاظ على الشفافية. 

مقاومة  ان      سلوك  لتعزيز  الاحتكاك  معامل  شاشات    البلى تقليل  لتطبيقات  للطلاء 

السيارة   مصابيح  لأغطية  الافتراضي  العمر  زيادة  أيضًا  والكمبيوتر  المحمول  الهاتف 

 والزجاج والنوافذ البلاستيكية وطلاء الخلايا الشمسية. 

لإنشاء  وقد   بالمحلول  الصب  تقنية  استخدام  المركب تم  من    الطلاء  المصنوع  النانوي 

كما   والبوليمر.  الجرافين  والميكانيكية  أكسيد  الترايبولوجية  الخصائص  اختبار  تم 

النانوية   . بالإضافة إلى  الج المع   GOو    GOلاضافة اكسيد الجرافين وتأثير الجسيمات 

والبنية    ، الميكانيكية  الخصائص  على  العسل  شمع  إضافة  تأثير  فحص  تم   ، ذلك 

 (.  PMMAالمجهرية ، والترايبولوجية لـ ) 

إنشاء       ما   مركب   طلاء تم  جسيمات    PMMAدة  من  النانوية    MGOو    GOمع 

وزن  )   ية بنسب  عينات    %   ( 1،    0.5،    0.25،    0مختلفة  تحضير  تم  طلاء  ال وكذلك 

بنسب وزنية     MGO% من    1بنسب اضافة   العسل  نسب وزنية مختلفة من شمع  مع 

 (0.1 ,0.25,0.5    % وزنية  إجراء  نسبة  تم  النانو    حيث   الفحوصات .  توزيع  تقييم  تم 

)   نوع و  الإلكتروني  المجهري  الفحص  طرق  باستخدام  فحص  وقد  (.  SEMالكسر  تم 

( كما  FTIRوطلاء المركب النانوي باستخدام طريقة )   PMMAالتركيب الكيميائي لـ  

الصلا  اختبارات  إجراء    Nanoindentationو    UVو    DSCو    FTIR  و   ة د تم 

ا   الترطيب   فحص  و  الاحتكاك  للعينات.    ق لالتصا واختبارات  ومعامل  والبلا  والصلادة 

إضافة الجسيمات النانوية    ومع   PMMA    لطلاء تم فحص الخصائص الميكانيكية  وقد  . 

   للتحقق من العلاقة بين السلوك الترايبولوجي والسلوك الميكانيكي. . 

جسيما    إدراج  أن  النتائج  تحسين    GOو  MGO    ت أظهرت  إلى  أدى  النانوية 

الميكانيكية  . PMMA    خواص طلاء  الخواص  تحسين  دور في  العسل  لشمع  كان  كذلك 

البلى تم العثور على    والترايبولوجية  للطلاء.    للطلاء المركب ومعامل الاحتكاك    معدل 

PMMA  ب ـ الخاصة  تلك  من  بكثير  انخفض   PMMA  طلاء   أقل    معامل   النقي. 



 

 

 

وان هذه العينة     PMMA\1% wt MGO\BW 0.5  ة لعينة بلنسب   % 26بنسبة  الاحتكاك  

 ومعامل احتكاك.   بلى معدل    لها اقل

ا لبيانات البنية ال    بالموجات فوق الصوتية دور مهم في    معالجة ، كان لل مجهرية وفقً

النانوية.   الجسيمات  تكتل  وتقليل  ممتاز  تشتت  قد  تحقيق  انه  تحسن  كما  هناك  كان 

ال  نتائج  ،    خواص ملحوظ ، كما يتضح من  المرونة  الميكانيكية مثل الصلابة ، ومعامل 

إل لتصاق والا  أدى  العسل  شمع  إضافة  أن  إلى  البلل   قابلية  اختبارات  نتائج  تشير  ى  . 

 .   PMMAتحسين مقاومة البلل لمادة  

فوق  UV وبين فحص     الاشعة  امتصاص  على  اوكسايد ساعد  الجرافين  اضافة  ان 

نسبة    المركب.   PMMA  البنفسجية لطلاء   قلت مع زيادة  قد  الشفافية  ان  اوكسايد  كما 

بنسبة  تم تحسين الصلابة    قد رز( ف وبلنسبة لاختبار الصلادة )فك . الجرافين وشمع العسل  

معامل المرونة بنسبة    كذلك تم تحسين  . PMMA\1% wt MGO\BW 0.5% لعينة  55

لـ  20بحوالي    gTزاد    ،. BW 0.5 \1% Wt MGO\PMMAلعينة    ٪  38 بالنسبة   ٪

PMMA \ MGO 1   مع    بالمقارنةPMMA   .النقي



 

 

 

 وزارة التعليم العالي والبحث العلمي 

 ــــــــــــل ـــــــ ـجامعــــــــــــــة بابــــــــ ـ

 ـــة هنــــــــــــــــدسة المواد ـــ ـكليـــــــــ ـ

 البوليمر والصناعات البتروكيمياوية قسم  
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