
I 

          Republic of Iraq  

  Ministry of Higher Education  

      and Scientific Research  

      University of Babylon  

   College of Materials Engineering  

Department of Polymer Engineering and Petrochemical Industries  

Investigation of Tribological and 

Rehological  Properties of a Self-

Lubricant Polymeric Composite 

A Thesis 

Submitted to the Council of the College of Materials 

Engineering, University of Babylon in Partial Fulfillment of the         

Requirements for the Master Degree in Materials Engineering\ Polymer 

By 

Enas Talib Sahib Ouda 

(B. Sc. in Materials Engineering\Polymer, 2017) 

Supervised By 

Assist. Prof. Ammar Emad Al-kawaz (Ph.D.)

 

2021 A.M        1442 A.H

 



I 

 

 بسم الله الرحمن الرحيم



II 
 

 Dedication 

To the one raining me with his blessings .To the one 

who I rely upon in my life. ………………To GOD 

To our great prophet Mohammad and his relatives 

(peace and blessings of Allah be upon him and them) 

To whom without them, every step in my life will seem 

meaningless. 

To whom I had no will in choosing them, but if I had I 

will chose no other than them. 

……..To  the soul of my mom and dad 

To my redemption, who have bewitched me body and 

soul, I never wish to be parted form you. Step by step 

we’ll be walking during every journey of our lifetime 

……To my husband 

For those who are our livers. I will continue to give you 

the strength to dispel the obstacles of eternity for a bet-

ter world                                                                                              

                                                                 .…To my children 

To the troublemakers, I hope to become someone you 

all look up to and set an example 

                                           ……..my brothers and sisters



III 

Acknowledgments 
First of all, I would like to express my utmost thanks to our almighty 

God Allah whom blessed me with this opportunity, encompasses us with 

his mercy and gave us more than we asked for . 

 

I would like to thank the Dean collage of material engineering and the 

Head department of polymer engineering and petrochemicals industries, 

the staff of polymer engineering department and collage for their sup-

port and help and for offering this chance to get this degree. 

I would like to express my sincere gratitude for my supervisors, 

Dr. Ammar Emad for his incredible support, gaudiness, dedication and 

patience throughout this year. 

I would like to express my deepest gratitude for my Friends who’ve 

been good company throughout these years. 

I would like to thank my family whom showed great support and pa-

tience throughout the years endured everything to make me the person 

who I am today and I hope I can payback even if small part if it one 

day. 

                                                                      Researcher 

                                              Enas Talib al-Zubaidy     



 

Abstract: 

In order to provide a long lubricating life span, it must be ensured that the 

solid polymer or polymer compound provides self-lubrication and at the same 

time, it must provide adequate interface contact pressure, which is the most im-

portant factor with self-lubricating compounds so that the polymeric compound is 

able to support the dynamic stresses of the applied load and pressures .  

In this study, a poly methyl methacrylate (PMMA) self-lubricating compound was 

synthesized with solid lubricants and multi-walled carbon Nano tube and selected 

as the self-lubricating approach. Calcium stearate, polyethylene wax and beeswax 

were selected as solid lubricants that have the ability to migrate to the surface of 

the polymer during its service life. Using in situ polymerization of free radicals 

with the following parameters: PMMA (100% MMA + 0.9 wt% BPO) / solid lub-

ricant (0.05 , 0.1 , 0.2 , 0.5 wt.%), PMMA / MWCNT ( 0.05 ,0.1 ,0.2 , 0.5 wt.% 

Via sonication) , hybrid compound ((50 % PMMA : 50 % Beeswax ) (0.05 , 0.1 , 

0.2 , 0.5 wt.%) + PMMA). 

Fourier transform infrared (FTIR) was used to verify the identity of solid lubricants 

after in situ polymerization of free radicals and multiwalled carbon nanoparticles. 

On the tribological behavior of the surface of polymers reinforced with solid lubri-

cants and nano-fills after wear test, using optical microscopy (OM) the flow is ver-

ified using a capillary pressure gauge (SR20) and a contact angle test was conduct-

ed to verify the effectiveness of solid lubricants and nano-fills in increasing the 

susceptibility of the polymer Hydrophobic.  

The PMMA sheets produced are characterized by relatively round shapes, with an 

average diameter of 15 cm and a thickness of about 2 mm. The results of the tests 

for both friction and abrasion proved a higher efficiency up to (9.4 %) and a fric-

tion coefficient (0.8 %) for the sample filled with Beeswax much more than the 
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rest of the solid lubricants, which confirms the transfer of particles to the surface 

and reduces the amount of interfacial shear stress during dry friction, and by in-

creasing Over time and loads applied at a constant speed, friction negatively affects 

the overall wear rates and impairs the internal structure and thus the mechanical 

properties. The self-lubrication system works successfully and this is confirmed by 

the scratch test results of the samples that showed the deformation behavior of pure 

polymer plastic and elastic deformation of the polymer filled with beeswax and the 

results were consistent with the results of friction and wearing. This was evident 

from the residual effect after scratching, which is characterized by a very smooth 

area in the contact area with little contact stress and surface scratch flexibility and 

plays an important role in reducing the interfacial shear stress up to (0.8 %). Flow 

resulted in PMMA / solid lubricant by weight %capillary rheometer and PMMA / 

reinforcing fillers wt.% showed that shear viscosity decreases with increasing shear 

rate and shear stress increases with increasing shear rate. Increasing the shear stress 

cuts the polymeric chain and reduces the viscosity with an increase in temperature, 

the migration to the surface increases, which helped to postpone the extrusion pro-

cess and reduce the amount of the total melting fracture. Shear stress plays an im-

portant role in indicating surface quality , it is clear that the determination of the 

critical region is necessary to be able to change the surface quality and its relation-

ship to pressure, shear stress and shear rate.
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1 . 1  Introduction  

The concept of self-lubricating polymer-based composites has occupied in-

creasing interest in recent times due to their excellent wear parameters and excel-

lent self-lubricating properties. However, with all the radical developments wit-

nessed by modern science technology, the obstacles represented by high coeffi-

cients of friction and wear for high-performance tribological applications remain. It 

is worth noting, there are widespread methods in the past, which can reduce fric-

tion and wear to approximate limits, leaving unimaginable consequences, including 

the widespread use of lubricant fluids such as oil to achieve an inter-separation of 

sliding surfaces with a film of low shear strength. to filters, pumping and cooling 

systems; (I) environmental damage due to frequent cleaning operations to dispose 

of used lubricating oils (II) due to leakage and emission of gases or particles; (III) 

Contamination in products, such as foods and textiles, during the manufacturing 

process [1]. Self-lubricating materials have witnessed a wide development, espe-

cially in the period 2018-2019, and it covered multiple aspects including: super-

lubrication, lubrication theory, new lubricating fluids and additives, modern hard 

coatings, and precise measurement techniques. Recent studies have reported that 

the surface science known as tribology has moved To a broad newly developed 

field, for example, super lubrication, bio lubrication, and molecular lubrication. 

Green lubrication, lubricants with low viscosity, and lubricants for harsh environ-

ments (high temperatures, ultra-low temperatures, vacuum, high pressure, etc.), 

have been of interest to researchers over the past few years [2]. The work of lubri-

cants in contemporary technology, such as the optical and thermal control surfaces 

used in spaceships, is fraught with obstacles as the oils of the external system tend 

to migrate and volatilize as well as condensate in these extreme conditions. This 

applies to aircraft engines, where external lubricating oil evaporates, oxidizes and 
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degrades when average temperatures increase and negatively affects the cost and 

efficiency of the mechanical system as a whole. In the late 1970s, reviews of crude 

oils and lubricants were restricted, and research and studies confirm the feasibility 

of oils themselves not very effective for aiding in advanced tribological applica-

tions. Then there was a trend towards hard lubricants such as boric acid (H3BO3) 

and hexboron nitride (hBN)[3]. Lubrication has a pioneering role in developing en-

ergy efficiencyLubrication has a leading role in the development of energy effi-

ciency. In addition, lubrication engineering improves machine operation and re-

duces unwanted noise and sounds from moving contact sites. Therefore, lubrica-

tion engineering continues the process diligently in the background to support, in-

stall and highlight civilized technology. Followers of applied sciences communi-

cate the importance of lubrication engineering but may not take it seriously, as a 

subject of extensive discussion and field research, and this is due to the fact that 

lubrication is an advanced technology and not an objective of applied science, and 

the correct methods must be followed in the application of basic sciences that lead 

to success New Research and Development Methods Because lubricants are pro-

duced from a range of different materials, the understanding of lubricant chemistry 

properties appears to be an understatement, lubricant chemical parameters are pro-

vided without exact details and descriptions, due to the complexities of routine 

procedures and commercial issues. Many tribologists refer to the importance of 

chemistry parameters in tribology and describe them as a "black box" [4]. Different 

types of fillers are added to polymer compounds as inorganic particles to develop 

the mechanical properties of polymers, and the hardness of the resulting compound 

depends on the size of the reinforcement particles particle [5] . However, research-

ers did not report priority in ordering additives, and their research was the begin-

ning of the Renaissance with lubricants whose properties could be chosen in ac-

cordance with the base materials. There are many hypotheses that take into account 

2 



Chapter One                                                                                  Introduction   

 

 

the mechanism of border lubrication, but there are some issues related to the use of 

various forms of solid lubricants that are still in ongoing discussion circles [6,7]. 

Solid lubricant have many characteristic like: good lubrication in vacuum and very 

low vapor pressure (eg: transition metal dicalkogenides), Relative strength to ex-

treme stresses, They operate at both low and high temperatures; Low heat genera-

tion due to shearing, Some of them equip excellent electricity , it was relatively af-

fected by nuclear weapons, it has excellent wear performance at slow speeds 

through friction [8]. The fairly wide variety of self-lubricants in their formulations 

underlined their applicability in harsh corrosive environments, high temperatures 

and environments with high load characteristics. However, the compatibility of 

self-lubricating composites is unreliable. For example, glass fibers with MoS2 (fi-

ber / MoS2) and glass with PTFE (glass / PTFE) in short, the process is to disperse 

the cut glass fibers in a polymer matrix to enhance a certain property. It would be 

fair here to point out the presence of MoS2 with the selected glass fibers, which 

enhances its corrosion resistance. However, this cannot actually be done: much 

greater fiber/MoS2 corrosion is observed than that of composite glass/PTFE by a 

factor of about 2 [9]. Hence, this requires the completion of a comprehensive anal-

ysis of the appropriate application of self-lubricants prior to implementation. The 

emergence of self-lubricating materials had a correlation with the actual applicabil-

ity to a variety of forms of bearing materials, but In the early 1990s, it was selected 

to begin operating under harsh environmental conditions and extended to include 

space applications [10]. Lubrication occupies a critical position for operational 

safety in industry and processing and industrial manufacturing reliability. Cylinder 

bearings, magazine bearings, and gears can be mentioned which demonstrate effec-

tive lubrication reliability in dissipating friction heat, prolonging fatigue life, and 

reducing friction.  

3 
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And wear [11]. Despite the reliability of synthetic lubricating oil or mineral oil, 

which is difficult to use in some areas such as pharmaceutical and food industries 

due to potential product contaminations [12]. Certain polymers provide a low coef-

ficient of friction (µ < 0.2) and a low wear rate (k < 10−6 mm
3
/Nm) without exter-

nal lubrication of the contact area [13–15]. 

Aims of this study   

•Study the effect of adding variety types on self-lubricant behavior on the tribolog-

ical and mechanical properties on PMMA polymer. 

•Study the the role of solid lubricant material on Rheological  behavior of PMMA 

polymer during self-lubricant behavior .  
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2 . 1 Introduction 

Lubricants are materials used to improve the flow and cure properties of 

polymers. There is a variety of different materials that can significantly improve 

material mixing, flow and straightening. Internal lubricants are among the types 

of additives that work to modify the viscosity of the material. Today's trend is 

towards the use of value-added internal lubricants that can modify properties and 

be more cost-effective. Slippery additive is also a kind of internal lubricant that 

generates the ability to better treat internal friction and viscous polymer, to re-

duce surface friction of the polymers[16].  

Solid lubricants are more promising with these requirements than other lubri-

cants. This is due to the difference in bonds, crystal structure, base material, type 

of coating process, inclusion of lubricants in the substrate. Early research related 

to solid lubricants led to multiple ideas for the formation and inclusion of self-

lubricants .The main basic principle remains the same in all the different tech-

nologies. Among the benefits that can be mentioned with regarding self-

lubricating bearings include the ability to withstand high pressures. It is charac-

terized by the small size of the bearings, which helps them reduce the size of the 

adjacent members and reduce the size and weight of other components, which 

leads to lower manufacturing costs [77] . 

 The main function of solid lubricants is: to reduce friction rates, improve wear 

performance and increase efficiency in bearing loads. They are typically run as 

coatings, powders, or as matrix-diffusing additives. As additives, solid particles 

can be easily and conveniently inserted into moving interfaces via lubricant oil. 

Graphite and MoS2 are common additives to lubricants that have been studied 

for decades [18–20] . 

 Lubricant additives are designed to enable a specific feature of lubricant 

parameters, such as viscosity, effectiveness at certain temperatures, support 
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pressures in extreme conditions, and friction and reduce corrosion, oxidative 

stability [21]. Conventional oils and greases are subject to severe deterioration 

and contamination at elevated temperatures (~250°C), while when available in 

the solid state, More capable of operating in high temperature environments 

[22]. 

2 . 2  Self-lubricant polymeric composite 

For the work of polymeric compounds suppose the existence of many reasons 

for this. One of these reasons is to increase the bearing capacity of polymers, 

such as the use of fibers or particles to reinforce the polymeric matrix. Clear dif-

ferences can be distinguished, for example, fiber compounds have superior du-

rability over particulate compounds. Self-lubricating polymeric compounds can 

be produced by including lubricating additives to enhance their capabilities in 

reducing friction coefficients and wear rates. Extensive studies should be con-

ducted before embarking on the use of these additives, since they can be a cause 

of reducing the load bearing capacity because the added lubricants have easy slip 

paths. When ultra-high load capacity and excellent lubrication are needed 

,composite materials are often produced by incorporating reinforcing fibers and 

lubricating additives into the substrate matrix, or incorporating a mixture of both 

non-lubricated and lubricated fibers. The fibers can be used by cutting them into 

short pieces at random [23]. The main function of lubricant is to controlling fric-

tion, cooling the contact, cleaning the contact.  Lubricants come in a variety of 

forms including liquid, semi-solid (grease), or solid (including particle and coat-

ing) greases. It was noted that the repetitive cleaning and cooling functions need 

a smooth flow of grease and solid lubricants that can be applied to the machine 

components where heat and pollution cannot play a serious role [24]. 
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2 . 2 . 1  Why self-lubricant material? 

The use of liquid or greasy lubricants in tribological applications because they 

combat and inhibit friction and corrosion ,Fig.(2.1 a ). The role of lubricants is to 

facilitate the relative movement of solid bodies by reducing friction and corro-

sion between opposite surfaces[25]. A lubricant is a layer that has low shear re-

sistance between two contact surfaces and is less than the surface shear re-

sistance between sliding surfaces ,Fig.(2.1 b ). Therefore, low shear strength re-

duces friction between surfaces and no rough crosses form at all depending on 

the thickness of the lubricant and the test condition  [26–28].  

  

Figure 2.1 : (a) Greasy lubricants[29]  (b)Lubricating coating[25] ,and, (c) Particle mi-

gration [31]. 

Evolutionary innovation ensures that solid lubricants are prepared for insertion 

as reinforcement into the matrix of a sliding component. A self-lubricant is one 

whose composition or structure provides a reduction in friction and wear coeffi-

cients. These materials are receiving increasing attention as the world becomes 

more aware of their environmental impact and our use of energy. An important 

factor in manufacturing is cost, energy consumption, and self-lubricants have the 

ability to effectively raise energy efficiency through operating system compo-

nents more flexibly. The matrix of self-lubricating compounds consists of met-

als, ceramics and polymers as assembly materials. Self-lubricating metal matrix 

Pipe 

Lubricant layer 

       Befor            

particle migration 

       After            

Particle migration 

(a) (b) (c) 
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compounds (SLMMCs) are processed using casting or powder metallurgy. Self-

lubricating compounds have been used extensively by the industry to eliminate 

friction and wear problems in a variety of slip, roll and turn applications. It is 

possible for self-lubricating compounds to eliminate the use of liquid lubricants 

knowing that the lubricant film is absent at the beginning, and with migration to 

the surface after a period of time , Fig.(2.1 c ) . Self-lubricating film is formed 

by surface wear and subsurface deformation, self-regenerating by solid lubricant 

particles embedded inside the matrix [32, 33]. 

2 . 2 . 2  Self-lubrication of polymers transfer film, and migration 

Polymer self-lubricants have one common feature: it is the ability to form self-

lubricating friction transfer films on the friction surface. Solid lubricants are ap-

plied either as surface coatings or as fillers in self-lubricating composites. The 

lubrication mechanism follows the principle of arrangement of the additives (as 

a filled system), the components comprising them, the matrix of the compounds, 

the topography of the surface, the materials of the antibody-containing body, the 

operating conditions of the interface, etc. A predictive picture of that along with 

friction and wear, particle transport eventually alters the corresponding body sur-

face and thus has the obvious influence on the wear mode [34]. A polymer was 

taken  as a host or a polymer mixture that contains a host polymer and combine 

additives chemically identical or compatible with the host polymer and the pol-

ymer or other polymers compatible with the host polymer to impart the changing 

surface properties due to spontaneous surface separation or due to flow-induced 

migration. The additives must be in the form of a branched molecule of low mo-

lecular weight, and an optional nucleus or final groups must be present. Potential 

migrating chemicals include plasticizers, antioxidants, thermal and slip stabi-

lizers ,Fig(2.2 a , b ) . For compounds and monomers ,therefore, one of the rea-

sons for the migration to the surface of monomers and additives is exposure to 

high temperatures during processing [35].Lubricating agent migration is a meth-
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od for obtaining a specific surface property and characteristic in a host polymer 

or a mixture of a host polymer with other polymers by blending the host polymer 

or polymer mixture with 0.1 to 10 wt% of low molecular weight additives') 

chemically identical to the host polymer on condition The presence of one or 

more cores so that the nuclei are chemically linked with linking points with 

branches that have functional end groups as well as the chemistry of the core, 

and / or the physical shape of the heart in this case, the transfer of properties to 

the surface of the host polymer or polymer mixture and for a period of time or 

storage [36] . Migration contributes to a decrease in clumping, and this decrease 

may be due to the method of formation, the extraction process and the restriction 

of movement. Recent studies have contributed to the synthesis of a polymer with 

a controlled structure, and additives may contribute to agglomeration because 

the addition of migrating additives and incomplete mixing exposes the plasticiz-

ers to the problem of clogging [37] . 

 

Figure 2.2 : (a) Potential migrating chemicals[38], (b) plasticizers[39]. 

 

 

 

 

(a) (b) 
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2 . 2 . 3  Criteria of self-lubricating technology 

Relatively stiffer and more flexible, friction and wear properties can be obtained 

after determining the properties during surface contact by film layer, homogenei-

ty, hardness, lubrication, and adhesion. Some of the criteria that must be met to 

enhance the performance of a solid lubricant film coating or a lubricant incorpo-

rated into the self-lubricating compound matrix are as follows:  

 Determine the minimum shear force for adhesion between opposite sur-

faces to maintain desired border lubrication. 

• Maintaining the internal cohesion of the film large enough to prevent the 

film from disintegrating during friction. 

• Provide less adhesion between particles and layers in the shear direction 

that is as small as possible to keep the friction resistance low [40]. 

2 . 2 . 4   Lubrication Types 

1. Solid Self-lubricating 

Solid lubricant technology has conquered distinguished positions that de-

serve the attention of designers of machines and devices that operate under 

normal and harsh environment conditions. Machine parts are designed with 

hard film lubricants to enhance solid lubrication reliability and wear life. 

Solid lubricants are incorporated either as a surface coating on the substrate 

surface or as fillers within the substrate or so-called self-lubricating com-

pounds. Tribological interactions (friction and abrasion) with solid lubricat-

ing coatings result in the transfer of a thin layer of material from the coating 

surface to the surface facing friction, and it is called the (trilayer) transfer 

film. Various chemicals, various microstructures, and crystal textures can 

emerge from corroded surfaces from what is originally in the loose paint due 

to surface chemistry interactions with the environment. As a result, solid lub-

ricant coatings may be damaged. They provide agents for reducing friction 
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and long anti-corrosion service life in one environment and cannot continue 

in different environments. The primary mechanism on which friction de-

pends is the dry interfacial slip Fig(2.3), which occurs between the worn 

coating and the transfer film,[41].  

 

Figure 2.3 : Primary mechanism of the dry interfacial slip [41] . 

2. Capsulations  self- lubricating 

The process of encapsulating a specific phase of materials (solid, liquid, and 

gaseous) contained in a chemically inert substance to give protection and to 

secure opportunities to isolate it from the surrounding environment, The pre-

servative is called by the shell and the substance included in the core. The 

resulting substance appears as shown in Fig.(2.4) mentioned as a microcap-

sule [42]. The size ranges of the microcapsules are (1-1000 µm) and they are 

spherical, and here it turns out that the microcapsules are not microscopic 

because the two systems are in a different situation between them, for the 

microcapsule, the polymer shell surrounding the active liquid or solid mate-

rial without engaging in any chemical reaction Because it plays the role of 

repositories only, while the microsphere occupies the sites of a matrix of 

compounds as a matrix that is either dispersed or dissolved in it. In the event 

of friction, the pellets are damaged and the lubricant is released in the con-

tact area, which leads to a reduction in the friction coefficient and reduced 

wear [43]. 
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Figure  2.4 :  Microcapsules with its constitutes shell and wall [42]. 

2 . 3 Lubrication and lubricant additives  

Lubricant additives are divided into three main gatogries (1) Organic additives, 

(2) In-Organic , And (3) Hybrid additives  

1. Organic additives 

Ionic liquids and hydrogels are two of the most popular organic additives of re-

cent times. Whereas ionic liquids are widely used as industrial lubricants or as 

additives to lubricating oil, while hydrogels show remarkable biocompatibility, 

their use is increasing for bio-lubrication [44–46]. 

1 . 1  Ionic liquid lubrication 

ILs have excellent stability and low friction. Including different molecular struc-

tures, different lubricating properties. Due to its high thermal stability and prom-

ising bonding properties, it has aroused more interest. Studies have reported the 

result of factors affecting the lubrication and flow characteristics of an ionic liq-

uid by simulating molecular dynamics. The interaction between IL molecules 

and the solid wall is observed due to the main driving force controlling the be-

havior of molecules for ionic fluids in the gap. A phase transition is defined 

from dense liquids to ordered and solid ionic liquids under loading and the nor-
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mal shear is unstable. The effect of water on the structure and properties was 

confirmed of ionic liquids near solid surfaces [47]. 

 

Figure 2.5 :  Ionic liquid lubrication[47]. 

1 . 2 Oil-based lubrication 

Lubricating oil occupies the first place in the field of lubrication. This is what 

many researchers aspire to for effective lubrication and lower viscosity. Oil lu-

brication is observed to have very low friction that is attributed to the decompo-

sition and oxidation of the substrate arising from friction, and a repulsive force 

appears between the OH end and the solid surface [48]. 

 

Figure 2.6 :  Oil-based lubrication[49]. 

1 . 3  Wax-based lubrication 

Candles are environmentally friendly and functionally used in many applica-

tions, they can be used on almost any surface in industry. Wax enhances the 

surface tribology and improves its properties, including: improving slip in harsh 
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environmental conditions, resistance to clogging due to pollution, water repel-

lency by increasing the hydrophobic properties of the surface, and abrasion re-

sistance, Fig.(2.7) [50] . 

 

Figure 2.7 :  Wax-based lubrication[50]. 

1 . 4 Carbon Nano-Tube lubrication 

The researchers' interest was centered on the development of organic Nano-

materials for many applications due to their unique properties such as semicon-

ductors, as catalysts, optical properties, friction reduction, and reduced mag-

netism [51], Lubrication of moving parts, system cleaning, anti-wear and im-

proved performance and engine cooling ,Fig.(2.8) [52]. 

 

Figure 2.8 : Carbon Nano-Tube lubrication [52]. 
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1 . 5  Graphite-based lubrication 

The graphite achieves extremely low friction between surfaces in relative motion 

under dry slip conditions. Its high-performance effect, including structural super 

lubrication, and super lubrication through its control of normal force, and contact 

activation, in addition to the accompanying processes of thermal lubrication and 

liquid super lubrication, are noted, Fig. (2.9) [53]. 

 

Figure 2.9 :  (a)Graphite-based lubrication under dry slip,)b) SEM image[53] . 

1 . 6  Graphene-based lubrication 

Super self-lubrication was obtained between the graphene layers under high 

loading. Using graphene-coated microspheres (GMS) the coefficient of friction 

was enhanced to extremely low values (0.0025) at a local contact pressure of ap-

proximately (1 GPa), as a result of non-contact the stoichiometric provided by 

randomly oriented graphene Nano-crystals ,Fig(2.10)[54]. 

 

Figure 2.10 :  Graphene - based lubrication under dry slip[54]. 

1 . 7  PETF-based lubrication 

PTFE sample showed a significant improvement in the rates of wear and friction 

 by transferring the entire chain during the corresponding friction of the PTFE . 

Its particles under shear separating the C-C bonds to the metal surface to form 



Chapter Two                                         Theoretical part & literature Survey  

 

16 
 

perfluoroalkyl radicals during sliding [55,56]. Carboxyl groups (R-COOH) 

formed in humid environments (formation of carboxylic acids) indicate that 

PTFE chemistry has a clear effect on the tribological performance[57]. 

 

Figure 2.11 :  PETF - based lubrication under dry slip[58]. 

2. Inorganic additives 

Common inorganic nanomaterials are: 2D materials and they mainly include, bo-

ron nitride [59], MoS2 [60], and other 2D materials [61–63]. Other materials in-

clude metallic or non-metallic nanoparticles [64, 65], metallic oxides or non-

metallic aggregates [66, 67], and inorganic nanocomposites [68] 

 

Figure 2.12 :  2D layered inorganic nanomaterial[69]. 
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3. Hybrid additives 

Hybrid compounds are materials that are manufactured by combining two or 

more different types of materials within one common matrix. There are several 

definitions of hybrid compounds for hybrid compounds describing them as a 

strengthening material incorporated in a mixture of different matrices or as a ma-

terial that is strengthened by incorporating it into two or more additives and 

packaging materials present in one matrix. Hybrid compounds occupy a more 

advanced position than fiber-reinforced compounds and have a wide range of 

desirable applications. An accurate description of the performance of the hybrid 

compounds is the sum of the individual components with a more consistent bal-

ance between the inherent advantages and disadvantages. Hybrid compounds 

can supplement the benefits of one type of properties lacking in the other 

type[70]. 

2 . 4  Polymerization of methyl methacrylate: 

PMMA polymerization is carried out through free radical polymerization of 

MMA (polymerase chain via the double bond of the MMA monomer),Fig. 

(2.13). It is the most common method and it is either homogeneous (mass or so-

lution polymerization) or heterogeneous (suspension polymerization or emul-

sion). The radical scavenger is oxygen and it is necessary to completely remove 

it. From polymerization by heating and absolute dehydration is not necessary, as 

oxygen is considered one of the reasons for ending the polymerization of free 

radicals. Thermal polymerization of MMA is classified as bulk polymerization, 

solution polymerization, suspension polymerization, and emulsion polymeriza-

tion. The application of the final polymer plays an important role in choosing the 

type of polymerization, we find that in situ polymerization with free radicals of 

MMA is the dominant method for producing high-quality acrylic glass, and solu-

tion polymerization from MMA to produce adhesives, coatings resins and addi-

tives. As for the emulsion polymerization of MMA, it is for the production of 
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resin, coating and paper processing agents, as well as additives and textile bind-

ers [71]. In situ polymerization consists of chemical reactions that generate stag-

es of stiffening at the micro level and the compound is dynamically stable within 

the anatomy of the matrix, where the nanoparticles  or the solid lubricant are 

dispersed using ultra sonication in a liquid monomer and the addition of the ini-

tiator with the use of a suitable heat [72]. 

 

Figure 2.13 :  Free radical polymerization [72]. 

Among the advantages of an in situ polymer are: thermodynamic compatibility 

within the matrix reinforcement interface , features non-polluting reinforcing 

surfaces allowing for a stronger matrix chit bond to be reinforced. Facilitates the 

preparation of insoluble and thermally unstable polymer compounds, which pos-

es obstacles during treatment with solution or even treatment with melting. Used 

to prepare MWCNT with high loading, it gives very good mixing with almost all 

types of polymers[73]. 
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2 . 5  Tribological  Behavior 

Tribology is the science that deals with the study of surfaces in contact in a slid-

ing motion. Its origins can be traced back to the Greek word tripos, meaning (to 

rub). One of the important parameters of tribology is wear and friction, and the 

lubricating effect between them is very important. Moreover, it can be consid-

ered as an interfacial phenomenon with multiple properties, and folds under its 

folds the physics parameters, chemistry parameters, mechanics, thermodynamics 

and materials science of both reactants under dry slip conditions, Fig (2.14) [74]. 

 

Figure 2.14 :  Graphic description of tribology interacting with other sciences   [75] . 
 

 Here comes the role of polymers, occupying advanced positions in bonding ap-

plications, due to their flexibility, and their adaptation to shock loading, with 

low friction and less wear. However, there are differences between the tribology 

of polymers and metals for several reasons. Polymers are characterized by their 

flexibility, viscosity and time reliability. It has a great absorbency for external 

lubricants, The main objective of material tribology is to work to minimize 

physical damage or damage or increase its resistance [76]. Undoubtedly, the in-
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clusion of many transparent polymers in many applications such as optical 

lenses, contact lenses, mobile phone screens and aircraft windows, many re-

searchers have highlighted the weak properties of such materials such as poor 

resistance, corrosion and weather resistance [77]. 

2 . 5 . 1 Friction and wear behavior of PCs with solid lubricant 

Polymers are still limited in their distinctive shape due to their thermal stability 

and properties of durability, stiffness and strength. The degradation of most 

thermoplastics occurs at relatively low temperatures. This behavior limits the use 

of most thermoplastic non-reinforced polymers in tribological applications at el-

evated temperatures. Given the weak corrosion rate of most basic polymers, var-

ious methods are presented to improve the tribological behavior of the polymers. 

One method is hardening with suitable fillers, blending with other polymers and 

adding lubricants [78]. In flexible plastics such as composites, wear particles are 

created by the following mechanisms: [79, 80] (a) adhesion and deformation 

during sliding, Fig(2.15 a  ), (b) plowing by superimposed solid protrusions or 

solid particles on the sliding surface, Fig (2.15 b) ,and ,(c) discharge resulting 

from indentation cracks below the surface Fig (2.15 c ).  

 

Figure 2.15  : Wear mechanisms (a) Adhesion and deformation [81], (b) Plowing [82] , 

and (c) Cracking [83] . 
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Wear debris resulting from these mechanisms is dispersed particles, or these par-

ticles are transported to the surface by mechanical entanglement or by the adhe-

sion property of the opposite surface. As for dynamic and stable wear, the re-

moval of wounds is constantly progressed by deformation and fracture resulting 

from the effects of wear. Plowing also plays a distinct role in the process of sur-

face wear and the formation of abrasive particles. The wear of a sample depends 

on a certain roughness, the extent of wear depends on the particle size [84]. Pol-

ymer and its compounds are facing an increasing demand in many industrial ap-

plications such as loading materials, pulleys, seals, gears, cameras, wheels, pis-

ton rings and clutches where the self-lubricating properties are utilized and oper-

ated to move away from the old methods and methods of liquid lubrication or 

grease and by using it, pollution and its associated problems are produced [85]. 

However, when contact is present between the sliding facade, friction and wear 

are prominent [86].A study has been conducted on the mechanism of PTFE 

transmission and wear. Movable PTFE films can reduce or increase the friction 

force depending on the differences in adhesion mechanisms in the contact area 

during layer formation. Low values of activation energy indicate that the corro-

sion of PTFE is mainly related to the breakage of weak molecular bonds and 

shear between surfaces and the slip of the accumulated crystal structure formed 

in the band structure of the materials [87]. While it was proven in similar studies 

conducted on PEEK compounds filled with CuS and PTFE powders during fric-

tion with a steel tool under ambient sliding conditions and adding PTFE resulted 

in reducing both the rate of wear and friction while the friction coefficient in-

creased with the addition of CuS. Which indicates that the rate of corrosion of 

the composite depends on the ability to create transfer films on steel surfaces, 

which is a mechanical process that the particles of the removed material are con-

fined to the cracks of the opposite surface  [87–89] . The roughness of the corre-

sponding surface is sometimes required to achieve an efficient transfer appropri-

ate to a specific medium. Friction processes are often accompanied by residues 
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as a result of erosion and rubbing of the two surfaces, which leads to the for-

mation of a friction layer through which a qualitative determination can be given 

and a description of the slip performance of that surface. These tribological pro-

cesses can be understood separately for both polymers and compounds. It is pos-

sible to define the coefficient of friction (COF) as the ratio between the frictional 

force (Ff) and the normal load (FN), as shown in the equation below, Fig.(2.16): 

   
  

  
 

 

Figure 2.16 :  Schematic illustrate COF of tribological processes[90]. 

The friction between two surfaces resulting in plowing with debris and crusts of 

the solid isotope and adhesion can be expressed as mechanical interactions at an 

atomic level as in the deformation of fillings. The shear method and the rupture 

of the material around the contact area between the two surfaces and around it 

during sliding has a real effect on friction [90].Bowden and Tabor demonstrated 

in 2005 that the true contact zone has a significant effect and is indirectly pro-

portional to friction[91] .There are two phenomena involving under friction and 

causing energy loss: adhesion Fa, and Fd deformation, Fig.(2.17),[92]:  

                        

 

Figure 2.17 :  Schematic illustrate friction phenomena [92]. 

………………………  (𝟐 𝟏) 

…………………  (𝟐 𝟐) 
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Often the high pressure and the shear of the bonds between the surfaces that are 

in a relative movement is friction called adhesion friction and heat is generated 

as a result of the shear to the site melting of some types of materials and junc-

tions arise at the local contact points [93].The self-lubricating compound should 

be providing effective support for the dynamic stresses caused by the applied 

load as well as the occasional friction stresses. If the polymer/ polymer com-

pound cannot support these stresses, it leads to conditions: rapid wear (plastic 

deformation, brittle fracture, etc.). Catastrophic failure, increased wear down to 

the point where the polymer will support the contact area at low dynamic pres-

sures, producing less deformation than wear. Stress is a factor that must be taken 

care of with self-lubricating compounds. A part shall be designed so that the 

self-lubricating compound is able to support the dynamic stresses of slip and 

roll. In the event that the self-lubricating polymeric compound possesses suffi-

cient capacity to carry the impacted load, then there are different types of wear 

depending on the polymer, the additives used and the sliding conditions. In order 

to provide optimum lubrication, a kind of "shear layer" must be activated be-

tween the sliding surfaces. The shear layer has the ability to inhibit the adhesive 

and "plowing" reactions that occur in the contact area of moving surfaces and 

reduce friction, as well as reduce stresses in a larger area of the polymer com-

pound. In most results, and in general, the thinner the cutting layer, the greater 

the effectiveness [10].Wear is a process that takes place at the interfaces between 

the interacting bodies under dry slip conditions , Fig.(2.18). The technological 

revolution has generated many advanced engineering products, most of which 

include high-speed sliding or rolling or small-dimensional geometric shapes for 

hostile environments, which can only be developed and included in the use fields 

by successfully overcoming the challenges of corrosion processes through an 

understanding and awareness of previous experiences and past and contempo-

rary studies. Mechanical examples include: gas turbine engines, car engines, 

transmissions, tires and brakes, in the field of medicine: artificial human joints, 
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artificial teeth, artificial Knee, and in the technological field: hard drives for 

storing data and an increasing number of electromechanical devices for home 

and industrial use [94].The simplest way to reveal how much material has been 

lost due to wear. It gives the total amount of mass removed, but the distribution 

of wear depth in the contact surface remains unknown. Moreover, worn surfaces 

can be examined with the help of optical microscopes and scanning and trans-

mission electron microscopes [95]. wear rate was obtained by using the equation 

below [96]:- 

Wear rate (W.R) = ∆W/ πD.N.t             gm/cm …………….. (2.3) 

where:- 

D ــ the sliding circle diameter (cm);  

t   ;sliding time (min) ــ   

N ــ steel disc speed (rpm). 

 

Figure  2.18  :  Schematic of wear test [97] . 

2 . 5 . 2  Scratch resistance of PCs with solid lubricant 

Surfaces of polymeric materials are generally sensitive to scratches that define 

their applications for high performance optical devices. In contrast, the use of 

polymers in applications of moving mechanical parts, hence the source of fric-

tion and the properties of corrosion [98,99]. For this it was necessary to direct 

studies and research to find improved scratch resistance of polymers for applica-
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tions that claim to be distinguished in the surface [100, 101]. Scratching is the 

effect of tangible grooves and/or facial damage; the striking position of this dis-

tinctive shape is characteristic of surfaces that bear deep moving loads in the 

form of rotors, ball bearings, etc.[102, 103].causing sensitivity to the surface of 

solid materials to scratch their surface easily. The infrequent presence of a third 

object (solid debris) can be considered a cause of scratches on polymer surfaces 

[104]. In technological applications, polymers are used for their attractiveness, 

and these scratches may significantly reduce this and thus reduce the service life 

of plastic products (especially optical) and coatings. Variously, these scratches 

may under some circumstances lead to an increase in pressure that gradually de-

stroys their mechanical strength as well [101]. The Scratch method provides re-

liability data for studying the mechanical properties of organic polymers under a 

variety of slip conditions [98,105]. Polymers have some unique properties of 

flexible recovery and complex streamlined behavior. It is worth mentioning the 

conditions of analysis for such tests that are filled with much more complexity 

than mineral analysis [106] .The main variables that alter the damage response 

of polymers during scratching are defined as: opposing surface stress, scratch 

velocity, normal applied load, surrounding thermal effects due to friction and 

scratch, type of lubrication and the hardness characteristics of the scarifier 

[107,108].Some important characteristics were studied in our research through 

the scratch test represented by the total friction coefficient (which is the ratio be-

tween the tangential force to the normal applied force). Studies indicate the oc-

currence of two mechanisms: sticking and plowing. In addition to some factors 

that limit the overall friction coefficient in the scratch test, such as the type of 

material, the slip velocity between the two objects, the lubrication conditions, 

and the geometry of the indenter[109]. Presented by Gauthier et al. Local fric-

tion is highly dependent on the level of contact stress and the aging of the poly-

mer [98,110], It is possible to provide a simple explanation and accurate descrip-

tion of the contact form at the contact area referred to as a moving end and a 



Chapter Two                                         Theoretical part & literature Survey  

 

26 
 

polymer surface. In contrast, the contact angle has a front side and a back side in 

a variable manner with the contact stress  [98,110].Elastomeric recovery of the 

polymer (back angle contact) and depends on the plastic deformation around the 

contact interface . Reduced friction leads to increased elastic and elasto-plastic 

bands. Due to the difference between the stress rate and the temperature, the dif-

ferences in the contact area also arise greatly and may lead to a change in pres-

sure in the vicinity of the contact from the visco-elastic state to the visco-plastic 

state [110,111]. In most cases the mechanical performance of the contact is 

evaluated in terms of a low coefficient of friction [111]. The description of me-

dium contact stress dependent on friction of the stress hardening material indi-

cated by Tabor can be applied to characterize the type of stress at the contact in-

terface of the scratch [99]. It was found that the local friction coefficient is low. 

It is necessary to examine the level of scratch resistance mainly as an outcome of 

the reduction of the coefficient of friction [111]. The use of various plasticizers 

presents a field that has enormous potential for research and study. Plasticizers 

are commonly used in the areas of increasing elasticity, lowering costs, and de-

veloping the process-ability of polymers [112, 113]. Generally, optical device 

measurement (OM) was used to investigate the scratch surface characteristics 

,Fig(2.19). The measured scratch width was used to calculate the scratch hard-

ness (Hs) For elastic contact can be calculated from [112]:  

 

   
   

   
   

Where : 

  Area of scratch tip ــ    

 q ــ ( unity for material have a completely elastic behavior and 2 for material 

have a completely polymer behavior). 

………………  (𝟐 𝟒) 
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 While for material like polymers, the parameter q is between 1 and 2, due to 

viscoelastic behavior [108]. 

 

Figure 2.19 : Deformations types due to scratch test,(a)Plastic,(b)Elastic, and,                      

(c) Viscoplastic. 

2 . 5 . 3  Wettability 

 Wettability can be defined as the ability of the liquid to spread over the surface 

of the substrate. Hydrophilic surface can be determined when the contact angle 

is low while, for hydrophobic surfaces  the contact angle is large, Fig(2.20). The 

contact angle is that angle formed by the intersection of the liquid-solid interface 

and the confrontation of the liquid vapor and is geometrically calculated by ap-

plying the tangent from the point of contact along the three-phase contact line .

When the contact angle is less than 90 degrees, it leads to suitable surface wet-

ting, and the liquid is spread over large areas on the surface; While contact an-

gles greater than 90 degrees lead to unwanted surface wetting, so the liquid con-

tracts to form a combined liquid droplet [114]. 
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Figure 2.20  :  Schematic of wettability of water on the flat surface of the sorbent [115]. 

 

2 . 6  Rheological behavior 

Rheology is the properties of a substance (viscosity, molecular weight, particle 

size, etc.) that prevent it from being have under the influence of mechanical 

force or high temperature. Rheology differs from fluid dynamics by its concern 

for the three conventional states of matter rather than the liquid and gases alone. 

Important issues of rheological properties are evident in many different applica-

tions. Among the rheological measurements (shear, extended viscosity, pressure, 

storage modulus, and loss modulus) that work to understand the identity of ma-

terials and know their ability to operate [110]. Rheology of high molecular 

weight has a sensitive position in the characterization of materials, as well as the 

distribution of molecular weight, and subgroups. Flow measurements can be 

used to define boundary conditions through which to prevent problems before 

the material is fed into the extruder [111]. 
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2 . 6 . 1  Rheological properties of capillary rheometer 

In general, the rheological behavior of the molten polymer is evaluated using the 

capillary rheometer on a wide range in industrial and academic circles at high 

shear rates to verify its properties that control its ability during processing in in-

dustry, as shown in Fig. (2.21) [116,117]. Among the reasons that led to the 

study of polymer flow in the capillary flowmeter: 

- Capillary flow provides information about the problems encountered in any 

molding flow (inlet flow, fully developed regions, and exit regions). 

- Provides solutions to problems (low inlet pressure , extrusion swelling , molten 

fracture). 

- Study of the effect of dimensions on shear rate and polymer melting [118]. 

- To accurately measure viscosity, due to (small diameter and long capillaries). 

The regions of flow velocity are distributed due to the pressure on a liquid 

through a tube, where the maximum velocity is in the center (the maximum gra-

dient in velocity or shear rate at the wall), zero (in the center of the tube), mean-

ing that the flow is heterogeneous. Taking into consideration long heating cannot 

be used to sensitize easily thermally degraded polymers[119]. 

 

Figure 2.21: (a) Capillary rheometer SR20, (b) Schematic diagram of reservoir and die 

region[120] . 
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2 . 6 . 2  Rheological rheometer analysis 

Shear stress profile inside the tube can be calculated from [121]:  

  
 

 
 (
  

 
) 

 at the wall (r=R):                            
 

 
(
  

 
)         

Velocity profile inside the tube [121]: 
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Hagen-Poiseuille law for pressure driven flow of Newtonian fluids inside a tube 

[122]:   

     
  

 
    

 True shear rate for Newtonian fluids but Apparent shear rate (  app) for non-

Newtonian fluids 
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The true shear stress is [123]: 
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Using the Rabinowitch correction [124]:  

         ( 
 

 
 
 

 
 
      

      
)      

Using Bagley correction [125]: 

   
  

 (
 

 
  )

      

True viscosity [126]: 

  
  

   
        

Where: 

P  ــ  the pressure drop (N/m
2
 );  

Q ــ the volume flow rate (m
3
 /s); 

R ــ   the capillary radius (m); and 

L ــ the capillary length (m). 

e ــ Bagley correction  

A linear correlation between the wall shear stress and the apparent shear rate, in-

dicating a power–law constitutive behavior (Mooney–Rabinowitsch correction)  

       
        

Where : 

 k ــ consistency index (Pa.s
n 
) 

 n ــ power index . 

The rheological behavior of the polymer is determined by a number of quanti-

ties, the most important of which are: 

Melting is shear viscosity, extended viscosity, and normal stress coefficients. 

 

………  (𝟐 𝟏𝟑) 

……………    (𝟐 𝟏𝟒) 

…………………  (𝟐 𝟏𝟓) 

…………  ………  (𝟐 𝟏𝟔) 
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2 . 6 . 3 . 1  Shear viscosity 

The fluid resistance to flow (the ratio between the applied shear stress and the 

shear rate) is measured by the shear viscosity [127]. Viscosity can be considered 

as a ratio of the applied shear stress (transversely applied force (F), divided by 

the area of area A), and the shear rate (velocity V divided by the gap h) Fig. 

(2.7) [128]. This resistance appears as a reaction against the movement of any 

solid object through a liquid and the movement of the liquid itself. The shear 

viscosity of polymers depends on several parameters: shear rate, temperature, 

applied pressure, mold shape, average molecular weight and molecular weight 

distribution, shear viscosity can be calculated from the following formulation 

[129].  

       

The rheological properties of the fluid can be measured according to the behav-

ior of the fluid when shearing, where the relationship between viscosity and 

shear rate in four cases , Fig(2.22) [130]: 

 Viscosity is stable with the shear rate (Newtonian behavior). 

 Viscosity decreases with increasing shear rate (shear thinning behavior). 

 Viscosity increases with increasing shear rate (shear thicking behavior). 

 Unlimited viscosity until a certain shear stress is reached (Bingham plas-

tics). 

…  ………  (𝟐 𝟏𝟕) 
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Figure 2.22  :  The flow curves and viscosity curves of the four basic flow patterns [130]. 

2 . 6 . 3 . 2  Extensional viscosity 

Three main types of oblong flow can be distinguished: uniaxial, biaxial and flat 

as shown in Fig.(2.23) at an area between the end of the barrel and the inlet of 

the mold, the melt exhibits a sudden contraction associated with the pressure 

drop. The pressure drop is important in the inlet zone. When plotting the inlet 

pressure drop against shear stress in a fully developed flow, we obtain results 

that are independent of molecular weight and sensitive to molecular weight dis-

tribution, chain branching, and fillings. The inlet pressure drop is used for a 

qualitative assessment of flow rheology [128].  

 

Figure 2.23 :  Schematic representation flow types of extension[131] . 
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 2 . 6 . 4  Defects Filament Of Polymer During Extrudate 

It can be seen whether the flow is stable or unstable through the extrusion profile 

of the molten polymer through a die: at a low flow rate the flow is smooth, the 

extrusion is smooth and its cross section is constant, in this case the flow is quite 

stable. However, after the critical flow rate, the flow becomes unstable and ex-

trusion defects abound, affecting its surface or volume [132]. These instabilities 

are generally defined under the term (dissolving fracture) [133]. There is more 

than one way to verify the instability of the polymer melt flow, namely, firstly, 

the experimental method, and secondly, the theoretical method. The experi-

mental method includes an indirect approach that represents the classical rheolo-

gy and the resulting experimental data are recorded as: shear stress, pressure, 

shear drag and flow rate during the individual instability test, and based on these 

data results for the treatment condition, the materials are studied. However, this 

approach includes inadequate basics for investigating entry flows due to their 

persistent disappearance within the extrusion matrix. The second method - in-

cludes the direct direction of optical measurements, which gives the perception 

of kinetic motion (velocity, deposited pressure) by the interaction of light with 

the flowing liquid, but the integration of the appropriate optical visualization 

system with the flow field without affecting it. PTV), laser Doppler velocity 

(LDV) and flow refraction [134] . 

2 . 6 . 4 . 1  Sharkskin Defect 

 The sharkskin defect appears in the form of a surface defect, It develops  con-

tinuously with the increasing of flow rate. Its onset is revealed initially by a loss 

of transparency of the extrudate, smooth less surface. Afterwards, small irregu-

larities can be seen merly with the naked eye, then  form very regular waves of 

short period, perpendicular to the flow direction, which gives the surface a very 

typical aspect ,Fig. (2.24) [128,135]. 
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2 . 6 . 4 . 2  Volume Defect 

Generally anther flow instabilities of molten polymers called (Volume defects) 

can be categorized into two types : (1) Can be observed as a regular helical 

shape; appear above a critical flow rate, (2) Can be observed  a chaotic aspect 

(gross melt fracture) for all polymers  which  show a advanced and crooked de-

terioration of the cylindrical shape of the extrudate ,fig.(2.24) [136]. 

 

Figure  2.24 : Example of Extrusion Defects: A) Sharkskin, B, and C) Volume Defects[132] . 

2 . 7  Material used in this work 

2 . 7 . 1  Methacrylate monomer (MMA)  

Methacrylate (MMA) is foundational for many acrylate polymers and is an es-

sential co-monomer in paint, coatings, and adhesives resin formulations, 

Fig.(2.25). In free radical initiated copolymers, MMA elevates the Tg (glass 

transition) and contributes durability, strength, transparency, and UV and abra-

sion resistance [137]. 

 

Figure   2.25 :  Methacrylate (MMA) structure [137]. 
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2 . 7 . 2  Benzoyl Peroxide (Initiator) 

Benzoyl peroxide is a chemical compound (organic peroxide) with the structural 

formula (C14H10O4 )and is often abbreviated as (BPO),Fig.(2.26). The molecule 

is described as consisting of two groups of benzoyl (C6H5−C) = O) -, Bz) are 

linked by peroxide (−O − O−). It appears in the form of a white granular solid 

with a slight odor of benzaldehyde. It has the ability to dissolve in water, but at a 

poor dissolving speed. It is noted that it is soluble in acetone and ethanol as well 

as in other organic solvents. Benzoyl peroxide is an oxidizing agent that is used 

primarily in the production of polymers[138] .  

 

Figure  2.26 :  Benzoyl peroxide structure [139]. 

2 . 7 . 3  Polyethylene- wax  

Polyethylene wax ( C20-40H42-82 , Tm= 145 C ), Fig(2.27) is white super fine 

powder its main advantages are high melting point and very small particle size, 

with the particle size at 1-2μm so can caot the powder coating effectively , it will 

not affect the flatting of powder coating compared with inorganic materials 

[140] .  

 

Figure  2.27  :   Parrafin wax structure [140]. 

2 . 7 . 4  Bees wax 

Beeswax ( C15H31COOC30H61 , Tm= 75 C ),Fig.(2.28), it is consists of carbohy-

drates as raw materials mainly i.e. honey sugar, fructose, glucose and sucrose, 
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fresh from it is white in color, then turns yellow after a while. The typical yellow 

color arises from the relative quantities of different pollen and propolis pig-

ments. It is an inert material with high plasticity (about 32 °C). From (30-35 °C), 

it becomes plastic, and from (46-47 °C) the general structure of the solid body is 

broken down and begins to melt between (60 to 70 °C). From (95-105 °C) a sur-

face foam is formed, and the volatile parts are evaporated at (140 °C). When the 

temperature is lowered, the beeswax shrinks by about 10%, the remaining water 

is removed at (120 °C for 30 minutes) and the hardness increases as a result 

[141]. 

 

Figure  2.28  :   Bees wax structure[141]. 

2 . 7 . 5  Calcium Streate  

Calcium Streate [Ca(C18H35O2) ,Tm=170 C],Fig.(2.29) is a compound made of 

calcium with a group of solid organic acids extracted from edible materials. Cal-

cium stearate is a solid lubricant that reduces the friction between the particles of 

the additive, It is a solid-phase lubricant that diminishes friction among  particles 

of the sample to which it is added. Citric acid is a saturated fatty acid that is nat-

urally present in the glycerides of animal fats and most vegetable oils, and is de-

rived from palm oil, soybean oil, or fats suitable for human use. The final com-

pound is composed of calcium with different proportions of fatty acids and pal-

mitic [142]  .   

 

Figure  2.29 : Calcium Streate structure[142]. 
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2 . 8  Applications of self-lubricating polymeric composites 

Coating : By using Nano-diamonds as a coating for polymers, mainly it consist-

ed of polymer Nano-fibers and microfibers loaded with high diamond particles 

of 5nm weight (up to 80% by weight in poly acrylonitrile and 40% in polyamide 

, which are Nano-fibers electrically spun as a delivery medium and have self-

lubricating properties. This Nano coating exhibits high mechanical properties as 

it protects against UV rays and is scratch resistant with the help of self-

lubrication for a variety of surfaces [143].  

Aerospace : The formulations were optimized for self-lubricants in a second de-

velopment stage (eg Duroid5813 and PGM-HT). To achieve low friction and 

suitable wear in vacuum (+80 °C  to  -80 °C), secondary goal is low friction in 

air as well. Reported Artes activity equipped a fully European self-lubricant for 

ball bearing cage applications and a related design to predict the life of the ball 

bearing in terms of wear characteristic, ball contacts, and the amount of lubricant 

transportation per ball cage. That would be a breakthrough in mechanism and 

tribology[144] .  

Reinforcement : The meniscus simulation technology has been developed to 

modulate the nanoscale surface of long-term prosthetic hip implants, as a high-

molecular-weight polyethylene (UHMWPE) lubrication pad to reduce acetabular 

lining wear and eliminate osteolysis. By inoculating poly (2-

methacryloyloxyethyl phosphorylcholine) (MPC) on high-affinity UHMWPE 

(X-UHMWPE) using photopolymerization. The thickness of the poly layer 

(MPC) is 100-200 nm. This treatment increases the surface's susceptibility to 

water. This grafting reduces the production of wear particles and bone resorption 

responses. This simulation produces highly lubricated surfaces, suitable for pre-

paring artificial hip joint substrates [145].  

Biomaterials:  Using poly (vinyl alcohol) hydrogels (PVA) with a high percent-

age of water in reciprocating tests to study the lubrication mechanism in artifi-
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cial joints and to increase the service life of the artificial joint. Use a synthetic 

hydrogel cartilage that mimics biomimetics where hydrogels with properties 

similar to those of meniscus worked To increase the superior bearing capacity of 

heavy loads such as those found in human joints and the lubrication capacity of 

normal synovial joints, the hybrid gel showed very low friction using von Mises 

stress and interstitial fluid pressure comparison, and fluid flow were compared in 

biphasic finite element analysis, the friction was improved in terms of two-phase 

lubrication and surface lubrication [146].  

Denture: In the artificial saliva lubrication environment representing dry friction, 

the wear rate decreased as the artificial lubrication content increased (0 wt%, 2 

wt%, 5 wt%) by adding anion powder to PMMA, and a decrease in the volumet-

ric wear rate, SEM showed that under the grinding condition On dry, the 

grooves and cracks on the surface of the sample are clear, and under the condi-

tion of artificial saliva lubrication, the surface of the sample is smoother. So it 

can enhance PMMA's tribological properties [147]. 

 

 

 

 

 

 

 

 

 



Chapter Two                                         Theoretical part & literature Survey  

 

40 
 

2.9  Literature Survey  

In(2020) Antimo Graziano et el.: [148] 

The working group highlighted the effect of the new carbon Nano-agent on the 

compatibility between polyethylene (PE) and polypropylene (PP), and took an 

easy and efficient way to implement multiple polymers to activate functional 

properties that might be difficult to achieve in practice without physical need. 

Overproduction of monomer in a two-phase macropolyolefin system. With PE 

as the total phase, however, most polymer compounds are thermodynamically 

poorly miscible, causing devaluation of the material in behavior and perfor-

mance. They modified an alternative and lower material value of graphene oxide 

(GO) to synthesize new functional graphene. They achieved a substantial im-

provement of the structural features of PE, increasing its industrial value, 

through the co-activity of the PP micro-phase with the new modified interface of 

functional graphene. 

In (2019 ) K.Palanikumar et al.: [149] 

Their studies reported a comparison between pure PP and CaCO3 \ PP (self-

lubricating) by mixing calcium carbonate (CaCO3) with PP in different propor-

tions. Samples were prepared using a twin screw extruder and then tested for 

tribological properties using a Pin-on-Disc machine for variable load and speed. 

Sliding distance is constant. They showed that adding 10% calcium carbonate 

improves the wear resistance by 70% better than pure polypropylene and in-

creasing calcium carbonate (CaCO3) to a higher ratio improves the corrosion 

properties more than polypropylene assuming the loss of material and micro-

structure of the worn surfaces.  
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In(2018  )Wang et al. : [150] 

Promoting the idea of super lubrication achieved by researchers using black 

phosphorous (BP) as an excellent lubricant additive that significantly reduces 

friction and achieves superior lubrication (μ = 0.0006) using onboard ball gauge 

test and evoke the appropriate conditions to achieve superior lubrication, includ-

ing wide-range concentrations of substances additive, inter-surface contact 

stresses at surface shear interactions and dry-slide velocities. They confirmed 

that the excellent tribological properties and the extremely low shear strength are 

due to the water layer retained by the BP Nano-sheets modified by the addition 

of NaOH .  

In(2018 ) Narasingh Deep et al.: [151]  

Their research included the effect of introducing Nano-fillers into pure PMMA 

matrix and under functional conditions of high effective dispersion rates of 

Nano-materials in the base matrix. of MWCNT up to 0.5% by weight and then 

reduced. With the addition of MWCNT, there is a 16% increase in tensile stress, 

fluctuations in their results are observed and the reason is due to the short prepa-

ration time of the injection molding process and its time dependence and solubil-

ity. Efficiently block the f-MWCNT differentiation process. Hence the lack of 

elasticity, which leads to a decrease in tensile strength. The tensile strength de-

creases sharply up to 0.3 wt.% of MWCNT and then decreases very slowly. 

In ( 2018 )Haiyan Li et al.: [152] 

Anew challenges faced them by embedded  the microcapsules in epoxy for make 

―self-lubricating composites‖ and made the new multi-layer composites micro-

capsules loaded with oil and fitted them with ―poly (urea-formaldehyde) (PUF) ― 

shells and combined them with ―carbon-oxidized‖ multi-dopamine nanotubes 

(―CNTs-o-PDA‖) on the face surface of the ―PUF‖ micro-capsules Containing 

lubricant oil (LPMs), the capsules have an average diameter of 110 μm and a 

coating capacity of( 83.5%). Compared to the composites containing LPMs, the 
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coefficient of friction and the wear rate are lower for the self-lubricating compo-

sites that comprise (20) wt% of the ―CNTs-o-PDA‖ grouped ―LPMs‖ (33.79% 

and 74.28%) which are (64.07%) and (99.54%) lower than those in Clean epoxy 

resin. The tribological properties of the composites of polymer were significant-

ly enhanced by inserting ―CNTs-o-PDA‖ onto the surface of the ―PUF micro-

capsules‖ with the aid of the bonding forces between the epoxy and the micro-

capsules effectively .  

In(2017 )Haiyan Li et al. :[153] 

Activation of self-lubricating properties using double-walled organic 

(PSF)/inorganic (SiO2) small hybrid capsules in which lubricating oil is incorpo-

rated for incorporation into a polymer (pp) matrix.The liquid lubricant is flowed 

and released from the embedded microcapsules during repeated rubbing pro-

cesses, which significantly enhances the anti-friction properties. Synthetic mi-

crocapsules have shown excellent performance in high temperature resistance 

and can be applied in higher temperature surroundings, and microcapsules load-

ed with 10% wt% lubricant can improve the tribological properties of PP com-

pounds.  

In (2017 )Haiyan Li et al.: [154] 

 Production of double functional coatings by incorporating microcapsules loaded 

with tung oil into epoxy. Using in-situ polymerization, small capsules were ob-

tained loaded with tung-oil with polyurethane shell protection (urea-

formaldehyde) (PUF) with an average diameter of about 105 microns with a 

basic content of more than (80.0% wt). The coating is self-lubricating by releas-

ing a thin layer of capsules under the shell or wear condition. In comparison with 

pure epoxy, the coefficient of friction and the wear rate were the lowest fat cap-

sules content of (10% wt) and decreased by(17.3% & 78.6%), respectively. 
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In (2017) Martha Margarita Rueda et al.:[155] 

They reviewed real-time knowledge about the rheology and applications of high 

concentration molten polymers, focusing on solid particles ranging in size from 

several microns (100 nanometers) to a few microns. They discussed the rheology 

of compounds in terms of size distribution, particle nature and shape, and inter-

actions, and they summarized mathematical models related to viscosity as a 

function of the filler content of highly concentrated mono- and bi-modal suspen-

sions. The results of flow instability showed the emergence of non-linear behav-

ior (wall slip, particle separation, bulge phenomenon and surface instability), and 

also provided the latest applications for highly concentrated systems (solid fuels, 

magnetic materials, etc.). They explained the importance of mixing as a special 

feature to reach a high-quality dispersion and distribution of particles in the ma-

trix. They emphasized the use of organic dispersants to improve the degree of 

dispersion in the matrix and the flow properties of the material and how to con-

trol it. 

In (2017) Recep Gunes  et.el.: [156] 

The mechanisms of damage and positive deformation of honeycomb sandwich 

structures reinforced with graded face plates were functionally under ballistic 

action. The honeycomb structure consists of two identical functionally graded 

sheets having different thicknesses of material combinations, an aluminum hon-

eycomb core and functionally graded face sheets consisting of ceramic (SiC) and 

aluminum (Al 6061) phases. The mechanical properties of the total thickness of 

the face plates are assumed to vary according to the force law. The properties of 

the active materials are evaluated locally using Mori-Tankao diagram finite ele-

ment method and they determine the values of the penetration and perforation 

threshold energy on the ballistic performance and the ballistic limit of the sand-

wich structures. The effective contribution of the honeycomb core to the ballistic 

performance of the sandwich structure was by comparison with spaced plates 
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(without honeycomb core) in terms of residual velocity, kinetic energy and dam-

age area. 

In ( 2016 )Bin Shen  et al. : [157] 

Researchers produced a compact and continuous layer of graphene coating by 

activating the surface coating and electrostatic precipitation properties at an ap-

plied voltage (15 V) or higher. At the (15 V Gr) layer the tribology of microcrys-

talline diamond (MCD) obtained by horizontally stacked single micron sheets of 

graphene was raised with random Nano-sheets (MLG) combined together, 

showed that the graphene (EPD) coating significantly reduced friction. Ultra-

high coefficient of friction (COF) of the MCD film ranged from ~0.08 to ~0.04-

0.05 under 1 N normal load and decreased by more than 40%. The friction 

toughness under normal load is 4N higher and more than 36000 slip cycles, and 

the friction reduction arises from the three-body wear system. 

In ( 2015)Noelia Saurín et al.  :  [158] 

A new type and technical method were introduced in the field of self-lubricating, 

the new ionic nanofluids with graphene were used as basic lubricants, lubricant 

additives, anti-friction and wear-reducing additives in the new nanocomposites. 

Ionic nano-lubricants were produced from dispersion of nanoparticles with ionic 

liquids upon activation of Nano-phases. These phases may consist of various 

metallic nanoparticles, inorganic ceramic particles or carbon nanoparticles. 

Phases containing ionic liquids at room temperature can take forms such as mix-

tures, dispersions, surface-modified Nano-phases, or chemically functional.   

In(2014  )  G. Styles et al. :[159]  

By determined the topographical properties of contacting solid surfaces using 

Talysurf by combining topography and coating properties to develop the neces-

sary properties for a corresponding boundary friction model. Based on the mixed 

hydrodynamic lubrication system, they developed a digital model consisting of 

the upper pressure ring and the cylinder liner. They recorded the results of fric-

tion and the effect of the coating on power loss and wear as follows: The rough 
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ends were proportional to the load they supported in terms of the friction factor, 

they tested the piston/cylinder liner coupling system from lubrication during pis-

ton strokes inside the engine cylinder. Equip the surfaces with hard coatings that 

resist wear by solid lubricants, as well as a mixed lubrication system at and near 

reversals coated at the piston rings and cylinder liner surfaces. They showed that 

these coatings improved the friction properties of the anti-surfaces due to the to-

pography of their surface in addition to the mechanical properties of the materi-

als. 

In ( 2013)DONG-YA ZHANG et al. :[160] 

Demonstration of the bonding properties of ( SLC) using a ball-on-disk tribo-

meter under different loads and frequencies of control sample to be prepared by 

spraying a polymer composite coating on(GCr15) disc. Solid polymer self-

lubricating compounds (SLC) consists of matrix and filled regions synthesized 

by Lamination process – bonding. compared with the control sample, the coeffi-

cient of friction its (SLC) corrosion rate decreased by 57% and tripled at 4 N 

And 6 Hz respectively. So  the coefficient of friction (SLC) was stable under low 

frequency and high with high frequency. The wear rate was proportional to the 

applied load and the frequency . The areas filled  by sputtering   with silicon on  

steel sheets and a polymer matrix filled with MoS2 and graphite, respectively. 

They detected the effectively  of  solid lubricant using ANSYS and with the aid 

of frictional heat  .  

In( 2013) N. Espallargas et al: [161] 

Utilizing both solid and liquid lubricants (MoS2, PTFE, graphite, etc.) the re-

searchers produced coatings by thermal spraying and using liquid-filled capsules 

as reservoirs in thermally sprayed coatings. As the coating wears off, and after 

the lubricant contained in the capsules is released into the system, the thick-

walled capsules show more heat resistance, and the sprayer injection system re-

sults in a more uniform distribution of the capsules which improves the capsules 

breakage. The most important properties that control friction and wear are the 
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mechanical properties, the coating matrix and the capsule wall. Thus, it affects 

the performance of friction and wear.  

In(2011  )M. Manshaa et al.:[162] 

Bringing more resistant materials into innovative applications to find   Scratch-

resistant polymeric surfaces, especially after facing many obstacles in the appli-

cation of some physical and chemical processes, such as annealing, as well as 

ionic culture techniques, to obtain better surface properties, especially transpar-

ent PMMA polymers. They used three amides of fatty acids, Erucamide, Behen-

amide and Stearamide, and studied the effect of each on the surface tribology at 

a wide range of temperatures. They achieved a decrease in the coefficient of fric-

tion by introducing these plasticizers in different proportions, whose effect be-

came clear on the behavior of PMMA, and they found that Erucamide achieved 

more results than other plasticizers. 

In( 2010 )R. A.Ibrahim  et al.: [163] 

The breadth of innovation methods, including the use of natural and industrial 

materials, prompted a group of researchers to use polyester compounds rein-

forced with graphite fibers of different diameters and saturated with vegetable 

oils (corn, olive and sunflower oil) and polyester compounds reinforced with 

graphite fibers consisting of 10% corn oil and 10% by volume of fibers. Graph-

ite exhibits relatively low rate of friction coefficients and wear rates. Corn oil 

and sunflower oil show good tribological behavior of polyester compounds as a 

heavy-duty material due to their low coefficients of friction and high wear re-

sistance. 

In( 2010 ) Oleg Kulikov et al. :[164] 

A low-viscosity PPA made by reacting a mixture of polyethylene glycol with 

organic acids, phosphoric acid, and polyester of phosphorous oxides was pre-

pared . Comparing the extrusion pressure and viscosity shown with the new PPA 

at lower temperatures is lower, than in the industry when fluorinated polymer 
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processing additives (PPA) were used to delay the emergence of shark skin to 

higher extrusion rates of polyethylene resins at higher temperatures during ex-

trusion to reduce the viscosity Apparent melting. When PPA concentrations (0.1 

to 0.5% wt) are applied, the extrusion pressure is reduced from (2 to 5) times. 

In(2010 )Marco Sangermanoet al. :[165]   

One of the most important parameters of organic coatings is their resistance to 

scratching. Researchers in this field have developed a method by following two 

main strategies, the selection of polymer coating components and the other in-

troducing fillers .They used the organic/inorganic nano-hybrid coating in a top-

down or bottom-up approach. Following the first approach, the particles (metal 

oxide) were dispersed in the polymer matrix prior to nanoparticle surface modi-

fication, as an alternative approach, using inorganic free radical polymerization 

combined with the use of a colloidal solution gel precursor. It resulted in a good 

distribution of the inorganic phase within the polymeric matrix and reduced me-

chanical damage (scratching) . 

In (2008 ) Li-Piin Sung.et al: [166] 

They reported from this study about the quantitative effect of alumina nano addi-

tives on the mechanical properties of the surface and the performance of the 

scratching behavior of the two-part polymeric coating (polyurethane). They in-

corporated metal oxide nanoparticles such as nano-alumina and nano-silica into 

polymer coatings to enhance mechanical durability widely used in scratch-

resistant technologies and under scratch test conditions on nano-coatings (nano-

alumina/polyurethane) with different molecular concentrations and a wide range 

of applied forces and using a distance Indented with a conical diamond tip. , the 

scratch patterns for width/depth and deformation were observed using confocal 

laser microscopy. The results indicated that the durability of the coating and the 

scratching behavior strongly depend on the concentration of the nanomaterial 

and the surface treatment of the nano-alumina.  
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In (2008) Milen Stefanov et el.: [167] 

By reviewed the usability of Born-Oppenheimer simulations of molecular dy-

namics. They obtained a local "nano coating" that yields friction coefficients 

similar to those of MoS2 platelet-based lubricants. It decreased at high loads due 

to the explosion of the nanostructures under the applied high load and the for-

mation of nano-platelets that are firmly attached to the surfaces of materials 

from the first contact, not to the effect of bearing the ball. 
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3 . 1  Introduction  

In this chapter, a brief description of the materials that used to produce polymethyl 

methacrylate composites reinforced with a variety types of solid lubricant materials 

and also the equipment that used to characterized the mechanical and tribological 

and rheological  properties of the resultant composites , Fig.(3.1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (3.1) Work plan
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3 . 2 Materials used in this work  

In this work , the materials used : Methyl Methacrylate monomer (MMA),Benzoyl 

Peroxide (BPO) , Calcium Streate (CS),Polyethylene wax (PE-wax),Bees wax 

(Bwax), and , Multi wall carbon Nano tube (MWCNT), the specifications of Multi 

wall Nano tube (MWCNT) is indicated in the table ( 3.1 ) . All the above materials 

were all purchased from the local Iraqi market, the specifications of all material is 

indicated in the table (3 . 2). 

 

Table (3.1)  Specifications for MWCNT[168] . 

Property Data 

Specific gravity (g     ) 1.8 

Electrical conductivity (S     ) 

  

   -    

Electron mobility(         )    -    

Thermal conductivity (W m    ) 2000 

Coefficient of thermal expansion (    ) Negligible 
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Table ( 3 . 2 )   Specifications for used materials 

Material Chemical formula Linear formula Mw g/m Density Tm °C Color Referance 

methacrylate (MMA) 

 

C5H8O2 100 0.942  - 48 Colorless [137] 

Benzoyl Perox-

ide(BPO) 

 

C14H10O4 242.23 1.15 103  White [139] 

Calcium Streate(CS) 

 

Ca(C18H35O2 )2 (607.03 ) 1.08 179 white to 

yellowish 

[241]  

Polyethylene-wax 

(PE-wax) 

 

C20-40 H 42-82 436.84 930 745 Colorless [140] 

Beeswax (Bwax) 

 

C15H31COOC30H61 676 0.950-

0.965 

61-65 white to 

yellowish 

 [141] 

Experimental part      Chapter Three                                                                                                  Experimental part 
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3 . 3  Surface treatment of MWCNT:  

Given the difficulties facing the scientific researcher in the practical aspect when 

dealing with MWCNT in obtaining the optimum dispersibility in  PMMA / matrix , 

therefore the Multi-wall Nano tube (MWCNT) were treated in an acid mixture so-

lution, made with nitric and sulfuric acids in a ratio [ 1 : 3 ] by volume, the dura-

tion of the treatment were 6 hr at 80°C, MWCNT in the amount of (2g ) were add-

ed to (40ml ) of a mixture solution. The mixture was altrasonicated for (10 min) 

prior to acids treatment , the mixture was magnigatically stirred during the treat-

ment to facilitate the reaction. When the reaction was completed , the mixture was 

cooled down slowly and washed with distillated water for several times using a 

vacuum filter to reaction the (PH=7) .The resultant filtered cake was dried in vacu-

um oven at 100°C for 8 hr.     

Figure  3.2 :  Illustrate MWCNT Preparation Method. 

3 . 4  Preparing Hybrid filler  

The Hybrid compound of two materials carrying the properties of each substance 

included in its composition , in this paper a Hybrid compound was produced and 

the process summary is shown in Fig.(3.3) . Hybrid filler was prepared by mixing 

50% wt. of acids treatment MWCNT with 50%wt. of Beeswax in acetone solvent 

using ultrasonication process for (20 min) at  room temperature and then evapo-

rated the acetone solvent using vacuum oven. 

at 80°C for 6 hr 

Chapter Three                                                                            Experimental part 
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Figure  3.3 : Illustrate preparing Hybrid filler 

3 . 5  In-situ Free Radical Polymerization (FRP) 

The polymerization process(free radical method) was carried out in the labora-

tory using methyl meth-acrylate (MMA) and Benzoyl Peroxide (BPO) as initia-

tor, The raction steps are summarized as follows:  

 The polymerization molds were formed using glass sheets (           ) 

a (15 cm) long rubber tube, and four paper holders. 

 The materials are injected into the mold using a syringe. 

 The mold was brought into the oven for 6 hr at a temperature of 80 C
0
. 

3 . 5 . 1  PMMA/solid lubricant preparation process 

The comparative effect of three types of lubricant solids used as fillers with pro-

portions shown in table (3.3) carried out through FRP process except the solid lub-

ricant fillers were added to the solution ( MMA (100g) + BPO (0.9%wt.) ) during 

mixing state with percentages illustrated in table (3.3) for (15 min). PMMA /Solid 

lubricants composites (PMMA/PE-wax, PMMA / Bwax, and , PMMA / CS ) were 

prepared using magnatic stirrer ,while PMMA/MWCNT and PMMA/Hybrid filler 

Acids treated (MWCNT) 50% wt.  

+ 

Beeswax50%wt. 

PMMA/Hybrid 

Composite 

Vacuum oven 

  85  C
0 
+ 5 hr. 

 

Sonication 

for 20 min  

at room temperature 

FRP 

process 
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prepared using ultrasonication process, Fig.(3.3), for (20 min ) at room temprature. 

Fig.(3.4) illustrates the preparation pross of PMMA /Solid lubricants composites( 

PMMA/PE-wax,PMMA/Bwax,PMMA/CS),PMMA/MWCNT,and,PMMA/Hybrid.  

      

 

 

Figure  3.4 :  Illustrate Polymeric Composites 
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 Table (3.3) Polymeric Composites. 

 Sample Code 
 

Sample Composition 

1 Pure PMMA PMMA without additives 

2 PMMA/CS1 PMMA+0.05 %Calcium stearate 

3 PMMA/CS2 PMMA+0.1%Calcium stearate 

4 PMMA/CS3 PMMA+0.2 %Calcium stearate 

5 PMMA/CS4 PMMA+0.5 %Calcium stearate 

6 PMMA/Bwax1 PMMA+0.05 %Beeswax 

7 PMMA/Bwax2 PMMA+0.1 %Beeswax 

8 PMMA/Bwax3 PMMA+0.2 %Beeswax 

9 PMMA/Bwax4 PMMA+0.5 %Beeswax 

10 PMMA/PE-wax1 PMMA+0.05 % Polyethylene-wax 

11 PMMA/PE-wax2 PMMA+0.1 % Polyethylene-wax 

12 PMMA/PE-wax3 PMMA+0.2 % Polyethylene-wax 

13 PMMA/PE-wax4 PMMA+0.5 % Polyethylene-wax 

14 PMMA/MWCNT1 PMMA+ 0.05 % wt.  MWCNT 

15 PMMA/MWCNT2 PMMA+ 0.1% wt.  MWCNT 

16 PMMA/MWCNT3 PMMA+ 0.2 % wt.   MWCNT 

17 PMMA/MWCNT4 PMMA+ 0.5 % wt.  MWCNT 

18 Hybrid1 PMMA+0.05%wt.Hybrid(50%wt.MWCNT+50%wt. of Bees-

wax 

19 Hybrid2 PMMA+0.1%wt.Hybrid(50%wt.MWCNT+50%wt. of Beeswax 

20 Hybrid3 PMMA+0.2%wt.Hybrid(50%wt.MWCNT+50%wt. of Beeswax 

21 Hybrid4 PMMA+0.5%wt.Hybrid(50%wt.MWCNT+50%wt. of Beeswax 
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3 . 6 Characterization Techniques 

3 . 6 . 1 Miscibility Tests   

3 . 6 . 1 . 1  Fourier Transform Infrared Spectrometer (FTIR)  

The Fourier transform infrared spectrometer is a technique used to distinguish be-

tween organic, inorganic and polymeric groups present in materials, and it has 

been used to characterize the molecular structure of PMMA, PMMA / Solid lubri-

cant, reinforcement fillers and to interpret the links between solid lubricant and 

PMMA matrix. The tool that was used in this work is a type (IR Affinity-1) made 

in (Kyoto, Japan) and is located in the Department of Polymer Engineering and 

Petrochemical Industries / Faculty of Materials Engineering / University of Baby-

lon. The sample test procedure involves calibrating the device with potassium 

bromide powder (KBr), and mixing the sample powder or a small drop of liquid 

with KBr (if the sample is in the form of particles, it must be ground into a fine 

powder first and then mixed) with the mixing ratio of 99%. The spectrum obtained 

is a two-axis shape, and the horizontal is a wavelength ranging (4000-400 cm
-1

). 

The vertical axes are either absorbance or transmittance. The procedure is carried 

out in accordance with ASTM E1252 [170] . 

 

Figure  3.5 :  FTIR spectroscope 
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3 . 6 . 1 . 2  Differential Scanning Calorimetric (DSC)  

A differential calorimeter has been used to examine and quantify the temperature 

of the phase transitions of the samples powder was weighed, pressed, and placed 

in the machine. Samples were examined under nitrogen gas flow and the test pa-

rameters were determined with a heating rate of 10 
0
C

 
/min and a temperature 

range from room temperature to 250 
0
C. Some characteristics such as the glass 

transition and melting temperatures can be determined by observing the peaks in 

the resulting DSC plot. The device used in this test is SH1MADZ-4 DSC-60 lo-

cated in Polymer Engineering and Petrochemical Industries Department / College 

of Materials Engineering / University of Babylon and the test was performed un-

der ASTM D3418-03 [171], Fig.(3.6). 

 

Figure  3.6  :  DSC Calorimetric SH1MADZ-4 DSC-60  
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3 . 6 . 2 Mechanical Tests 

3 . 6 . 2 .1  Wear Test  

The Pin-on-disk tool evaluated the dry friction and wear properties of unfilled 

PMMA and PMMA lubricant. An aluminum ball mounted in pin-shaped fixtures 

was used to slide against sample and. Ball diameter (10 mm), temperature during 

tests: RT, range of applied force: 1 to 12 N, distance: 500 m, speed: 110 rpm. The 

dimensions of the wear test samples were (1 mm wide, 2 mm long, 1.26 mm thick). 

All samples were processed to obtain a smooth surface. Each experiment was re-

peated, at the end of each test the evolution of the friction coefficient along with 

the slip distance was measured directly by the CSM frictionometer. Unlike the ring 

on the disc, during the test of the pin on the disc, no reverse movement occurs and 

no breaks occur in the lubricating film between the wear components. So it can be 

assumed that there is pure sliding friction between the components.. The device 

used in this test is located in republic of Iran ASTM G99 – 05 [172] . 

 

Figure  3.7 : Wear Device 
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3 . 6 . 2 . 2  Scratch Test 

The scratcher was made of steel, and the testing speed was about 1 mm/s. Scratch 

tests were carried out on a Scratch Machine (Surface Machine Systems) according 

to the ASTM D7027-05 [173]. During the scratch test, linearly progressive normal 

loads from 5N to 20 N were applied on the surface of the specimen by the scratch 

tip, all samples were scratched using a spherical scratcher (570 μm tip diameter) 

with a variety of loads (10, 15, 20 N).Afterward, the scratch groove formed on the 

specimen was observed by optical light microscope, and the onset point of scratch 

damage was determined and its distance from origin was measured, thus the corre-

sponding normal load at onset location of scratch damage can be identified. This 

normal load is termed as a critical normal load of scratch damage (Fcr), and can be 

used to quantify the scratch resistance of polymers. A constant scratch speed of 1 

mm/s and a scratch length of 40 mm were specified for all scratch tests. A stain-

less-steel spherical scratch tip of 570μm diameter was used to conduct the tests 

Fig.(3.8). The device used in this test is located in Polymer Engineering and Petro-

chemical Industries Department / College of Materials Engineering / University of 

Babylon. 

 

Figure  3.8 :  (a) Scratch devise ,(b) PMMA under the tip of scratch device ,and (c) tip of 

scratch device 
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3 . 6 . 2 . 3  Universal Test 

This test was performed by using (Bongshin model WDW-SE) instrument .The 

device applies load range (1-50KN) with speed range (0.1-50 mm/min). A charac-

teristic of polymers in the bending diagrams depend on the shape and dimensions 

of the specimen. Fig. (3.9) show the instrument of Three point bending test that can 

be used for the examination according to ASTM D-790 [174]  , The device used in 

this test is located in Polymer Engineering and Petrochemical Industries Depart-

ment / College of Materials Engineering / University of Babylon. 

 

Figure (3.9) Universal Test Device 

The flexural strength is stress at failure in bending. It is equal or slightly larger 

than the failure stress in tension, for a rectangular sample, the resulting stress under 

an axial force is given by the following formula: 

  
 

  
              

This stress is not the true stress, since the cross section of the sample is considered 

to be invariable (engineering stress). 

where :- 

……………………(  3.1  ) 
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 F ــ the axial load (force) at the fracture point (N). 

 b ــ width (mm). 

 d ــ the depth or thickness of the material (mm). 

 

Figure  3.10 : Flexural strength schematic 

The resulting stress for a rectangular sample under a load in a three-point bending 

setup (Fig. 3.10) .The equation of these two stresses (failure) yields: 

  
   

    
 

Where:- 

 F ــ the load (force) at the fracture point (N). 

 L ــ the length of the support span (mm) . 

 b ــ width (mm). 

 d ــ thickness (mm). 

3 . 6 . 2 . 4  Micro-Hardness Test 

Vickers hardness test method is an accurate micro hardness test to measure the re-

sistance offered by the polymer composite material when the load applied over the 

surface area of indentation. Vickers Pyramid number (HV) or Diamond Pyramid 

hardness (DPH) is the unit for measuring the Vickers hardness number. Readings 

……………………(  3.2  ) 
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were taken on well-polished samples immediately after the indentation made as it 

highly depends on the elastic recovery of the material and surface homogeneity. 

The Vickers diamond hardness is found from: 

 

With d equal to the length of the diagonal measured from corner to corner. The de-

vice used in this test is located in Polymer Engineering and Petrochemical Indus-

tries Department / College of Materials Engineering / University of Babylon , 

ASTM E384 [175] , Fig. (3.11).  

 

 Figure  3.11  :   Micro-Hardness device 

3 . 6 . 3  Morphological Tests  

3 . 6 . 3 . 1  SEM Microscopy 

The major characteristic technique for analyzing surface morphology along (Pure 

PMMA,PMMA/Solid-lubricant ,PMMA/ Reinforcement ,PMMA/Hybrid).The 

samples were visualized in nitrogen atmosphere with SE (secondary electron ) de-

tecter using acceleration voltage 15 KV and the (35.0 Kx, 1.00 Kx ,90.0x) magni-

fication were used for all samples.  The surfaces of the samples are checked after 

wear testing, The collected results of SEM were analyzed using Image J software. 

The device used is (MIRA3 TESCAN) [176], is a high performance FEG-SEM 

……………………(  3.3  ) 
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system that features a high brightness Schottky emitter, situated in Mashhad Uni-

versity of Medical Sciences / Islamic Republic of Iran, Fig. (3.12) . 

 

Figure  3.12 : Scanning electron microscope 

3 . 6 . 3 . 2  Digital Microscope 

 The polymer composites(pure PMMA,PMMA/Solid-lubricant ,PMMA/ Rein-

forcement , PMMA/Hybrid)  samples was examined by using digital microscope 

(model AM4815T Dino-Lite Edge) made in (Kyoto Japan), with magnification rate 

(20x-220x), which is available in laboratory of college of materials engineer-

ing/University of Babylon. Fig.(3.13) shows an image for Digital microscope. Dig-

ital Microscope used to photograph surface of sample extrudate to observe melt 

fracture. 

 

Figure  3.13 : The Digital Microscope Device 
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3 . 6 . 3 . 3  Contact Angle Test 

The contact angle test was performed to evaluate the behavior of the surface tribol-

ogy using solid lubricants and reinforcement fillers on wettability. The instrument 

used is the SL 200C - static photodynamic interfacial tension meter and contact 

angle meter manufactured by KINO Industry Co., Ltd. ASTM D7490-13 

 ,USA,[177] with range (0 to 180 degrees) which is available in laboratory of col-

lege of materials engineering/University of Babylon. Fig.(3.14). The contact angle 

device records the values of the contact angles and calculates their average value in 

two ways (Circle Fitting & Young Laplace Fitting methods)giving graphic values 

of the contact points in real time to monitor changes in the contact angle and imag-

es of the wetting drop and in both ways with video recording, Fig. (3.14). 

 

 

 

 

 

……………………(  3.3  ) 
  𝜸𝑺  𝜸𝑳  𝒄𝒐𝒔𝜽 𝜸𝑺𝑳 

 𝜸𝑳 ــ 𝑳𝒊𝒒𝒖𝒊𝒅 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 

𝜸𝑺𝑳 ــ 𝑨 𝒔𝒐𝒍𝒊𝒅 𝒂𝒏𝒅 𝑳𝒊𝒒𝒖𝒊𝒅 𝑩𝒐𝒖𝒏𝒅𝒂𝒓𝒚 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 

Where :  

 𝜸𝑺 ــ 𝑺𝒐𝒍𝒊𝒅 𝒔𝒖𝒓𝒇𝒂𝒄𝒆 𝑻𝒆𝒏𝒔𝒊𝒐𝒏 

 

Figure (3.15) Contact Angle measurement 

Figure  3.14  : Contact angle device 
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3 . 6 . 4  Rehological Test 

3 . 6 . 4 . 1  Capillary Rheometer (SR20) 

Capillary rheometer device (INSTRON CEAST, Country of Origin Italy), which is 

obtainable in laboratory of college of materials engineering/University of Babylon, 

as shown in Fig. (3.16  a ). Capillary rheometer systems are manufactured in ac-

cordance with ASTM D3835 [178], international standards for rheology testing. 

This capillary rheometer simulates the method conditions, measuring the plastic 

materials flow conduct that symbolizes the rheology of materials through numer-

ous capillary die. Control the device by a software program allows users to run the 

capillary rheometer. It offers the whole flow curve of tested materials and evalua-

tion charts for material curves reference. Customized data export provides easy 

pstprocessing analysis and feeding for software simulation programs as in shown 

Figure (3.16  b ).  

 

Figure  3.16  : (a) Capillary Rheometer (SR20) Device,(b) Software Program to Run the Capil-

lary Rheometer. 

(a) (b) 
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4 . 1 introduction  

In this chapter, the results of the mechanical, tribological, and rheological tests of 

the prepared pure PMMA and PMMA with a variety of solid lubricant types will 

be discussed using, and also the physical and chemical properties will be discussed 

by using  SEM, FTIR, and DSC techniques. 

 

4 . 2 Mechanical Results 

4 . 2 . 1 Hardness  Results 

Vickers hardness test method is an accurate micro hardness test to measure the re-

sistance offered by the polymer composite material when the load applied over the 

surface area of indentation. Vickers Pyramid number (HV) or Diamond Pyramid 

hardness (DPH) is the unit for measuring the Vickers hardness number. Readings 

were taken on well-polished samples immediately after the indentation made as it 

highly depends on the elastic recovery of the material and surface homogeneity. 

The results showed that the presence of solid lubricants Paraffin wax and calcium 

Streate has a slight effect on decreasing the hardness of PMMA, while in the case 

of beeswax there is no real effect  on the PMMA hardness which agreed with [179] 

. Adding fewer percentage of  PMMA\MWCNT and PMMA\Hybrid increases 

hardness while high percentage decreases hardness which agreed with[180], Figure 

(4.1). 

 

 

 

(a) 
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Figure  4.1 :  Micro hardness measurement (a) As a function of solid lubricant wt.%,and 

(b) As a function of Reinforcement filler wt.%. 

 

 4 . 2 . 2 Flexural Results  

The experimental results of flexural test for pure PMMA & PMMA with solid lub-

ricant wt.% were detailed in table (4.1) 
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Figure  4.2 : Flexural results (a,b,c,d,e) Load-deformation of solid lubricant wt.%,and Re-

inforcement filler wt.%, (f) Samples after test.  

(f) 
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Different solid lubricants have a different effect on the flexural strength of PMMA 

based composites. The flexural strength of PMMA polymer filled with Beeswax 

decreased by 0.1 wt%, while the remaining percentages showed a less similar ef-

fect. Both  of PMMA/PE-wax and PMMA/CS showed a less similar effect which 

agreed with [181]. The flexural strength of PMMA polymer filled with MWCNT 

decreased for all percentages  This may be because the Nano-fillers acted as lubri-

cants rather than as reinforcing fillings . PMMA polymer filled with Hybrid 

showed a less similar effect to  PMMA polymer filled with Beeswax . 

Table(4.1)Flexural test for pure PMMA , PMMA with solid lubricant wt.% & PMMA with 

reinforcement fillers wt.%  . 

Material 

F
lex

u
ral 

S
tren

g
th 

  
 
 

 

M
ax

-

d
efo

rm
atio

n
 

Material 

F
lex

u
ral 

S
tren

g
th 

  
 
 

 

M
ax

-

d
efo

rm
atio

n
 

Pure PMMA 72 11.4 PMMA/CS3 22 4.8 

PMMA/PE-wax1 42 5.7 PMMA/CS4 37 4.5 

PMMA/PE-wax2 21.9 ــــــــ PMMA/MWCNT1 36 4.6 

PMMA/PE-wax3 40 5.3 PMMA/MWCNT2 24 8.6 

PMMA/PE-wax4 23 6.8 PMMA/MWCNT3 28 4.8 

PMMA/Bwax1 26 8 PMMA/MWCNT4 24 6.3 

PMMA/Bwax2 12 3.8 PMMA/Hybrid1 35 8.6 

PMMA/Bwax3 31 8.3 PMMA/Hybrid2 46 8.6 

PMMA/Bwax4 32 4.7 PMMA/Hybrid3 35 6.9 

PMMA/CS1 34 16.9 PMMA/Hybrid4 31 6.9 

PMMA/CS2 180 5    
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Figure  4.3 : (a) Flexural Stress as a function of solid lubricant wt.%  ,and , (b)  Flexural 

Stress as a function of Reinforcement filler wt.% .  
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4 . 2 . 3 Friction& Wear  

4 . 2 . 3 . 1 Coefficient of friction  

Fig. (4.4) shows the friction coefficient as a function of applied force of the Pure 

PMMA and PMMA based a variety solid lubricant materials. In general, the pres-

ence of the solid lubricants greatly reduces the coefficient of friction, as shown in 

Fig. (4.4 a ) a decrease in the friction coefficient of PMMA/ PE-wax (0.5 wt. %) at 

(5 N) from ( 0.6 to 0.45) and this agreed with  [182, 183]. While Fig. (4.4 b) shows 

that the friction coefficient of PMMA and PMMA based Bwax lubricant was de-

creased from (0.6) for pure PMMA to (0.1) for PMMA/Bwax2 , and this may be 

due to increasing the ability of the migration of the bwax to the surface of contact, 

which causing a significant decrease in the coefficient of friction. Figure (4.4 c ) 

shows that  the effect of the presence of Calcium Streate with different ratios on 

reducing the coefficient of friction of PMMA. It can be seen that the friction coef-

ficient was decreased significantly from (0.55) for pure PMMA to 0.1 for PMMA/ 

CS (0.2 wt.%)  at normal load 5N which agreed with [184].In terms of increased 

wear resistance and associated mechanical properties, calcium stearate was found 

to be the most effective for high molecular weight matrix, which reduces the sur-

face temperature of the sample (the final product). It was observed that carbon 

nanotubes act as a solid lubricant, and under lubrication conditions, it could be 

classified as a type of lubricant additives. Under dry slip conditions, the addition of 

carbon nanotubes can lead to a significant reduction in friction and wear. Carbon 

nanotubes formed a carbon layer covering the contact surfaces as well as due to the 

low shear property of carbon nanotubes, the friction coefficient  of ( 

PMMA/MWCNT4)was decreased (at  6 N from 0.6 to 0.34 and at 12 N from 0.7 to 

0.31) ,while the friction coefficient  of( PMMA/Hybrid2 ) decreased (at  5 N from 

0.56 to 0.1 and at 12 N from 0.7 to 0.37) Under dry friction as shown in fig. (4.4 d , 
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e ), the effective time of MWCNTs is limited, and the coefficient of friction de-

creases as the MWCNTs content increases. The wear mechanism under dry friction 

is mainly adhesive wear. Observations of worn surfaces by SEM provide 

knowledge about both, the role that lubricant solids play in the reduction of wear 

rate, and the acting wear mechanisms .Fig.(4.5) shows the  worn surfaces of the 

PMMA and PMMA/PE-wax composite filled with additional solid lubricant tested 

under normal load 12N, the worn surfaces of the (0.1 and 0.2) composite were 

much smoother compare with the worn surface of pure PMMA composite. 
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 Figure 4.4 : Coefficient of friction  vs. applied loads (a) PMMA/ PE-wax, (b) PMMA / 

Bwax , (c) PMMA / CS, (d) PMMA\MWCNT , and (e) PMMA\Hybrid. 
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4 . 2 . 3 . 2 Wear Rate Effect  

After calculating the wear rate from the equation (2.3)in chapter (2),through the 

figure (4.3), it was found that the PMMA/CS2 at (0.1 wt.%) had a greater wear rate 

than pure PMMA. compared to the rest of solid lubricant, PMMA/Bwax  recorded 

lowest wear rate. Generally , PMMA/Bwax3 and PMMA/Bwax4 have lower 

young’s modulus as shown in Fig (4.3 a).With respect to reinforcement composites 

, PMMA/MWCNT3, PMMA/MWCNT4, PMMA/Hybrid1,and,  PMMA/Hybrid2 

recorded lowest wear rate as shown in Fig.(4.4 b ). 

 

 

Figure 4.5 :  Effect of applied loads on wear rate for:(a) As a function of Solid lubricated 

wt.%,and (b) As a function of Reinforcement wt.%, at constant sliding time of 180 min . 
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4 . 2 . 3 . 3  SEM Results 

As shown in Fig. (4.6) where the worn surface of pure PMMA showed a clear plas-

tic deformation due to adhesive mechanism of wear, breakage of the Pure PMMA 

matrix occurs at the interface. 

 

 

 

Figure  4.6 : Detailed morphology of wear surface of PMMA following micro abrasion un-

der ( 12 N ) load as a function of sliding distance(a) Pure PMMA , (b) PMMA/PE-wax1 ,(c) 

PMMA/PE-wax2,(d) PMMA/PE-wax3,and ,(e ) PMMA/PE-wax PMMA/PE-wax4. 
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 The presence of PE-wax caused enhancement in the worn surface due to the de-

creasing the adhesive nature of the contact zone Fig.(4.7), with increasing the 

weight percentage of PE-wax to 0.5% caused increase in wear rate due to a loss of 

mechanical properties because of solid lubricant materials assisted softening poly-

meric. 

 

 

Figure  4.7: Detailed morphology of wear surface of PMMA following micro abrasion un-

der ( 12 N ) load as a function of sliding distance(a) Pure PMMA , (b) PMMA/Bwax1 ,(c) 

PMMA/Bwax2,(d) PMMA/Bwax3,and ,(e ) PMMA/B-wax PMMA/Bwax4. 

 

Fig.(4.8) where the worn surface of PMMA/Bwax showed a clear enhancement in 

wear resistance. The resulting surface is smooth and this indicates that the lubricat-

ing materials reduce the intermittent shear stress and thus reduce the adhesion fric-

tion compound . This confirms the ability of Beeswax  to migrate through PMMA 
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structure to the interface and decreasing the coefficient of friction  and therefore 

improve wear resistance. On the other hand, the surface of the worn of PMMA/CS 

Fig.(4.9) a clear enhancement in wear resistance. The resulting surface is smooth  

and this indicates that the lubricating materials reduces friction but does not protect 

against abrasive particles. Since calcium stearate is relatively soft in wear effect 

cannot save the matrix from the influence of fixed abrasive particles, as in [185].  

 

 

 

Figure  4.8 : Detailed morphology of wear surface of PMMA following micro abrasion un-

der ( 12 N ) load as a function of sliding distance(a) Pure PMMA , (b) PMMA/CS1 ,       (c) 

PMMA/SC2,(d) PMMA/CS3,and ,(e ) PMMA/PE-wax PMMA/CS4. 

 

Through Fig(4.9) the surface of the worn composites filled with MWCNT show 

areal changes in the pure PMMA behavior  about wear resistance. The resulting 
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surface is achieved  superior surface smoothness and this indicates that the rein-

forcement fillers reinforced tribological surface  by reduces friction but it can be 

seen from the internal worn-out structure. The more friction, the less the internal 

structure’s ability to withstand continuous rubbing. 

 

 

Figure  4.9 : Detailed morphology of wear surface of PMMA following micro abrasion un-

der ( 12 N ) load as a function of sliding distance(a) Pure PMMA , (b) PMMA/MWCNT1 

,(c) PMMA/MWCNT2,(d) PMMA/MWCNT3,and ,(e ) PMMA/MWCNT4. 

Through Fig (4.10) the surface of the worn  Hybrid compound a clear enhancement 

in wear resistance. The resulting surface is smoother and this indicates that the Hy-

brid compound reinforced tribological surface  by reduces friction but the abrasive 

effect still exists .  
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Figure  4.10 : Detailed morphology of wear surface of PMMA following micro abrasion 

under ( 12 N ) load as a function of sliding distance(a) Pure PMMA , (b) PMMA/Hybrid1 

,(c) PMMA/Hybrid2,(d) PMMA/Hybrid3,and ,(e ) PMMA/Hybrid4. 

4 . 2 . 4 Scratch Test 

The residual effect after performing the scratch test on the vertical force (15 N) and 

the diameter of the scratch ball (570 μm) and under test conditions (room tempera-

ture, constant distance, loads from 5-20 N) for all samples. Scratch damage is now 

being recognized as one of the key factors limiting the service life of polymer 

products in many engineering applications. The scratch track of the unfilled pure 

PMMA exhibited extensive cracking and tearing Fig. (4.11 a ). Cracks generally 

occurred when the tensile stress behind the moving indenter exceeded the strength 

of the material. By adding 0.05 wt.% as-received PE-wax, the scratch damage 

changed to ductile plowing with no cracks inside the scratch track .Increasing the 
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wt. % of  PE-wax  to 0.1, further reductions in scratch width and depth were ob-

tained. With 0.5wt% PE-wax large voids are formed caused by weak interfacial in-

teraction between solid lubricant particle and matrix at identical test conditions. 

Fig.(4.11 b )  shows the scratch damaged region  for PMMA, PMMA/CS1,and, 

PMMA/CS3 revealing the parabolic and repetitive pattern of scratch tracks with 

enhanced plastic flow comparing with pure PMMA. With (CS 0.5wt.%) exhibited 

again extensive cracking and tearing like the behavior of pure PMMA, because the 

high percentage of the solid lubricants may weaken the structure of PMMA. Fig. 

(4.11 c ) a change in the apparent plastic deformation behavior for pure PMMA 

was observed, and through the change in the width and shape for PMMA filled 

with Bwax (at 0.1, 0.2 and 0.5wt.%) the residual crack decreased and showed a 

clear change in the deformation behavior, and the elastic deformation component 

increased and the residual groove showed a very smooth area which indicated that 

the Bwax efficiency to immigrate to the contact zone and play major roles in de-

creasing the interfacial shear stress. In general, the presence of solid lubrication 

(Bwax) in PMMA had a positive effect in raising the value and resisting scratch 

hardness. Fig.(4.11 d)) shows the results of abrasion resistance due to scratching on 

the surface of the samples. (PMMA / Bwax) showed the highest values of hardness 

for scratch resistance and for all filling percentages. 
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Figure 4.11 : (a,b,c) OM topography showing scratch morphology of pure PMMA, PMMA/ 

solid lubricant wt.%,(d) Scratch hardness of pure PMMA,PMMA/solid lubricant wt.%. 
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In Fig.(4.12 a ) the transformational crack deformation were observed from the 

plastic behavior of the pure PMMA to the elastic behavior for Hybrid composites. 

It showed a significant decrease in interfacial shear stresses and crack width. fur-

thermore , there is a noticeable change in the apparent plastic deformation behavior 

of Pure PMMA due to the presence of MWCNT in PMMA that had a positive ef-

fect in raising the value and resisting scratch hardness for all samples alike. The 

PMMA/(MWCNT at ratio ( 0.1, 0.2 and 0.5 wt%) showed the residual crack de-

creased and showed a clear change in deformation behavior, the elastic defor-

mation component increased and the residual groove showed a very smooth area 

indicating that the efficiency of the (MWCNT) to migrate to the contact area and 

play a major role in reducing interfacial shear stress. This information provides in-

sight   into  the  mechanical  faults that occur during scratching , enabling research-

ers to discover and diagnose mechanical defects and further investigate the scratch-

ing behavior of the material under test, and scratch hardness tests can be completed 

within 10 minutes with good accuracy and repeatability. Compared with the tradi-

tional indentation procedure, the scratch hardness test in this study provides an al-

ternative solution for measuring hardness ,and is useful for quality determination 

and development of new polymeric materials. Fig.(4.11 d ) shows the results of 

abrasion resistance due to scratching on the surface of the samples. (PMMA / 

Bwax) showed the highest values of hardness for scratch resistance and for all fill-

ing percentages, while PMMA \ MWCNT at (0.2) and PMMA / Hybrid at (0.1) 

recorded the highest values for hardness Scratching, Fig. (4.12 c ). 
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Figure  4.12 : (a,b) OM topography showing scratch morphology of pure PMMA, PMMA/ 

reinforcement filler wt.%,(c) Scratch hardness of pure PMMA,PMMA/reinforcement filler 

wt.%. 
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4 . 3 Rheological  Results 

4 . 3 . 1   Shear Viscosity Results 

Pure PMMA was extruded as well as all lubricated PMMA prepared with different 

proportions of solid lubricants. As discussed above one of the main objectives of 

this work was to identify a processing solid lubricant  suitable for PMMA pro-

cessing. In other words identify a processing solid lubricant  that would postpone 

the onset of helical flow and thus gross melt fracture to higher rates. From all the 

solid lubricant particles tested, the only ones which had an effect on the gross melt 

fracture of PMMA were the internal solid lubricants of Bees wax. Fig. (4.13 a ) 

shows the flow curve of pure PMMA ,PMMA/PE-wax , It seems that the use of 

these lubricants cause a decrease in the extrusion process. The trend of the shear 

viscosity of PMMA with solid lubricant Bwax shown in Fig. (4.13 a) initially fol-

lowed the typical pseudo-plastic shear-thinning behavior, and the shear viscosity 

decreased significantly, when the shear rate increased from approximately (50 to 

400 s
-1

 ) , then change in the shear viscosity tended to be flatter, in contrast 

PMMA/PE-wax and PMMA/CS showed gross melt fracture from (50 to 500 s 
-1

,50 

to 300 s
-1

) respectively as shown in Fig.(4.13 b , c ). Fig. (4.13 e ) shows the flow 

curve of pure PMMA ,PMMA with MWCNT and Hybrid, it seems that the use of 

these fillers cause a decrease in the extrusion process .The trend of the shear vis-

cosity of PMMA with MWCNT initially followed the typical pseudo-plastic shear-

thinning behavior close to PMMA with solid lubricant (Bwax) results as shown in 

fig.(4.13 a ), and the shear viscosity decreased significantly, when the shear rate 

increased from approximately (50 to 400 s
-1

 ) , then change in the shear viscosity 

tended to be flatter too. Fig.( 4.13 e) ,in contrast ,PMMA\Hybrid1, 

PMMA\Hybrid2 showed gross melt fracture from (50 to 400 s
-1

 

),PMMA\Hybrid3,PMMA\ Hybrid4 showed flatter shear viscosity from (400 to 
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900 s
-1

). During the sonication process, there is a break and fluctuation in the pol-

ymeric chains, so the viscosity decrease, the molecular weight and the shear stress 

increase accordingly. As the chains are broken up, the molecular weight distribu-

tion tends to be the broad molecular weight distribution. 
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Figure  4.13  : Shear viscosity behavior of pure PMMA melt with: (a,b,c) PMMA/solid lub-

ricant wt.% melts , (d,e) PMMA/reinforcement fillers & Hybrid compound  melts ,with the 

shear rate increasing in a capillary at die 1 mm ,temperature 240 C°. 

 

4 . 3 . 2  Shear Stress Results 

Shear stress plays an important role to indicate the critical value of the surface 

quality. Figure ( 4.14  ), shows the flow curve of pure PMMA ,PMMA with solid 

lubricant for a tube with a diameter of 1 mm and 240 C°. These curves are perfect-

ly continuous with change in the slope around PMMA/PE-wax1, PMMA/PE-wax2 

at ( 0 s
-1

 and  600
-1 

) respectively as shown in  fig.(4.14  a ,b) , shows the flow 

curves of pure PMMA ,PMMA /Bwax are perfectly continuous with change in the 

shear stress tend to be flatter, shear stress increased with shear rate increased from 

approximately (0 to 600 s
-1

 ).   PMMA/CS2 , PMMA/CS3, PMMA/CS4 at (100 s
-1

, 

300 s
-1

 and 200 s
-1

 ) respectively ,the shear stress increases with the shear rate in-

creasing for temperature 240 C° at Die = 1mm.The processability in capillary ex-

trusion of pure PMMA ,PMMA with solid lubricant  is determined in terms of the 
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onset of melt fracture phenomena. The critical shear rates and stresses at which ex-

trudate distortions appear. The polymer processability was effected by increasing 

the solid lubricant on their processability. The increase in the ratio of solid lubri-

cant and the type of solid lubricant are the main factors in reducing the friction be-

tween the mold wall and the material due to the ease of flow of the material. 

100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

 Pure PMMA

 PMMA/Pwax1

 PMMA/Pwax2

PMMA/ Pwax3

 PMMA/Pwax4

(a)

 

 

200 400 600 800 1000
0

100

200

300

400

500

600

 Pure PMMA

 PMMA/Bwax1

 PMMA/Bwax2

 PMMA/Bwax3

 PMMA/Bwax4

(b)

 

𝛕
𝐚
𝐩
𝐩
   
𝐌
𝐩
𝐚

 
𝛕
𝐚
𝐩
𝐩
   
𝐌
𝐩
𝐚

 

𝜸𝒂𝒑𝒑  𝑺−𝟏
  

𝜸𝒂𝒑𝒑  𝑺−𝟏
  



Chapter Four                          Result &Discussion 

 

90 
 

100 200 300 400 500 600 700 800 900 1000
0

100

200

300

400

500

600

700

800  Pure PMMA

PMMA/ CS1

PMMA/CS2

 PMMACS3

 PMMA/CS4

(c)

 

200 400 600 800 1000
0

400

800

1200

1600

2000
 Pure PMMA

 PMMA/MWCNT1

 PMMA/MWCNT2

 PMMA/MWCNT3

 PMMAMWCNT4

(d)

 

𝛕
𝐚
𝐩
𝐩
   
𝐌
𝐩
𝐚

 

𝜸𝒂𝒑𝒑  𝑺−𝟏
  

𝛕
𝐚
𝐩
𝐩
   
𝐌
𝐩
𝐚

 

𝜸𝒂𝒑𝒑  𝑺−𝟏
  



Chapter Four                          Result &Discussion 

 

91 
 

200 400 600 800 1000
0

200

400

600

800

1000

1200

1400

 Pure PMMA 

PMMA/ Hybrid1

PMMA/ Hybrid2

PMMA/ Hybrid3

PMMA Hybrid4

(e)

 

 

Figure (4.14) shear stress behavior of Pure PMMA melt with: (a,b,c) PMMA/solid lubri-

cant wt.% melts , (d,e) PMMA/reinforcement fillers & Hybrid compound  melts ,with the 

shear rate increasing in a capillary at die 1 mm ,temperature 240°C. 

 

The shear stress behavior of PMMA/MWCNT is similar to PMMA/PE-

wax2,PMMA /CS2, PMMA /CS4 as shown in fig.( 4.14 d ),when shear stress in-

creased with shear rate increased , shear stress tend to be flatter .Shear stress be-

havior of hybrid causes turbulent extrusion lead to a variety of the elastomeric ef-

fects. PMMA\Hybrid  shear stress curves are perfectly continuous with change in 

the slope around PMMA| Hybrid3, PMMA\ Hybrid4 from  (50  to  800 s 
-1

 ) as 

shown in fig. (4.14  e ).  
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4 . 3 . 3  Melt fracture 

Extrusion deformation arises when the extrusion process occurs at high rates. Then 

the shear rate exceeds the critical shear rate to break a particular polymer melt that 

is initially in the die entry region when the material is directed into the capillaries 

from the die reservoir. Where the melt movement is in the part parallel to the die. 

Other effects occur on the die wall, as the melt fracture phenomenon occurs when 

extruded through the small diameter with high shear rate ,process occurs at high 

rates. Then the shear rate exceeds the critical shear rate to break a particular poly-

mer melt that is initially in the mold entry region when the material is directed into 

the capillaries from the die reservoir. Where the melt movement is in the part par-

allel to the mold. In general, there is an instability that may occur in the capillaries 

pure PMMA,PMMA with solid lubricant, PMMA / MWCNT and Hybrid extru-

sion. First, there is a critical shear stress in which low-amplitude periodic defor-

mations exist on the extrusion surface causing surface melting fracture. When high 

shear stress is present, the flow creates massive deformations that appear on the 

material surface upon extrusion known as the total melt fracture. The polymer 

shows diffuse defects on the surface, the real problem being the inability to have 

simple quantification of the turbulent nature of extrusion. These observations can 

only be recorded on the basis of the visual aspect and the accurate description indi-

cating the increasing degradation with an increase in the flow rate (shear rate). In 

all cases, irregular pressure at an extremely high flow rate (shear rate) causes tur-

bulent extrusion. 
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4 . 3 . 4  Flow instabilities of molten polymers 

The main defect faced for Pure PMMA filament shape was volume defect. It gen-

erally occurs for all polymers under very severe flow conditions. A chaotic aspect 

and a gradual and irregular deterioration of the cylindrical shape of the extrudate is 

always observed (total melt fracture) [51], due to high shear stress, the flow creates 

massive deformations that appear on the material surface upon extrusion.as shown 

in Fig. (4.15 ). 
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PMMA/ PE-wax1 PMMA/ PE-wax2 PMMA PE-wax4 

 

PMMA/Bwax3 PMMA/CS1 PMMA/CS2 
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Figure  4.15 : Filament shapes and extrusion defects at 100 s
-1

 shear rate (Volume defect)  for 

pure PMMA & with PMMA solid lubricant wt%. 
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Volume defect filament shape can be seen also for PMMA with reinforcement fill-

er  as in Fig.(4.17). 

 

 

 

 A sharkskin defect occurs when a surface defect increases and extends to the flow 

rate. It can be distinguished initially by the loss of transparency of the extruded 

material and a dull surface [128,135].The sharkskin defect can be seen by the fila-

ment shapes of PMMA with solid lubricant, Fig. (4.18), as well as for PMMA with 

reinforcement filler as in Fig. (4.19). 
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Figure   4.17  : Filament shapes and extrusion defects at 100 s
-1

  (Sharkskin)  for PMMA 

with solid lubricant wt%. 

Figure 4.16 :  Filament shapes and extrusion defects at 100 s
-1

 (Volume defect)  for PMMA 

with reinforcement fillers wt.%. 
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Figure   4.18  :  Filament shapes and extrusion defects at 100 s
-1

  (Sharkskin)  for PMMA 

/MWCNT. 

4 . 4 Contact Angle Results 

Through the Fig. (4.19 (and Fig. (4.20) , an increase in the contact angle value was 

observed for all samples that used solid lubricant materials , MWCNT fillers ,and , 

Hybrid fillers, but with varying proportions, It was  observed  too, the samples 

filled with Beeswax that had a high contact angle with water surface compared to 

the rest of the solid lubricant materials types. Due to the difference in the ability 

and rate of migration of particles for  Solid lubrication materials to the surface, 

where the results proved that a higher percentage of migration particles  to the sur-

face for Beeswax partials .This behavior was reflected in most of the surface prop-

erties of the composite material that were previously discussed. 
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 Figure 4.19 :  (a) Illustrate the droplet of contact angle of experimental result of 

Pure PMMA, PMMA/reinforcement fillers wt.%, and ,  (b) Contact angle measurement as 

a function of reinforcement fillers wt.%.  
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Figure 4.20 :  (a) Illustrate the droplet of contact angle of experimental result of Pure 

PMMA, PMMA/ solid lubricant wt.% , and ,  (b) Contact angle measurement as a function 

of solid lubricant wt.%. 
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4 . 5 Miscibility Results 

4 . 5 . 1  FTIR  Results  

Fig.(4.21 a) shows that the intensity of the bands observed in the spectrum (O-H 

Stretch) starts increasing with the emergence of a doublet at (3757–3456 cm
-1

), in-

dicating the structural transformation of the molecule, also , at (3903-3672 cm
-1

) 

for Pure PE-wax, but show took a wrinkled shape for Pure PMMA . The spectrum 

(C-H  Stretch) shows this doublet at (2947–2846 cm
-1

) for Pure PE-wax and ( 2924 

cm
-1

 ) for Pure PMMA ,but less shifting for PMMA/PE-wax at (2846 cm
-1

), the (C-

O stretching bands) observed at (1550-1660 cm
−1

) in Pure PMMA is less shifting 

in PMMA/PE-wax at 1635 cm
-1 

,the (C-C stretching bands) observed at (1110 cm
−1

 

)in PMMA/PE-wax. Fig.(4.21 b),(C–O  Stretch ) at (1550-1600 cm
-1

) respectively 

for PMMA is higher shifting in PMMA/Bwax peak appear at (1643 cm
-1

). The (O-

H Stretch) here  less shifted with the emergence of a doublet at ( 3572 - 3433 cm
-1

) 

for PMMA\Bwax. The(C-H Stretch) here  less shifted at (2384cm
-1

)for PMMA 

\Bwax. Fig.(4.21 c),(O-H Stretch) for PMMA\CS show decrease of this peak in the 

same position for Pure PMMA. The(C-H Stretch) is less shifting for PMMA/CS 

spectrum at (2769 cm
-1

) , the same band appear for pure CS  at doublet (2962-2769 

cm
-1 

), the (C-O Stretch) is higher shifting for PMMA/CS at (1635 cm
-1

), the(C=O 

Amide) observed at (1658 cm
−1

) in PMMA/CS. Fig.(4.21 d) ,pure PMMA, 

PMMA/MWCNT and Hybrid compound are shown. When comparing the FTIR 

specification set for pure PMMA and PMMA /MWCNT composites, only small 

peak shifts and one significant change can be seen. Specifically, the(C-O stretch) 

observed at (1627 cm
−1

 & 1573 cm
−1

) in  pure MWCNT and PMMA\MWCNT re-

spectively, they took a wrinkled shape in both PMMA/MWCNT and the hybrid 

composite. The decrease of these peaks in the range (1597-1490 cm
-1

) indicates the 

changes in the structure of the carbon nanotubes when carboxylate is used which 
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agreed with [186,187]. It is also correct to refer to such a decrease in these peaks to 

the presence of hexagonal asymmetric carbon which agreed with [188]. The (O–H 

stretch) appeared in PMMA/ MWCNT at ( 3500 cm
−1

 )  and  less shifted in Hybrid at 

(3332 cm
−1

),New chemical group observed for Hybrid and Pure MWCNT , the (C=O 

stretch ) at (1689 cm
−1

 ) and at (C C Stretch ) at (2384 cm
−1

) respectively  .  

Table ( 4 . 3 ) Absorption areas  of Fig.(4.21 a ) 

Type of bond Pure PMMA Pure Pwax PMMA/Pwax 

O - H Stretch 3448 cm
-1

 3903-3672 cm
-1  

3757 – 3565 cm
-1   

C - H    Stretch 2924 cm
-1

 2947 – 2846 cm
-1

 2846 cm
-1

 

C - O  Stretch 1550-1600 cm
-1

 1519 cm
-1

 1635 cm
-1 

Table (4 . 4)  Absorption areas of  Fig.(4.21 b ) 

Type of bond Pure PMMA Pure Bwax PMMA/Bwax 

O - H Stretch 3448 cm
-1

 3417 cm
-1  

 3572 - 3433 cm
-1

 

C - O  Stretch 1550-1600 cm
-1

 1774 cm
-1  

 1643 cm
-1  

 

C - H    Stretch 2924 cm
-1

 2916 cm
-1

 2384 cm
-1 

Table ( 4 . 5 ) Absorption areas of Fig.(4.21 c ) 

Type of bond Pure PMMA Pure CS PMMA/CS 

O - H Stretch 3448 cm
-1 

3919 - 3672 cm
-1  

3919 - 3672 cm
-1 

 

C - H    Stretch 2924 cm
-1

 2962 - 2769 cm
-1

 2769 cm
-1 

C - O  Stretch 1550-1600 cm
-1

 1550 cm
-1

 1635 cm
-1 

C = O Amide   1658 cm
-1 

Table ( 4 . 6 ) Absorption areas of  Fig.(4.21 d ) 

Type of bond Pure PMMA Pure MWCNT PMMA/MWCNT Hybrid 

O - H Stretch 3448 cm
-1

 3433-3556 cm
-1

 3500 cm
-1

 3332 cm
-1

 

C - H    Stretch 2924 cm
-1

 2862-2947 cm
-1

 2870 – 2985 cm
-1

 2916 cm
-1

 

C - O  Stretch 1550-1600 cm
-1

 1627 cm
-1

 1573 cm
-1
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C = O stretch    1689 cm
-1

 

C   C Stretch  2384 cm
-1
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Figure 4.21  FTIR spectrum for Pure PMMA with (a),PMMA/PE-wax , Pure PE-wax 

,(b)PMMA/Bwax , Pure Bwax ,  (c)PMMA/CS , Pure CS , and (d) Pure 

MWCNT,PMMA/MWCNT, PMMA\Hybrid . 

4 . 5 . 2  DSC Results 

From second thermodynamic low:  

   
  

 
 

             

       

Fig.)4.22) shows radar graph representations of lubricants, orientations, and entro-

py values. Here it can be visualized more clearly that, regardless of the general 

trend, the polymeric materials filled with solid lubricants showed the amount of 

heat lost in the thermodynamic system through the movement of particles and their 

ability to move to the surface (migration). (PMMA/Bwax) showed the highest val-

ue of particles migrating to the surface . 

…..(4.1) 

…..(4.2) 

…..(4.3) 
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Figure  4.22 : Radar chart of entropy for PMMA with solid lubricant wt%. 

DSC-based investigations confirmed the good miscibility and uniform structure 

of PMMA with solid lubricants. Moreover, the main differences in specific heat 

capacity, crystallographic temperature and melting point have an effect on the 

crystal structure of the polymeric matrix, as all samples (PMMA/PE-wax, 

PMMA/Bwax, PMMA/CS) showed an increase in specific heat capacity with in-

creasing the filling percentage is attributed to the role played by solid lubricants 

in migrating to the surface and lubricating the appropriate surface to increase the 

hydrophobic susceptibility of the polymer, as well as an increase in heat flow up-

on heating and passing through the glass transition phase, with a decrease in the 

crystalline temperature and melting point with an increase in the filling percent-

age. The heat capacity is greater upon heating above the glass transition tempera-

ture and when it reaches a certain temperature it gains enough energy to enter into 

a more organized structure known as "crystals", which release latent heat upon 

crystallization because it is an exothermic reaction.Table (4.7) Represented the 

results of NETZSCH / Proteus 70 software programs  as Delta Specific Heat Ca-

pacity  (J/ g K),Crystalline temperature (Tc), Area ( J / g) , and melting point 

(Tm) from Fig.(4.23 ) . 



Chapter Four                          Result &Discussion 

 

103 
 

Table ( 4 . 7 )  DSC analysis ( Solid lubricant ) 

Samples (Cp) (J/ g K˚) (Tc) ( ˚C ) Area ( J / g) (Tm) ( ˚C ) 

Pure PMMA 0.001 211.3 -6.622 208 

PMMA / PE-wax 

0.05 wt.% 0.000 206.4 -10.93 202 

0.1 wt.% 0.021 190.4 -4.91 191 

0.2 wt.% 0.018 200.6 -4.737 193.25 

0.5 wt.% 0.104 175.3 -3.713 179.25 

PMMA / Bwax 

0.05 wt.% 0.018 190.7 -3.828 189 

0.1 wt.% 0.041 198.1 -3.682 188.75 

0.2 wt.% 0.062 176.8 -3.521 188.125 

0.5 wt.% 0.072 199.4 -8.054 186.375 

PMMA / CS 

0.05 wt.% 0.043 200.1 -7.344 190 

0.1 wt.% 0.088 194.5 -6.187 187.5 

0.2 wt.% 0.006 184.0 -5.720 190.875 

0.5 wt.% 0.136 186.6 -3.531 187.5 
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Figure 4.23: DSC result of Pure PMMA and PMMA/sold lubricant wt.% from                      

( 150 to 250 )˚C . 

(a) 

(b) 

(c) 
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Figure 4.24  : DSC result of Pure PMMA & PMMA/sold lubricant (0.5wt.% ) from             

(0 to 150 ˚C ). 

 

Fig.(4.24) showed DSC result for pure PMMA,PMMA filled with solid lubricant at 

(0.5 wt. % ) . It reveals the glass transition temperature  for all sample (pure 

PMMA, Tg=102), (PMMA/PE-wax. Tg=166), (PMMA/Bwax. Tg=85), and , 

(PMMA/CS , Tg=55).  
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Conclusions:   

From the acquired results we can conclude the following  

1- In-situ free radical polymerization is quite acceptable technique for produc-

ing  pure PMMA ,PMMA loaded with solid lubricant and nanoparticles. 

2- The wear  rate tests for the resulting composite materials  PMMA/Bwax 

showed an improvement in the wear rates, which decreased to (9.4 % ) , 

while PMMA/MWCNT & PMMA/Hybrid showed an improvement in the 

wear rates, It is increased with increasing the content of reinforcement. 

3- The Wear coeffecint test results for PMMA/solid lubricant wt.% composites 

showed an improvement in the wear rates which decreased to 

(0.6%,0.7%,0.8%),respectively, while PMMA/Reinforcement fillers 

showed an improvement in the wear rates which decreased to (0.7% and 

0.8%) respectively. 

4- PMMA / Bwax showed improvement in contact angle tests for resulting 

composites and achieved higher contact angle values for hydrophobic sur-

faces. 

5- Results of the scratch  hardness tests for the resulting composite materials : 

PMMA/solid lubricant wt.% showed an improvement in the rates of friction 

coefficient , which decreased to (0.8 %, 0.7%, 0.8 %) respectively. 

6- The flow results in capillary rheometer of PMMA/ solid lubricant wt.%  & 

PMMA/ Reinforcement fillers wt.% showed that a shear thining behavior-

which is the critical shear rate and shear stress can be easily predicated. 

7- Determine the critical area to be able to change the surface quality and re-

late its results to pressure, shear stress and shear rate. This provides a de-
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termination of the appropriate boundary conditions for a capillary rhemom-

eter or polymer processing machine to produce the ideal surface quality, 

and the characteristics of the final product to save time, effort and energy. 

Recommendations: 

 

 Study of the tribological and mechanical behavior of self-lubricating 

layers using Nano-indentation technology. 

 Use of lubricant-filled microcapsules for self-lubricating applications. 

 Preparation and study of a multifunctional coating as a transparent anti-

friction coating for optical applications. 
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Appidex I 

 

Programming simulations  using Ansys workbench were conducted for en-

gineering tests (Flexural strength, wear, hardness, scratching) as shown below: 

 Flexural Strength Test: 
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 Wear Test 

 

 

 

 

 



 

112 
 

 Abrasion Test 
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Model (A4) > Explicit Dynamics (A5) > Solution (A6) > Equivalent Stress 

Model (A4) > Explicit Dynamics (A5) > Solution (A6) > Equivalent Stress 

Time [s] Minimum [MPa] Maximum [MPa] 

1.1755e-038 

 

0. 

5.2358e-005 1.5255e+005 

1.0032e-004 1.3958e+005 

1.5152e-004 2.456e+005 

2.0349e-004 2.2486e+005 

2.5004e-004 1.8363e+005 

3.0227e-004 1.5115e+005 

3.5269e-004 1.1287e+005 

4.0131e-004 1.5191e+005 

4.5081e-004 1.9533e+005 

5.0203e-004 1.5193e+005 

5.5109e-004 1.1687e+005 

6.0094e-004 1.8499e+005 

6.5011e-004 1.6793e+005 

7.0337e-004 1.4552e+005 

7.5193e-004 1.8152e+005 

8.0358e-004 1.8654e+005 

8.5237e-004 1.3876e+005 

9.0252e-004 1.8765e+005 

9.5049e-004 1.8321e+005 

1.0039e-003 1.4925e+005 
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 Vickers Test 
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 :اٌخلاصخ

ِٓ أجً رٛفٍش عّش رشذٍُ طًٌٛ، ٌجت اٌزؤوذ ِٓ أْ اٌجٌٍّٛش اٌصٍت أٚ ِشوت اٌجٌٍّٛش ٌٛفش رضٌٍزبً رارٍبً 

ٚفً ٔفظ اٌٛلذ، ٌجت أْ ٌٛفش ضغظ رلاِظ ِٕبعت ٌٍٛاجٙخ، ٚ٘ٛ اٌعبًِ الأوثش أٍّ٘خ ِع ِشوجبد 

ىٍخ ٌٍذًّ ٚاٌضغٛط اٌزشذٍُ اٌزارً ثذٍث ٌىْٛ اٌّشوت اٌجٌٍّٛشي لبدسًا عٍى دعُ اٌضغٛط اٌذٌٕبٍِ

 اٌّطجمخ. 

ِع ِٛاد رشذٍُ  (PMMA) فً ٘زٖ اٌذساعخ  رُ رصٍٕع ِشوت رضٌٍذ رارً ِزعذد اٌٍّثًٍ ٍِثبوشٌلاد

زارً. رُ اخزٍبس عزٍشاد اٌزشذٍُ ٌٍ طشٌمخصٍجخ ٚأٔجٛة ٔبٔٛ وشثًٛٔ ِزعذد اٌجذساْ ٚرُ اخزٍبسٖ و

رشذٍُ صٍجخ ٌٙب اٌمذسح عٍى الأزمبي إٌى عطخ اٌىبٌغٍَٛ ٚشّع اٌجًٌٛ إٌثٍٍٍٓ ٚشّع اٌعغً وّٛاد 

 :اٌجٌٍّٛش خلاي فزشح خذِزٙب. اعزخذاَ اٌجٍّشح فً اٌّٛلع ٌٍجزٚس اٌذشح ِع اٌّعٍّبد اٌزبٌٍخ

)PMMA ٪100MMA + 0.9 BPO wt٪( / ( ٚصٔ 0.5،  0.2،  0.1،  0.05ِبدح رشذٍُ صٍجخ ً (   ٪ب

PMMA / MWCNT ) 0.05  ،0.1  ،0.2 ،0.5 ٔ50ٓ طشٌك اٌصٛرٕخ( ، ِشوت ٘جٍٓ ))ع بً%ٚص ٪

PMMA: 50٪ ( )ًٚصْ٪ 0.5،  0.2،  0.1،  0.05شّع عغ )PMMA +  . ) 

ٌٍزذمك ِٓ ٌ٘ٛخ ِٛاد اٌزشذٍُ اٌصٍجخ ثعذ  (FTIR) رُ اعزخذاَ رذًٌٛ فٛسٌٍٗ ٌلأشعخ رذذ اٌذّشاء

. فٍّب ٌزعٍك ثبٌغٍٛن ثٍّشح اٌجزٚس اٌذشح ٚاٌجغٍّبد إٌبٌٔٛخ اٌىشثٍٛٔخ ِزعذدح اٌجذساْ فً اٌّٛلع

اٌزشاٌجٌٛٛجً ٌغطخ اٌجٌٍّٛشاد اٌّمٛاح ثّٛاد رشذٍُ صٍجخ ٚدشٛ ٔبٔٛي ثعذ اخزجبس اٌزآوً ، ثبعزخذاَ 

 (SR20) ، ٌزُ اٌزذمك ِٓ اٌزذفك ثبعزخذاَ ِمٍبط ضغظ شعشي (OM) اٌفذص اٌّجٙشي اٌجصشي

اٌصٍجخ ٚدشٛاد إٌبٔٛ فً صٌبدح  ٚأجشي اخزجبس صاٌٚخ اٌزلاِظ ٌٍزذمك ِٓ اٌفعبٌٍخ ِٓ ِٛاد اٌزشذٍُ

لطش٘ب إٌّزجخ ثؤشىبي دائشٌخ ٔغجٍبً ، ٌجٍغ ِزٛعظ  PMMA لبثٍٍخ اٌجٌٍّٛش اٌّمبَٚ ٌٍّبء. رزٍّض صفبئخ

ُِ. أثجزذ ٔزبئج الاخزجبساد ٌىً ِٓ الادزىبن ٚاٌزآوً وفبءح أعٍى رصً إٌى  2عُ ٚعّىٙب دٛاًٌ  15

ٌٍّّٛءح ثشّع اٌعغً أوثش ثىثٍش ِٓ ثبلً اٌّضٌمبد اٌصٍجخ ِّب ٪( ٌٍعٍٕخ ا0.0٪( ِٚعبًِ ادزىبن )9.4)
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ٌؤوذ أزمبي اٌجضٌئبد. عٍى اٌغطخ ٌٚمًٍ ِٓ ِمذاس إجٙبد اٌمص اٌجًٍٕ أثٕبء الادزىبن اٌجبف ، ٚثضٌبدح ِع 

ِشٚس اٌٛلذ ٚالأدّبي اٌّطجمخ ثغشعخ ثبثزخ ، ٌؤثش الادزىبن عٍجبً عٍى ِعذلاد اٌزآوً اٌىٍٍخ ٌٚضعف 

اٌذاخًٍ ٚثبٌزبًٌ اٌخصبئص اٌٍّىبٍٔىٍخ. ٌعًّ ٔظبَ اٌزضٌٍذ اٌزارً ثٕجبح ٚ٘زا ِب رؤوذٖ ٔزبئج  اٌٍٙىً

اخزجبس اٌخذػ ٌٍعٍٕبد اٌزً أظٙشد عٍٛن اٌزشٖٛ ٌٍجلاعزٍه اٌجٌٍّٛش إٌمً ٚاٌزشٖٛ اٌّشْ ٌٍجٌٍّٛش 

ا ٚاضذًب ِٓ اٌزؤثٍش اٌّزجمً اٌٍّّٛء ثشّع اٌعغً ٚوبٔذ إٌزبئج ِزٛافمخ ِع ٔزبئج الادزىبن ٚاٌزآوً. وبْ ٘ز

ثعذ اٌخذػ، ٚاٌزي ٌزٍّض ثّٕطمخ ٔبعّخ جذًا فً ِٕطمخ اٌزلاِظ ِع اٌمًٍٍ ِٓ إجٙبد اٌزلاِظ ِٚشٚٔخ 

ب فً رمًٍٍ إجٙبد اٌمص اٌغطذً دزى ) ًّ سٌٍِٛزش ٔزبئج أظٙشد ٪(. 0.0خذػ اٌغطخ ٌٍٚعت دٚسًا ِٙ

أْ ٌضٚجخ اٌمص رزٕبلص ِع  دشٛاد رمٌٛخ ٚرشذٍُ صٍجخ  ٌٍجٌٍّٛش الاعبط ِع ِٛاد اٌشعشي اٌزذفك

صٌبدح ِعذي اٌمص ٌٚضٌذ إجٙبد اٌمص ِع صٌبدح ِعذي اٌمص. رؤدي صٌبدح إجٙبد اٌمص إٌى لطع اٌغٍغٍخ 

اٌجٌٍّٛشٌخ ٚرمًٍٍ اٌٍضٚجخ ِع صٌبدح دسجخ اٌذشاسح، ٚصٌبدح اٌٙجشح إٌى اٌغطخ، ِّب عبعذ عٍى رؤجًٍ 

ب فً الإشبسح إٌى جٛدح عٍٍّخ اٌجثك ٚرمًٍٍ ِمذاس وغش الأص ًّ ٙبس اٌىًٍ. ٌٍعت إجٙبد اٌمص دٚسًا ِٙ

اٌغطخ، فّٓ اٌٛاضخ أْ رذذٌذ إٌّطمخ اٌذشجخ ضشٚسي ٌززّىٓ ِٓ رغٍٍش جٛدح اٌغطخ ٚعلالزٗ ثبٌضغظ 

 .ٚإجٙبد اٌمص ِٚعذي اٌمص
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 جّٙٛسٌخ اٌعشاق                                             

 ٚصاسح اٌزعٍٍُ اٌعبًٌ ٚاٌجذث اٌعًٍّ   
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 وٍٍخ ٕ٘ذعخ اٌّٛاد           

  صٕبعبد اٌجٌٍّٛش ٚاٌجزشٚوٍّبٚيٕ٘ذعخ لغُ 

 

 خٌٛٛجٌٍجاٌزشا رمصً اٌخصبئص

ٌّشوت ثٌٍّٛشي رارً  خٚاٌشٌٌٛٛجٍ

 اٌزشذٍُ
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