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ABSTRACT 

With the advancement of technology, newer and better coatings with improved mechanical 

properties such as hardness, corrosion resistance, load bearing capacity, and adhesion strength are 

being developed. The increasing applications of polymers as tribological materials in the past few 

years, as a substitute for metals or other materials, has in turn sprouted an increasing interest for 

further development of novel polymers. 

Plastics are materials with great qualities, whose usage is being introduced in an increasing amount 

of applications. Tribology is currently a preferred field for exploring the performance features of 

engineered polymers. Recent studies show that polymers have tribological characteristics as good 

as or even better than the materials used until now. We can easily find plastic parts in home 

appliances, car engines, human artificial joints, and aeronautics and even in food industry. For this 

last case, in tribological systems, which are in contact with food, the use of lubricants is limited; 

food-contact safe polymers are often used by the fact of being innocuous for humans and coping 

very well with operation under dry conditions. 

The main objective of the present work is to study the tribological behavior of PTFE coatings, 

more popularly known by the trade mark Teflon, modified with different graphene contents, 

against SAE 52100 steel cylinder. Different grades of graphene change the chemical composition 

of the coatings and its mechanical properties. A tribometer from laboratory of FEUP was used in 

crossed-cylinders configuration. The contact surface of the coated steel samples, and the counter 

face pins, were measured and observed by a profilometer and optical microscopic respectively. The 

main tribological parameters studied are the coefficient of friction and wear rate.  

This thesis consists of three sections. The first section concerns with the literate view. The second 

reports to the experimental procedure and the third shows results and discussion. 
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RESUMO 

Com o avanço da tecnologia estão sendo desenvolvidos novos e melhores revestimentos com 

melhores propriedades mecânicas, tais como dureza, resistência à corrosão, capacidade de carga e 

força de adesão. O aumento das aplicações de polímeros, como materiais tribológicos nos últimos 

anos e como substituto de metais ou outros materiais, tem tido um crescente interesse para o 

desenvolvimento de novos polímeros. 

Os plásticos são materiais com grandes qualidades, cujo uso está sendo introduzido numa 

quantidade crescente de aplicações. Tribologia é actualmente um campo preferido para explorar as 

características de desempenho em polímeros de engenharia. Estudos recentes mostram que os 

polímeros têm características tribológicas tão boas ou ainda melhores do que os materiais utilizados 

até agora. Podemos facilmente encontrar peças de plástico em electrodomésticos, motores de 

automóveis, articulações artificiais humanas e aeronáutica e até mesmo na indústria alimentar. Para 

este último caso, em sistemas tribológicos, que estão em contacto com os alimentos, o uso de 

lubrificantes é limitado; polímeros são frequentemente usados em contacto com alimentos pelo fato 

de serem inócuos para os seres humanos e de enfrentarem muito bem operações sobre condições 

secas. 

O principal objectivo do presente trabalho é estudar o comportamento tribológico de revestimentos 

de PTFE, mais popularmente conhecido pela marca Teflon, modificado com diferentes conteúdos 

de grafeno, contra um cilindro de aço SAE 52100. Diferentes quantidades de grafeno podem alterar 

a composição química dos revestimentos e as suas propriedades mecânicas. O tribómetro do 

laboratório da FEUP foi usado na configuração de cilindros cruzados. A superfície de contacto das 

amostras de aço revestido, e os pinos de contra face, foram medidos e observado por um 

microscópio óptico de perfilometria, respectivamente. Os principais parâmetros de tribologia 

estudados são o coeficiente de atrito e taxa de desgaste. 

Esta tese é composta por três seções. A primeira diz respeito à secção com revisão bibliográfica. O 

segundo capítulo refere-se ao procedimento experimental e a terceira relata os resultados e a 

discussão.  
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1 LITERATURE REVIEW 

This section introduces first tribology, history of tribology, friction, wear, lubrication, polymers 

tribology, mechanical behavior of plastics and main interest materials. 

 

1.1 Introduction to Tribology 

The word ‘Tribology’ was first coined by the Working group set up by the Minister of state for 

education and science in 1966 in England (Jost 2006). Tribology is a new field of science defined 

in 1967 by a committee of the Organization for Economic Cooperation and Development. The 

word was officially coined and defined by Peter Jost in 1964. It is derived from the two Greek 

words ‘tribos’ meaning ‘rubbing’ and ‘logos’ meaning study. (Stachowiak and Batchelor 2005) 

Tribology combines the study of the three interdisciplinary fields: friction, wear and lubrication. 

Even though the name is relatively new the importance of the constitutive parts of tribology is very 

old. 

Most consequences of friction and wear are considered negative, such as power consumption and 

the cause of mechanical failure, therefore it is of significant economic importance. Friction also 

leads to heat build-up, which can cause the deterioration of components due to thermo-mechanical 

fatigue. Understanding friction is the first step towards reducing friction through clever design, the 

use of low-friction materials, and the proper use of lubricating oils and greases. Friction has many 

benefits, such as the interaction between the tire and the road and the shoe and the floor (Pope 

1996). 

Tribology applied to polymers field will be covered in the later sections and is the main focus of 

this thesis.  

 

1.2 History of Tribology 

Tribology in a traditional form has been in existence since the beginning of recorded history and 

there are some evidences of tribological practices in the early Stone Age.  It is possible to say that 

humans used the heat of friction to start they first fires (Stachowiak 1993) The earliest known 

bearings used to drill holes to start the fire were made with bones or antlers and then later replaced 

with wood, stone, cotton and potter’s wheel (Baxi 2008). 

Records show the use of wheels from 3500 BC, which illustrates our ancestors concern with 

reducing friction in translationary motion. Figure 1 shows a two wheeled harvest car with studded 

wheels, circa 1338 AD (Baxi 2008).  
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Figure 2 illustrates the use of a sledge to transport a heavy statue by the Egyptians, circa 1880 BC. 

In this transportation, 172 slaves are being used to drag a large statue weighing about 600 kN along 

a wooden track. One man, standing on the sledge supporting the statue, is seen pouring a liquid into 

the path of motion.  

In the 15th century Leonardo da Vinci start to deduce the basic laws of friction due his interest on 

the music made by the friction of the heavenly spheres (Stachowiak 1993). After da Vinci deduced 

that (1519), it was rediscovered by Guillaume Amontons (1699) who stated that the friction was 

dependent on the weight and not on the area of contact, and verified by Coulomb in 1785 who was 

able to distinguish between static friction and kinetic friction but thought that friction was due to 

the interlocking of surface asperities (Szeri 1980).  It is now known that friction is caused by a 

variety of surface interactions. The surface interactions are so complex, however, that the friction 

coefficient in dry sliding still cannot be predicted (Szeri 1998). 

Rayleigh started the scientific study of lubrication together with Stokes, and he discussed the 

feasibility of a theoretical treatment of film lubrication. In 1886 Reynolds went even further and 

Figure 1 - Drawing of two-wheeled harvest car with studded wheels. 

Figure 2 - Egyptians using lubricant to aid movement of colossus. 
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detailed the theory of lubrication and the importance of boundary conditions. It is noteworthy the 

subsequent work made by Sommerfield and Mitchell among others. However, for many years the 

difficult of obtaining two-dimensional solutions to Reynolds pressure equations impeded the 

application of lubrication theory to bearing design. This impediment was finally removed with the 

arrival of the digital computer (Szeri 1980).  

As compared to both friction and lubrication, the study on wear and its mechanisms is relatively 

new. The importance of wear and the economic losses that followed has made the study of wear 

very pertinent. However the quantification of wear and wear rate is fraught with lot of 

complications, since wear and wear rate depends upon many unpredictable conditions such as: 

material, geometry of surfaces, surface asperity, surface roughness, elastic properties, etc. 

“Archard’s Wear Law” has been the most noteworthy effect in that direction(Baxi 2008) . 

Tribology is therefore a very new field of science, most of the knowledge being gained after the 

Second World War. If we compare it with another engineering subject tribology is still an 

imperfect state and subject to some controversy, which impeded the diffusion of information to 

technologists in general. The need for information is nevertheless critical; even simple facts such as 

the type of lubricant that can be used in a particular application, or preventing the contamination of 

oil by water must be fully understood by an engineer (Stachowiak 1993). 

 

1.3  Friction, Wear and Lubrication 

 

1.3.1 Friction 

When surfaces in contact move relative to each other, the friction between the two surfaces 

converts kinetic energy into heat. This property can have dramatic consequences, as illustrated by 

the use of friction created by rubbing pieces of wood together to start a fire. The main reason for 

wear and energy losses is friction. The friction between the two mating surfaces depends upon the 

geometry, macroscopic contact points, elastic properties, adhesive forces, and deformation of the 

surface during movement etc (Macurdy 1938). 

Friction can be divided in (Mang and Dresel 2007)  :  

 Rolling friction - when a body rolls on a surface 

 Sliding friction - when a body slides through another one 

 Static friction - When there´s no sliding between the bodies 

 Kinetic friction – When there´s effective sliding between the bodies 

 

 

 

 

 

Figure 3 - Coulomb-Amontons law. 

http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Heat
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According to Amontons-Coulomb law, figure 3, the coefficient of friction is a dimension-less 

quantity and is defined as the ratio of the friction force and the normal load (Baxi 2008).  

The maximum force that must be overcome to initiate any movement between the two bodies is 

called the static friction whereas kinetic friction comes into play when the two bodies are in 

relative motion. Therefore it is possible to define two values for friction force, static friction force 

and kinetic friction force. For the same reason there´s also two values for static friction coefficient 

and kinetic friction coefficient.  

Bowden and Tabor realized that the old conflict between Desanguliers adhesive model of kinetic 

friction and Amontons' law originated in the definition of the contact. Considering that the classical 

frictional law of Amontons was based on the projected area (apparent area), these researchers were 

concerned with the real area over which the two sliding bodies are in contact.  

The real area of contact is made up of a large number of small regions of contact, in the literature 

called asperities or junctions of contact, where atom-to-atom contact takes place. Figure 4 

describes the situation for: a) a general contact with multiple contact zones with contact area ai, and 

a total real contact area of Ar=Ʃai, and a projected (apparent) area Aa (Bowden and Tabor 1974); b) 

surveying by the profilometer from the surface of  DuPont Teflon 958G-414. 

 

 

 
Figure 4 – a) Real contact scheme; b) Teflon 958G-414 Grade M5 surface 

 

It is a fact that, even the smoothest surfaces have irregularities that can be seen in a microscope or 

measured by a profilometer. The difference between the apparent area and the real area 

substantiates the second law of friction and may explain why the friction is independent of the real 

contact area, as we will observe most forward. 

About roughness, Rabinowicz concluded that for most mechanical parts, the friction coefficient is 

independent of roughness. For smoother surfaces the friction coefficient raises due the increase of 

real contact area. For rough surfaces the same happens due the interpenetration of asperities. In the 

medium range of roughness, the friction coefficient reaches the minimum values (Rabinowicz 

1965) . 
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1.3.2 Wear 

According to J.A. Williams, wear is the progressive damage, involving material loss, which occurs 

on the surface of a component as a result of its motion relative to the adjacent working parts; it is 

the almost inevitable companion of friction. The economic consequences of wear are widespread 

and pervasive; they involve not only the costs of replacement parts, but also the expenses involved 

in machine downtime, lost production, and the consequent loss of business opportunities.  

When the load is applied between two surfaces, stresses are created once the real contact area is 

smaller compared with the apparent area. This is fundamental to understand the tribological 

phenomenon such as friction and wear. Another particularity of surfaces in engineering is the 

oxidation. In atmosphere the air is made by azote and oxygen. When one surface is exposed to the 

air, a film of adsorbed atoms is created originating a superficial oxide layer. The only way to avoid 

this is by using vacuum generally. 

The wear is the loss of material and is expressed in terms of volume. The parameters that affect 

wear are loads, speed, temperature, contact type, type of environment etc. Wear can have more 

than one origin, which leads to its designation. This classification differs from author to author. 

 

1.3.2.1 Types of Wear  

Modern research has established that there are five main forms of wear besides a few marginal 

processes, which are often classified as forms of wear. Each wear process obeys its own laws and, 

to confuse matters, on many occasions one of the modes of wear acts in such a way as to affect the 

others. The main wear mechanism and their importance are (Magalhães and Baptista 1983): 

Adhesive wear ------------------------------------------------------------------------ 50 % 

Abrasive wear------------------------------------------------------------------------- 15 % 

Fatigue wear --------------------------------------------------------------------------   8 % 

Corrosion wear -----------------------------------------------------------------------   8 % 

Erosion wear --------------------------------------------------------------------------- 5 % 

Before describing the various forms of wear, it is important to point out that the terminology in this 

field is quite unsettled and nothing is being done to produce standardization. In the sections that 

follow, it´ll be described and illustrated the main forms of wear. 

 

1.3.2.1.1 Adhesive wear  

This is one of the most common ways of wear which occurs when two smooth bodies slid over 

each other, and fragments are pulled off one surface to adhere to the other. Later, these fragments 

may come off the surface on which they are formed and be transferred back to the original surface, 

or else form loose wear particles. The high adhesion forces originate the adhesive wear when two 

existing interatomic contact surfaces clean intimately. When the separation of the surfaces occurs 

by tangential or normal forces, attractive forces act to withdraw material from the other surface. 
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Adhesive wear arises from the strong adhesive forces set up whenever atoms come into intimate 

contact. During sliding a small patch on the other surface, and there is a probability, that when this 

contact is broken the break will occur not at the original interface, but within one of those materials 

(Rabinowicz 1965).  

How adhesive wear occurs is illustrated in figure 1.5, which shows in schematic form the interface 

of two contacting materials. According with Rabinowicz, the shear force carried by an adhesive 

bond between moving surfaces will lead to its separation by displacement of one. The simplest 

situation is illustrated in figure 5, which shows a single asperity junction being shared (Williams 

1994). If the shear strength of the junction is much bigger than the bulk strength of the top material, 

shear will take place along path 2 producing the shaded fragment that stays attached to the 

counterparts (Rabinowicz 1965). 

 

In the decade of fifty Greenwood and Tabor proved that in some circumstances, especially when 

the joint plane is not parallel to the direction of sliding, the particles could be transferred. This non-

parallelism can occur because the surfaces are rough or so were initially during sliding (Figure 6). 

This non-parallelism might occur because the surfaces were initially rough or else become rough 

during sliding (Rabinowicz 1965). 

 

Figure 5 – A junction being sheared. (Rabinowicz 1965) 

Figure 6 - Experiment of Greenwood and Tabor (1975), (Rabinowicz 1965) 
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In many cases, most of the fragments formed are weaker material but nevertheless fragments are 

also formed of stronger material. This suggests that, within the harder material, there are local 

regions of low strength. If these coincide, at a junction, with local regions of high strength of the 

softer material, the fragment formed will be of the harder material, figure 7, (Rabinowicz 1965). 

  

  

There is a lack of data about the relative wear between two materials with so different hardness. 

But no matter how much we increase the hardness ratios of the two contacting materials if does not 

appear that we can ever reduce the wear of the harder material to zero. Thus, even soft polymers 

like Teflon will remove quite sizable amounts of matter from metals as strong as low-carbon steel. 

(Rabinowicz 1965) 

Due the research that has been done, we may be led to think that whenever there is contact between 

two bodies, adhesion wear will be found. In reality there are many factors that go against this 

natural tendency and that cause the adhesion between surfaces and wear are not so frequent as well. 

(Seabra 2000): 

 A layer of oxides almost ever contaminates surfaces in contact. Connections made with the 

atoms of the contaminants, strongly decrease the tendency of materials to establish links 

between the surfaces. 

 The real contact area compared with the apparent area is greatly reduced, especially if the 

loads are not too high. 

 The small areas where is the contact, asperities,  deform themselves until the elastic limit 

and then plastically. The contact area moves, eliminating the external forces that cause the 

deformation.  

The wear by adhesion depends in various factors being the most important (Seabra 2000): 

a) Hardness  

It is a common idea shared by most of the authors that when seeking to prevent the wear one must 

increase its hardness. Increasing the hardness of a surface decreases its plastic deformation of the 

irregularities while in dynamic contact with another surface, which leads to a decrease of the actual 

area of contact which may create adhesive bonds, thereby reducing the probability of formation of 

wear particles. On the other hand one surface hard enough is capable to resist the attack of 

particles, which adhere the smother surface. These particles can come from their own hard surface 

or from exterior contaminants such as sand. According with Rabinowicz, the utilization of hard 

surface sliding on a smooth surface it works fine provided that a good lubricant is present, 

otherwise the wear surface will be too soft and will quickly lead to its destruction. 

Figure 7 - Schematic illustration of how a weak spot in hard surface leads to fragment formation, (Rabinowicz 1965). 
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b) Load 

This is probably the most important factor, which controls the wear. All the research made by more 

than one author leads to this affirmation. The raise of the load increases the real contact area by the 

increase of plastic deformation of irregularities, raising the probability of wear particles formation. 

c) Velocity 

This factor can influence the wear with more than one way. By one hand the increase of velocity 

doesn´t allow the solidification of adhesive bonds and as much slower is the sliding between 

surfaces more easily precedes the wear and adhesion. This way we conclude that velocity increase 

decrease the wear. On the other hand when two surfaces slides between themselves, almost all of 

the energy dissipated in the friction appears in the form of heat. 

Rabinowicz concluded that average friction coefficient doesn’t depend directly on the temperature 

although some experiments shown that. The friction coefficient variations can happen due the 

oxide formation layer, which can support the slide between surfaces, or being a disadvantage due 

the oxide transformation from a smother to a hard one or the opposite.  

The velocity raise in polymers results in an increase of the contact temperature. As we know most 

of polymers have low melting points, combined with low thermal transmittance, makes 

temperature one of the most important wear factors. 

 

d) Chemical nature of materials 

Tribological system consists of two materials in contact, so that the metallurgical affinity between 

them is the main factor to consider when trying to eliminate or prevent wear.  Nowadays and 

increasingly polymers are used as Tribological elements. Excellent reputation that these materials 

have in terms of friction and wear, leads to a wide variety and growing number of applications, in 

replacement of other previously used materials for example metal alloy. 

 

1.3.2.1.2 Abrasive wear 

This is the form of wear, which occurs when a rough hard surface slides on a softer surface, and 

ploughs a series of grooves in it. Abrasion wear can also be caused by a hard particle, which is 

interposed between two surfaces. This particle may come from the outside as contaminate, or a 

particle worn from the harder surface that temporarily adheres to a surface, causing retreat of the 

other. There are two types of abrasive wear: two-body abrasion and three-body abrasion, figure 8. 

The first occurs with frequency devices for transporting materials and in metal working operations 

such as sharpening, milling, grinding, etc. The second appears, for example, the work of ores, and 

where a hard particle is introduced between two moving parts of a mechanical system (Magalhães 

and Baptista 1983). 
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It is important to keep in mind the factors, which influence the wear by abrasion such as:  

a. Load  

The abrasive wear is proportional to the load applied to the contact. Several authors concluded that 

the volume worn by abrasion increases with increasing applied load. This can be confirmed by 

various tests and explained by the greater depth of penetration of the abrasive particles on the 

smoother surface. 

b. Hardness 

Abrasion wear is inversely proportional to the hardness of materials. The increase in hardness of 

the material reduces abrasive wear. Some authors concluded the harder the material the greater its 

resistance to abrasive wears. 

c. Particles geometry 

The abrasion depends on the size, shape and distribution of particles. In fact, the geometry 

variation of the particles makes the actual calculation far more complex. One of the most used to 

quantify the abrasion wear is the worn volume, which can be defined as a body volume removed 

after a certain time or a certain slipping distance. 

 

1.3.2.1.3 Fatigue wear 

This form of wear is observed during repeated sliding or rolling over a track. The repeated loading 

and unloading cycles to which the materials are exposed may include the formation of surface or 

subsurface cracks, which eventually will result in the break-up of the surface with the formation of 

large fragments, leaving large pits in the surface (Magalhães and Baptista 1983). 

The stress distribution within the body enables the formation and propagation of fatigue cracks, 

which fracture when they reach a critical length resulting in a wear particle typically large, and thus 

producing the deterioration of the surfaces (Fig 9). 
 

 

Figure 8 - a) two-body abrasion; b) three-body abrasion (Magalhães and Baptista 1983). 

Figure 9 - a) fissure in court; b) top view of the fissure; c) rupture and formation of crater wear particles 

(Magalhães and Baptista 1983). 
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Wear by fatigue can be given in two ways, macroscopic and microscopic (Archard 1986). The 

macroscopic shape wear occurs generally at the contact components, and can be so severe that it 

causes the failure of the component. Normally occurs when the stress generated by the contact 

approaches the elastic limit of the material. The number of cycles needed for failure decreases with 

increasing stress. 

The type of failure observed is the appearance of micro-craters formed by the tearing of the 

material at the contact surface, which further join forming macro-craters. The depth of these craters 

normally corresponds to distance below the surface to which they are the maximum shear stresses. 

According to Rabinowicz, wear by fatigue is born from fatigue cracks, which can start in the 

contact surface, inside the solid, below the contact surface (Rabinowicz 1965). 

 

1.3.2.1.4 Corrosion wear  

This form of wear occurs in situations in which the environment surrounding a sliding surface 

interacts chemically with it or by elements intensionaly added for the purpose. The elements 

responsible for the corrosive action can be products of combustion in the case of internal 

combustion engines, or resulting from the degradation of the lubricant. 

In this type of wear should be taken into account two phenomena occurring simultaneously. The 

film formation by chemical reaction and loss of the products formed in the process of friction. In 

the case of films being consistent and strongly adherent to the surface, the chemical action is 

further hampered by the presence of the film itself and the corrosive wear rate does not increase 

significantly with time (curve A – figure 10). The curve B deal with the cases where the friction 

process cleans the reaction products formed on the surface allowing chemical reaction rate 

substantially constant. For the curve C, while the film thickness is small it is not torn off the 

surface, but soon it reaches a critical thickness, where it is removed by friction and the exposed 

metal surface allows re-accelerates the corrosion process and so forth. The factors to be considered 

in this type of wear are the environment, temperature and the nature of the materials (Magalhães 

and Baptista 1983). 

 

1.3.2.1.5 Erosion wear 

The erosion wear appears when hard particles are projected against a surface at a given speed. 

These particles, which are entrained within a liquid or gaseous medium, animated high kinetic 

Figure 10 - Rate of wear and corrosion time by Ayel (Magalhães and Baptista 1983). 
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energy when a solid hit will cause craters and tears in the surface. The most important factors in the 

erosion wear are, the nature of materials, kinetic energy and the angle of incidence. The harder the 

particles are projected, the greater the wear. On the other hand the maximum coefficient of erosion 

is higher in the case of brittle materials than in the case of ductile materials (Seabra 2000). 

1.3.3 Lubrication 

The most general and probably best definition for lubricant is a substance, which is capable of 

altering the nature of the surface interaction between contacting solids. The most common way of 

reducing friction and wear is to bring a lubricant between the two moving surfaces (STLE). 

Lubrication controls the wear and friction by introducing a film between the contact surfaces in 

order to carry the load between the mating surfaces. Besides controlling friction and wear, it also 

helps to remove the wear particles and to cool down the contact surfaces. Lubricants include oil, 

liquids and sometimes even gases. Lubricants can reduce the wear and thus increase the longevity 

of sliding parts (Rabinowicz 1965).  

 

1.3.3.1 Lubrication Regimes  

According with the Society of Tribologists and Lubrication Engineers, the thickness of the fluid 

film determines the lubrication regime, or the type of lubrication. The basic regimes of fluid film 

lubrication are (STLE): 

 Hydrodynamic lubrication – two surfaces are separated by a fluid film 

 Elastohydrodynamic lubrication – two surfaces are separated by a very thin fluid film 

 Mixed lubrication – two surfaces are partly separated, partly in contact 

 Boundary lubrication – two surfaces mostly are in contact with each other even though a 

fluid is present. 

The load, which is carried by the two surfaces, the speed from the relative motion between 

surfaces, and the fluid viscosity determine the thickness of the fluid film. This, in turn determines 

the lubrication regime. How these factors all affect the friction losses and how they correspond to 

the different regimes is shown on the Stribeck curve (figure 11). Engineers use this curve to 

evaluate lubricants, to design bearings and to understand lubrication regimes. The Stribeck curve is 

a plot of friction as it relates to viscosity, speed and load. As it can be seen, as it moves right on the 

horizontal axis, the effects of increase speed, increased viscosity or reduced load are seen. 

Figure 11 - Stribeck curve (STLE) 
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1.3.3.1.1 Hydrodynamic Lubrication 

This kind of lubrication indicates the presence of a full fluid film and no surface contact. 

Hydrodynamic lubrication gets its name because the fluid film is produced by relative motion of 

the solid surfaces and the fluid pressure build up as result of motion. 

As it can be seen in the figure 12, each surface will have tiny asperities or peaks that will contact if 

two plates are placed together. If one of the plates slides over the other, then friction would 

increase and the asperities would. In this kind of lubrication a fluid film separates the surfaces, 

prevents wear and reduces friction. 

The film is formed by the combination of geometry, surface motion and fluid viscosity, which 

increase the fluid pressure enough to support the load. The increased pressure forces the surface 

apart and prevents surface contact. Therefore, in hydrodynamic lubrication, one surface floats over 

the other surface.  

 

1.3.3.1.2 Elastohydrodynamic Lubrication 

A thick fluid film, low friction and no wear are the defining characteristics of hydrodynamic 

lubrication, which generally occurs at conformal contacts. A lubricated nonconformal contact will 

experience EHD (elastohydrodynamic lubrication). 

The classical nonconformal contact is the ball-on-flat, as seen in figure 13. The ball-on-flat is 

known as a Hertzian contact, which is a point contact with extremely high pressure. The opposing 

surfaces are separated, but there occurs some interaction between the raised solid features 

called asperities, and there is an elastic deformation on the contacting surface enlarging the load-

Figure 12 - Hydrodynamic Lubrication Fluid Film (STLE). 

Figure 13 - Nonconformal Contact (STLE). 
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bearing area whereby the viscous resistance of the lubricant becomes capable of supporting the 

load. 

 

The enormous pressure produced in non-conformal contact causes some interesting behavior in oil. 

While the pressure is high enough to deform solids, it will also affect the fluid viscosity. Under 

moderated conditions, the effect of pressure is hardly noticeable, but the EHD 

(Elastohydrodynamic lubrication) pressures are high enough to have a significant effect on the fluid 

viscosity. In fact, the oil in an EHD contact can become semi solid, similar to cheese. This allows a 

very thin oil film to form and supports the load (STLE).  

 

1.3.3.1.3 Boundary Lubrication 

This regime occurs when the lubrication film is about same thickness as the surface roughness such 

that the asperities on the solid surfaces contact, (Fig. 14). Once the hydrostatic or hydrodynamic 

bearings reach this operating regime, it leads to increased friction, energy loss, and wear and 

material damage. Most machines will see this kind of lubrication during their operating lives, 

especially during start-up, shutdown and low speed operation. Special lubricants and additives have 

been developed to decrease the negative effects of boundary lubrication. Generally these lubricants 

have long, straight, polar molecules, which will readily attach themselves to the metal surfaces. 

These molecules will form a thick protective layer (STLE).  

1.3.3.1.4 Mixed Lubrication 

This last one occurs between boundary and hydrodynamic lubrication. The fluid film thickness is 

slightly greater than the surface roughness, so that there is very little asperities contact, but the 

surface are still close enough together to affect each other. The load is carried partly by the contact 

asperity between the two surfaces and partly by the lubrication regime. The intermittent contact 

leads to a lower coefficient of friction as compared to the boundary lubrication regime (STLE). 

 

 

Figure 14 - Boundary Lubrication (STLE) 
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1.4 Polymers Tribology 

 

Tribology has emerged as one of the fields that contribute to the solution of environmental 

problems through the development of products and systems less hazardous or harmful to the 

environment. Such solutions include the development of lighter tribomaterials to decrease the 

energy consumption in machine components, fuel in the transportation sector and appliances, and 

biodegradable oils that contribute to greener environments (Nunez et al. 2011). 

At present, plastic materials parts are widely used for sliding couples against metals or other 

materials. Their tribological performance, such as good wear resistance and low friction, make 

them an appropriate choice for many applications. Thus, plastic parts are commonly found in home 

appliances, car engines, human artificial joints, aeronautic and even in the food processing 

industry. In this last example, whenever tribological systems are in contact with food and the use of 

lubricants is forbidden to avoid contamination, food grade polymers are often used since they are 

innocuous for humans and function well under conditions of dry sliding (Seabra and Baptista 

2002). 

Polymeric-based coatings are used for aesthetic reasons, but more importantly for improving 

component functional performance, such as providing lubricity and corrosion/wear resistance. 

Applications include miniature devices, semiconductor devices, and conventional macro-scale 

automotive and marine applications. With recent technological advances in composite materials 

and coating processes, the application of polymeric coatings has expanded to include biomedical, 

food processing and sports equipment. The excellent lubricity of polytetrafluoroethylene (PTFE)-

based coatings has caught the attention of design engineers and tribologists looking to improve the 

durability and reliability of interacting parts in mechanical devices (Archard 1986). 

PTFE is characterized by low friction coefficient and high wear rates. It is believed that the low 

friction coefficient displayed by PTFE during sliding is related to the low shear strength of its long 

chains. This low friction coefficient along with its high melting point (327 °C) makes this polymer 

attractive for unlubricated sliding applications. However, the continuous transfer of PTFE layers 

makes wear rates of this material unacceptably high (Nunez et al. 2011). 

Recent attention has focused on soft, thermoplastic-based polymer materials such as 

polytetrafluoroethylene (PTFE). The bulk form of this material shows relatively low friction 

coefficient and self-lubricating properties. PTFE has been used extensively since its discovery 

because of its desirable tribological properties such as chemical inertness and superb lubricity. 

Thus, PTFE is typically used in the form of composites, either as a matrix filled with various hard 

fillers and micro/nano particles such as glass fibers, ceramics, MoS2 and carbon nanotubes (CNTs) 

to enhance its wear resistance, or as a filler into polymeric materials which have good wear 

resistance but poor frictional properties (Demas and Polycarpou 2008). 

The researchers Nicholaos Demas, Jing Zhang and Andreas Polycarpou, investigated the 

tribological behavior of a wide range of compositions using blends of aromatic thermosetting 

polyester (ATSP) with polytetrafluoroethylene (PTFE). PTFE was chosen as the blending material 

because of its low coefficient of friction and good performance at high temperatures and resistance 

to chemicals. ATSP blends were used to specifically combat some of the shortcomings of PTFE 
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like extremely low wear resistance and poor mechanical properties, and special processing 

requirements due to its high melt viscosity. Controlled tribological experiments simulating an air 

conditioning compressor operating with R134a refrigerant under realistic operating conditions were 

carried out with different ATSP/PTFE compositions, as well as four different state-of-the-art 

commercially available composites containing carbon fibers, graphite and PTFE. It was found that 

the newly synthesized composites exhibited superb tribological characteristics as far as low friction 

and low wear were concerned. The wear performance of PTFE was greatly improved, while it was 

shown that greater amounts of ATSP used in the blend lead to lower wear and the amount of ATSP 

did not significantly alter the friction coefficient (Demas et al. 2008). 

Seung Min Yeo and Andreas Polycarpou made the closest research with this new formulation, 

studied in the dissertation, in 2012. They studied the characteristics of PTFE/pyrrolidone-1 

(Dupont
TM

 Teflon® 958-303) and PTFE/pyrrolidone-2 (Dupont
TM

 Teflon® 958-414) (Yeo and 

Polycarpou 2012). 

Since this report refers to a new formulation never tested before, Dupont
TM

 Teflon® 958-G414, it 

is indeed important to note the lack of information about this new formulation and characteristics. 

The new base formulation used for this research is a recasting of the familiar Teflon (PTFE). Allied 

to this new formulation, new formulations were also tested with the addition of graphene, which we 

will see in the next chapters. 
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1.5 Mechanical Behavior of Plastics: Surface properties and Tribology  

 

1.5.1 Introduction 

Polymers are high-molecular-weight materials made by polymerization of a large number of small 

units or monomers. The size of a linear macromolecule is a thousand times greater than that of 

other molecules. The main physical feature of polymer structure lies in the fact that its molecules 

consists of rigid sections (segments), which have the ability to rotate about one other providing 

flexibility of chains. Another feature of polymers is a sharp difference between the forces acting 

along the chains and between the chains. Strong chemical forces link atoms of a polymer chain, 

whereas the intermolecular forces, which are significantly weaker than the chemical forces, link the 

chains. The structural features of polymers and the considerable possibility to change their 

properties provide a wide variety of tribological applications (Totten and Liang 2004).  

 

1.5.2 Mechanical Behavior 

1.5.2.1 Viscoelastic Stress-Strain Relations 

Each kind of peculiar structure determines the mechanical behavior of each polymer and the 

combination of viscosity and elasticity is typical also for their behavior. “Under conditions of small 

deformation, polymers behave as elastic Hook´s body (σ=Eε) modeled with Spring, and Newton´s 

fluid (σ=ηdε/d) modeled with dashpot.” The combination of elasticity and viscosity gives a simple 

description of viscoelasticity. “It is unlikely that there exist real materials whose behavior follows 

the Maxwell or Kelvin bodies. “ Yet, the models allow researchers to qualitatively estimate how 

polymers behave in certain situations (Totten and Liang 2004).  

 

1.5.2.2 Time-Temperature Superposition 

As numerous experiments have shown, there exists certain equivalence between the time effect and 

the temperature effect on the mechanical behavior of polymers. Temperature affects the molecular-

kinetic processes proceeding in polymers and their mechanical behavior, including tribological 

properties. Once you raise the temperature the effect will just accelerate the process. The time scale 

of a given viscoelastic measurement can be significantly extended, and the experiments can be 

conducted by the shortcut methods (Totten and Liang 2004).  

 

1.5.3 Surface Properties of Polymers 

It is noteworthy the fact that each surface represents two different functions, one as an ideal 

geometric object with a highly peculiar topography and another one as an object possessing a 

certain thickness and a specific behavior. “The atoms and molecules belonging to the surface have 

fewer “neighbors” than those in the bulk.” This fact has big consequences for physics surface and 

its geometry: there is an interaction between its atoms and their neighbors that vary, distorting the 
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force field which penetrates to the depth of several interatomic distances, so called transitional 

layer. Due this transition, an excess of energy called surface energy is generated and it is measured 

by the surface tension. The solid surfaces can be rated in three groups (Totten and Liang 2004):  

 Solids with high surface tension up to several Joules per square meter in vacuum (most of 

the metals and their oxides) 

 Solids with medium surface tension of the order of tenth fractions of Joule per square 

meter (e.g. ionic compounds) 

 Solids with low surface tension (most of the polymers) 

The process known as adsorption, surface interaction with environment due the generated energy, 

would maintain the elements of neighboring phases on the surface. This process can be divided in 

physical and chemical types: the physical adsorption is characterized by the van der Waals 

interaction between the adsorbate and the solid surface. As a rule, the energy of interaction is 

below 20 kJ/mol of the adsorbate. The polymer films adsorbed on the surface are easily removed, 

for example, by reducing the ambient pressure.  The chemical adsorption is quite high, 80-400 

kJ/mol, usually producing a monolayer, which is hard to remove even by elevated temperatures, on 

the surface. Also, chemical reactions between the surface and the active elements in the 

environment should be considered, such as oxidation (Totten and Liang 2004).  

The molecular (surface) contact between two solids interacts and generates the force responsible 

for their bonding, or adhesion. The fact that no single theory of adhesion exists so far is an indirect 

proof of its complexity, although several models of adhesion have been advanced treating its origin 

from mechanical, adsorptive, electrical, diffusive, or chemical standpoints.  

 

1.6 Friction of Polymers 

 

1.6.1 Effect of Load on Friction 

Until now there is no common conclusion about the relation between friction and normal load. The 

available experimental data may lead to erratic conclusions due the main difficulty encountered in 

comparison of research conducted by different authors, which lies in the fact that a unified test 

technique is absent. This happens due the variability of dimension of samples, the values of applied 

load and sliding velocity, the surface finish, etc (Totten and Liang 2004).  

Table 1 show some data acquired by some researchers and show that the first law of friction, which 

says that friction force is proportional to the normal applied load, is valid for some polymers tested 

under certain conditions.  

It is important to keep in mind that the load can modify the temperature of viscoelastic transitions 

in polymers and thereby the mechanism of friction. 
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Table 1 - Effect of load on friction coefficient (Totten and Liang 2004). 

Nos. Author(s) Material Load, test 

conditions 

Graphical 

representation 

1 Bowers PTFE, PFCE, PVC, 

PVDC, PE 

2-15 N Steel-

polymer 

 

2 Shooter and Thomas PTFE, PE, PMMA, PC 10-40 N Steel-

polymer 

 

3 Shooter and Tabor PTFE, PE, PMMA, 

PVC, nylon 

10-100 N Steel-

polymer 

 

4 Rees PTFE, PE, nylon Steel-polymer 

 

5 Bartenev and 

Lavrentev, 

Schallamach 

Rubber Theory 

 

6 Kragelskii Rubber Theory 

 

 

 

1.6.2 Effect of Sliding Velocity on Friction 

It is accepted to say that friction force is independent of the sliding velocity. This affirmation is 

valid when the variation of the contact temperature is insignificant and therefore the interface does 



Tribological Characterization of Self-Lubricated Coatings 

 

19 

 

not change its behavior. Due the significant difficulties of this relation, the data obtained by the 

researchers should be analyzed with caution. Table 2 show the effect of sliding velocity on friction 

coefficient and its great diversity of results (Totten and Liang 2004). 
 

Table 2 - Effect of Sliding Velocity on Friction Coefficient (Totten and Liang 2004). 

Nos. Author(s) Material Sliding Velocity, 

Test Conditions 

Graphical 

representation 

1 Shooter and Thomas PTFE, PE, PMMA,  

PS 

0.01-1.0 cm/s,  

Steel-polymer, 

Limited load 

 

2 Milz and Sargent 1-nylon, 2-PS 4-183 cm/s, 

Steel-polymer 

 

3 Fort PETF 10E-05-10 cm/s, 

Steel-polymer 

 

4 White 1-PTFE, 2-nylon 0.1-10cm/s, Steel-

polymer 

 

5 Flom and ~Porile PTFE 1.1-180 cm/s, 

Steel-polymer 

 

6 Oloffson and Gralben Fibers 1.5 cm/s, 

Polymer-polymer 

 

7 Bartenev and 

Laverentev, 

Schallamach 
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In the range of low velocities, the viscous resistance in the contact zone increases with increasing 

velocity. When the contact pressure is high, the abnormally viscous flow is observed, which leads 

to a sharp rise of viscosity due to velocity. Therefore, friction force must increase with velocity. In 

the range of high velocities, elastic behavior is prevalent in the contact zone and, as result, the 

friction force depends only slightly on velocity, or it decreases with velocity. It is also important to 

keep in mind that the duration of contact is short at high velocity, which leads to a further decrease 

in the friction force. In the intermediate range of velocities, all of the above factors are in 

competition with one another, and a maximum appears in the friction force-sliding velocity curve, 

the position of which depends on the relaxation properties of polymer (Totten and Liang 2004). 

From the table we can conclude that the friction force-sliding velocity relationship essentially 

depends on the test temperature. When test are conducted near the glass-transition temperature, the 

sliding velocity has a pronounced effect on the friction, while at lower temperature friction hardly 

depends on the sliding velocity. 

 

1.6.3 Effect of Temperature on Friction 

Viscoelastic characteristics make polymers being very sensitive to frictional heating. In this process 

the mechanical energy is converted to heat, featuring friction as a typical dissipative process. 

Therefore the friction contact temperature is a decisive factor when evaluating the friction 

performances. 

The origination and destruction of adhesive bonds can be attributed as a source of heat. It is often 

believed that the temperature effect on friction can be taken into account by using the mechanical 

characteristics of polymers measured at proper temperatures. Table 3 show some of the observed 

behaviors of friction as a function of temperature (Totten and Liang 2004). 

 
Table 3 - Effect of Temperature on Friction Coefficient (Totten and Liang 2004) 

Nos. Author(s) Material Temperature, Test 

Conditions 

Graphical 

representation 

1 Shooter and 

Thomas 

1-PS, 2-PTFE 20-80 °C, Steel-polymer 

 

2 Ludema and  

Tabor 

1,2-PCTFE -50 to +150 °C, Steel-

polymer 

1-v= 3.5*10
-5

 cm/s, 

2-v= 3.5*10
-2

 cm/s, 

 

3 King and  

Tabor 

1-PE, 2-PTFE -40 to +20 °C, Steel-

polymer 
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1.7 Wear of polymers 

When the solid surfaces are in motion between themselves, the contact originates a removal of 

material, which can be seen without the help of specific equipment. Similar to friction, wear is also 

a very complicated phenomenon, as illustrated by the fact that there is no single definition for wear 

in tribology. Wear is expressed in specific units (length, volume, or mass) and the process is often 

described by wear rate. There is no single standard way to express wearing rate and the units 

depend on the type of wear and the nature of the tribosystem in which wear occurs (Totten and 

Liang 2004). 

Polymers have low mechanical strength e high ductility, therefore they deform easily with slightly 

elevated loads. The low thermal conductivity makes the thermal energy hard to dissipate or conduct 

through the polymer. The temperatures generated during the contact often get close to the transition 

temperature of the thermoplastic, which makes the wear characteristics quite sensitive with 

temperature (Warren 1993).  

Although these bad features the polymers have good ones such as low friction coefficient, low 

specific weight, resistance to corrosive products and good wear resistance, which make this 

material useful in a varied range of applications. For professional use it is important to have notion 

of the lifetime for each component and its conditions (Seabra 2000). 

The polymers can be divided in three big groups: 

 Thermoplastic – One of the most common plastic that we can find on the market. This 

material becomes soft when heated and hard when cooled. It can be melted several times, 

therefore the recycling it´s possible and this increase the interest in this kind of polymer. 

Example: Polycarbonate (PC), polyurethane (PU), polyvinyl chloride (PVC), polystyrene 

(PS), polypropylene (PP), etc. 

 Thermoset – This one is hard and fragile, being very stable to temperature variations. 

Once ready, thermoset polymers can’t be melted again. The heating of the finished 

polymer promotes decomposition of the material before its fusion, making their recycling 

complicated. Example: Bakelite, polyester, etc. 

 Elastomers – Intermediate class between thermoplastics and thermosets. It can’t be melted 

after synthesized, but exhibit high elasticity, not being rigid as thermosets. Recycling is 

complicated by the inability to fusion. Example: neoprene, etc. 

The polymers wear can be distinguished in two different stages. Initially there´s a big wear rate, in 

a short period of time (break-in period), followed by stabilization of wear rate (steady-state regime) 

where the wear have a linear behavior (Seabra 2000). 

4 Schallamach, 

Kragelskii 

Rubber, AMAH 

(multicomponent 

polymer 

composite) 

20-200 °C, Steel-polymer 
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The great diversity of the mechanisms and their interrelation make it impossible to carry out 

rigorous classification of wear process, although many classification systems have appeared in the 

literature. It is generally recognized that the most common types of wear of polymers are abrasion, 

adhesion, and fatigue. 

 

1.7.1 Abrasive wear 

This kind of wear is one of the most common in polymers, and is defined by the ASTM G 40-83 

terminology standard as a wear due to hard particles or hard protuberances forced against and 

moving along a solid surface. The key aspect of abrasive wear is its association with the cutting of 

the surface by harder particles or asperities (Totten and Liang 2004).  

The polymers resistance to wear depends on the type of polymer. Generally thermoplastics have 

low wear resistance, while the thermoset and the elastomers have good resistance to abrasive wear. 

According with Steijn the thermoset, which present higher hardness then the thermoplastic has 

stronger resistance to abrasive wear (Seabra 2000). 

 Polymers suffer abrasive wear by two different ways. One of them, when the polymer deforms 

plastically and it has micro cuts by the hard sharp asperities from the counterpart. Second when the 

polymer surface deforms elastically and suffer fatigue by the asperities from the other surface. If 

the deformation is plastical the grooves appear in the slide direction, whereas the grooves from 

elastical deformation are perpendicular. The wear of material is determined by the combination and 

interaction of these two ways. The ratio between the abrasive and fatigue wear depends on the 

asperities and elasticity of the polymer surface (Seabra 2000). 

According with Jamison, particularly the elastomers are frequently used by their esculents qualities 

in abrasion resistance. There´s three types of abrasion: abrasion by looser abrasive particles; 

abrasion by bonded particles and by erosion. Each one of these types can be influenced by great 

number of factors, and therefore the wear rates obtained in the lab are not reliable values that can 

be used in practice (Warren 1993). 

 

1.7.2 Adhesive wear 

Adhesive wear results from the shear of friction junctions. This wear process evolves in exactly the 

same manner as adhesion friction component does: formation of adhesion junction, its growth, and 

fracture. A distinguish feature of this wear is that transfer of material from one surface to another 

occurs because of localized bonding between the contacting solid surfaces (Totten and Liang 

2004). 

This is the main wear component verified in polymers. When the contact between a metallic 

surface and a polymer surface start, and after the slide began, a small layer or film, non-visible by 

human eye, adhere to the metallic surface. Once the plastic layer adheres to the metallic surface, it 

makes the polymer slides above itself, and therefore the wear its minimum. If the polymeric 

particles do not adhere to the other surface, these are eventually expelled from the interface 
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generating high wear. In an intermediate case, it may happen that some particles of the polymer 

layer are transferred or loosen due to fatigue, and this way got expelled from the interface.  

Ludema held friction and wear tests of various kinds of polymers in three conditions: dry, with the 

introduction of a thin layer of inert oil interface and with the introduction of the oil interface. 

Observed that in all situations occurs the adhesion of a polymer layer on the other surface, being 

the time of formation of the lower layer, the higher is the temperature of another surface (Seabra 

2000). 

The polymer layer transferred to the counterpart affects both wear and friction, usually leading to 

reduction of both. In the specific case of PTFE, the mechanisms involved in these phenomena are 

two: reduction of the roughness surface for filling in the grooves, reduces wear; the sliding surfaces 

on both oriented molecular chains, reduces friction, reduces localized contact stresses, and 

therefore reduces wear (Seabra 2000). 

Once more, the consequence of polymer transfer is a change in roughness of both surfaces in 

contact. The roughness of polymer surface undergo large variation during the unsteady wear until 

the steady wear is reached, while metal surface roughness is modified due the transfer of polymer 

(Totten and Liang 2004). 

1.7.3 Fatigue wear 

Fatigue is a incremental deterioration of the material due to repeated stressing, which results in 

progressive fractures. “A friction contact undergoes the cyclic stressing at rolling and reciprocal 

sliding. In addition, each asperity of friction surface experiences sequential loading from the 

asperities of counter surface. As a consequence, two varying stress fields are brought about in 

surface and subsurface regions with different scales from the diameter of apparent contact area in 

the first case to that of local contact spot in the second. These fields are responsible for material 

fatigue in these regions that leads to the generation ad propagation of cracks and the formation of 

wear particles. This process is known as friction fatigue. Unlike the bulk fatigue, it only spans 

surface and subsurface regions.” (Totten and Liang 2004). 

The wear phenomena occurs simultaneously, while the fatigue wear assumes higher proportions in 

wear, when the polymer slides, the elastic deformation becomes significantly with the decrease of 

modulus of elasticity or roughness of the counter face (Seabra 2000). 

“Fatigue wear rate is dependent on numerous factors such as physical, mechanical, and chemical 

properties of solid surface, lubricant (if it presents), environment, surface quality, temperature, etc. 

The film created does not eliminate the contact but only smooth’s it out, and the fatigue occurs 

even though a direct physical solid contact is absent. Although the friction force is decreased by 

lubrication and, hence the tensile stress drops, fatigue wear occurs and a number of cycles to 

surface damage increase insignificantly.” (Totten and Liang 2004) 
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1.8 Main Materials of Interest 

 

1.8.1 PTFE (Polytetrafluoroethylene) Coatings  

PTFE has been used more and more within the time as a tribological material due its good 

tribological properties.   

The best friction values for this polymer are obtained with high loads, low speeds and moderate 

temperature, and it can reach values in the order of 0.05 or even less. Although these good 

properties, the limitation for a wider application of pure PTFE is relatively poor wear resistance. 

An advantage is that the lubricant properties of PTFE are similar in both air and vacuum. In figure 

15 is shown the behavior of variations with speed, load and temperature (Holmberg and Mathews 

1994).  

 
Figure 15 - Effects of sliding conditions on the coeficiente of friction of PTFE 

(Holmberg and Mathews 1994). 
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“The PTFE molecule exhibits extremely high cohesion but the intermolecular strength is not very 

high. Its creep resistance and yield strength can be increased substantially by reinforcing it, for 

example with glass and graphite fibers.” This polymer is most widely used in a composite form to 

achieve improved wear resistance. The addition of inorganic or even organic fillers to PTFE can 

reduce its wear rate by a factor of 100 or more ,figure 16, (Holmberg and Mathews 1994).  

The sliding action deforms the polymer. During this action the molecules near the surface orient 

along the sliding direction due the large shear strain gradient near the surface. Right after the 

sliding action start the polymer begins to deform. Due low cohesion bur relatively high adhesion, 

worn material from the polymer is transferred to the counterface and forms a thin highly-oriented 

PTFE film as shown in figure 17 If the sliding direction reverses, the coefficient of friction 

increases because of the orientation in the contact (Holmberg and Mathews 1994). 

  

Figure 16 - Steady-state wear rates of PTFE composites sliding against smooth steel (Holmberg and 

Mathews 1994). 

Figure 17 - Sliding PTFE contact (a) thin PTFE wear sheets attach to the steel surface and (b) form, after a number of 

cycles, a complete PTFE transferred layer (Holmberg and Mathews 1994). 
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1.8.2 DuPont Teflon 958G-414 

This coating was chosen among available commercial coatings exhibiting superior tribological 

performance.  

According with Polycarpou and Yeo, this formulation is composed by PTFE and pyrrolidone. Once 

the adhesion properties of pure PTFE, are extremely poor, the addition of pyrrolidone provides the 

necessary adhesion behavior of this coating to the steel substrate (Archard 1986). 

The coating is a dark green, in color, and extra abrasion resistant. This coating has a relatively low 

cure temperature, approx. 220 °C, and provides an in use temperatures rating of 200°C with great 

durability. This solvent based coating is filled with undisclosed materials, which gives it added 

durability without sacrificing much of its low coefficient of friction qualities. Applicators from 

automobile and other industries have found this coating to be a difference maker (Holmberg and 

Mathews 1994).  

This coating was used as a base for reinforcement with two types of quasi-graphene materials 

obtained from XG Sciences. The focus of this work was to assess the impact of the introduction of 

these materials on the tribological properties of the base coating. 

For the next formulations, grade “C” and “M”, was used 0,20 % concentration of graphene in the 

composition. During the cure time, the career solvent is evaporated and this explains the roughness 

of the surfaces (Archard 1986).  

 

1.8.3 Graphene 

Graphene is an allotrope of carbon and its atoms are densely packed in benzene ring structures 

arranged in a regular hexagonal pattern, figure 18. Its structure can be described as a one-atom 

thick layer of the mineral graphite, which has many layers of graphene stacked together effectively 

forming crystalline flake graphite (Bandeira 2011).  

Figure 18 - Graphene sheets (Bandeira 2011) 

http://en.wikipedia.org/wiki/Allotropy
http://en.wikipedia.org/wiki/Graphite
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 “Graphene is made up of stacked graphene sheets, held together by weak Van der Waals forces. 

These weak forces allow the graphene sheets to slide over each other thus providing graphite with 

the soft and high lubricity properties that characterize it.” (Bandeira 2011) 

The good properties of graphene were the reason why it was chosen for this work. The main 

properties are: 

 Extremely high hardness 

 Extremely high stiffness 

 Gas barrier properties 

 Very high electrical conductivity 

 Very high thermal conductivity 

 Easily available surface area 

 High width/length to thickness aspect ratio that allows electrical and thermal conductivity 

percolation at low volumes when used as filler/reinforcing agent with other materials. 

 

1.8.4 Teflon 958G-414; GNP grade C filled 

Grade C composite coating differs from the previous one due the addition of GNP. These are 

unique nanoparticles consisting of short stacks of grapheme sheets having a platelet shape, figure 

19. These particles are available in different grades, which are designated by their approximate 

surface area. Grade C can be used with average surface areas of 300, 500 and 750 m
2
/g and for this 

research the 750 m
2
/g was used (Sciences). 

 

These particles typically consist of aggregates of sub-micron platelets, which have a particle 

diameter of less than two micrometers and a typical thickness of a few nanometers, depending on 

the surface area (Sciences).  

Figure 19 - Graphene nanoplatelets: Grade C (Sciences) 

Figure 20 - Image of coating cross-section with PTFE and Graphene random distribution. 
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Figure 20 illustrates the distribution of PTFE as well as graphene nanoplatelets in the final cured 

coating. As can be seen, the proportion of PTFE is higher near the surface and decreases as it 

approaches the substrate.  

1.8.5 Teflon 958G-414; GNP Grade M filled 

This is a composite quite similar to grade C. It also uses graphene nanoplatelets but these ones have 

an average thickness of approximately 6-8 nanometers and a typical surface area from 120 to     

150 m2/g, (Fig. 21).  Grade M is available with average particle diameters of 5, 15 and 25 microns. 

Once the typical dry film thickness of the Teflon 958G-414 coating is around the 20 micron, the 

micron average particle GNP powder was chosen; otherwise the  probability of having GNP 

particles protruding from the coating would be on element to consider (Sciences). 

The main difference between these grades is the surface area and its thickness, the latter being a 

direct function of the number of graphene layers, composing a simple GNP flake. 

 

  
Figure 21 - Graphene nanoplateles: Grade M (Sciences) 
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2 EXPERIMENTAL PROCEDURE 

 

This chapter deals with the experimental procedure used to test the polymeric coats, the 

characterization tools and the used methodology. 

2.1 Tribological and surface characterization tools 

2.1.1 Tribometer 

A tribometer or tribotester is the name of the machine used to perform tests and simulations, which 

measure friction force. As the name suggests, “tribos” means rubbing and “meter” means 

measurement. On this procedure there are some parameters that need to be controlled to simulate 

the real life wear processes occurring in the industry such as speed, contact pressure, time, 

lubricant, humidity, frequency, normal load, motion, temperature etc. The first reliable test on 

frictional wear was made in a machine developed by “Charles Hatchett” (1760-1820), an English 

chemist. The design was such that there was continuous change of rubbing direction to avoid 

accelerated wear, but the modern tribometers have the pin running on the same wear lane (Berger 

2010). 

For this research a crossed-cylinders test configuration was used. This tribometer uses a simple 

load arm with a tangential force sensor mounted close to the contact point so as to reduce errors 

due to arm compliance.  

This research was made in the laboratory at FEUP and the tribometer used for this research is 

shown in figure 22 Since our focus was to study the friction and wear of polymeric coatings such a 

test rig was sufficient to serve the purpose.  

Figure 22 - Tribometer from FEUP laboratory. 
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This machine is actuated with four belts by an electric motor, which can be adjusted for different 

speeds, using a frequency inverter, depending on the experiments objectives. The sample track, 

where the coating is applied, is attached on the shaft while the pin is fixed above the disc as shown 

on the figure 23. 

 

 

The pin has a stable contact point with the disc. As shown in the following figure, the disc rotates 

counter clock wise, under the pin at constant speed. The force generated by the load is transmitted 

through steel cables, which in turn apply the force in the contact between the pin and the disc. The 

sample and the pins could be made of different materials. The tribometer arm measures the 

tangential force (friction force), which is then transmitted to the controller through the sensors. The 

controller uses this data and presents the output on the computer as a plot of coefficient of friction 

vs. time. It could also give the plot of coefficient of friction against the distance and the number of 

cycles. In special situations this experiment can also be performed in a controlled environment i.e. 

different temperature, vacuum etc using specially designed chamber and special heating stage 

accessories.  

 

2.1.2 Steel tracks 

The coated sample is shown on figure 24 and represents the outside track from a standard tapered 

Figure 23 - Crossed-cylinders tribometer; A) Close up view, B) Tribometer scheme. 

Figure 24 - Steel sample. 
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roller bearing. The sample is made from SAE 52100 steel, a high-carbon chromium alloy steel, 

which, because of its versatility, is used in a variety of mechanical applications.  In the annealed 

condition this steel is comparatively easy to machine, yet very high hardness and abrasion 

resistance can be developed by heat treatment to make the steel particularly suitable for 

applications requiring extreme wear resistance. According to the company SULLIVAN STEEL the 

chemical composition of this steel is shown in table 4.  

 
Table 4 - SAE 52100 steel chemical composition. 

 

Carbon 0.93 – 1.05 

Manganese 0.25 – 0.45 

Phosphorus 0.025 max 

Sulphur 0.015 max 

Silicon 0.15 – 0.35 

Chromium 0.98 – 1.1 

 

2.1.3 Measurement gauge 

For these experiments, a gauge was used to check the eccentricity of rotation for each sample, and 

it can be seen in figure 25. 

 

 

 

 

 

 

 

  

Figure 25 - Measurement gauge. 



Tribological Characterization of Self-Lubricated Coatings 

 

32 

 

2.1.4 Thermographic camera  

To complement this research it was used a thermographic camera to follow the temperature 

variations during the tests. This camera is a FLIR i7 as it can be seen in figure 26. This camera has 

a temperature range of -20 to +250°C, an adjustable emissivity from 0.1 to 1.0 and high accuracy, 

which lead to +/- 2% error and thermal sensitivity for 0.1°C. For calibration proposes, manual tests 

were made with a thermocouple to check the best emissivity value to use, and the conclusion was 

to use a value of 0.95. 

This camera allowed the operator to check the temperature in different stages during each test. The 

length of the test is 2000 meters and for each one the temperature was registered with eight 

pictures, first one at 250 meters, second at 500, 750, 1000, 1250, 1500, 1750 and 2000 meters.  

The camera registers the maximum temperature measured in the field of vision, which does not 

coincide with the temperature of the contact point. Thus these values may help in understanding 

some of the results but can´t be considered as totally correct. In attachment 7.C are available the 

pictures from thermographic camera, which shows the area where is calculated by the camera the 

maximum temperature. The figure 27 shows the position where the thermographic camera was 

placed to take pictures of temperatures. 

 

  

Figure 26 - Thermographic camera - FLIR i7 

Figure 27 - At felt the thermographic camera and at right the same position in real. 
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2.1.5 Profilometer 

 A profilometer is a machine used to measure the surface profile and it can be used to calculate the 

wear rate. The measurement is made by contact mode and has a very sensitive stylus probe, which 

is made of diamond. The lateral and vertical movement of the stylus across the sample generates an 

analog signal. This analog signal is then converted to digital signal, which is stored, analyzed and 

displayed. The profilometer used is identical to the figure 28. 

 

The Hommel Tester T8000 surface tester measures the surface roughness and the wear profile 

using needle or a sharp stylus attached to it, the Hommelwerke Tester TKL 300/17. Along with the 

surface roughness it can also be used to study the topography. The topography can be used to 

obtain a 2D image of the peaks and valleys of the surface and the wear track. Thus it can be used to 

compare the change in the surface after the tribology test. The wear profile will give us the width 

and the depth of the wear track, whereby we can calculate the wear area, which can then be used to 

calculate the wear volume and also the volumetric wear rate. 

The steps used to calculate the wear are shown in table 5. Following this table, and for each 

sample, we have the following steps: 

 topography of the wear track 

 replacement of the rough unworn surface by a median plane 

 trace its reference 

 calculation taking into account the wear whatever is below the average plane 

This description serves to demonstrate how relative the calculation of wear can be. Both samples 

pertain to the base formulation used in this study. 

On the left side is an example of a measurement that does not pose interpretation issues. The same 

can’t be said of the example seen on the right side. The main reason for this is the step two, where 

Figure 28 - Profilometer Hommel Tester T8000 
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sometimes it is difficult to define a median plane, and the effectiveness of each reading will depend 

on the experience of the operator. 
 
Table 5 - Steps to calculate worn material volume 
 

Step 958G-414 3
rd

 test 75 N 958G-414 4
th

 test 150 N 

1 

  

2 

  
3 

 
 

4 
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2.1.6 Test method 

The coated test specimens used for this experiment had a 100 mm outer and 18 mm width, coated 

with different polymeric composites. Three different composites were tested in this research, each 

with eight successful tests, four for each load. The sliding speed was kept constant at 400 mm/s, the 

arbitrated sliding distance for the duration of a test was of 2000 meters and the applied load were 

75 N and 150 N. Acquired data allowed to verify the repeatability and calculate the average of the 

measured values. The conditions used for these tests were severe and the exaggerated load was 

used on purpose to accelerate the wear process. For the execution of each test the following 

methodology was used: 

 Fix the coated track on the specimen holder 

 Check the eccentricity of rotation with the measurement gauge 

 Clean the test surface of the track with petroleum ether 

 Fix the pin on the pin holder  

 Open the software Labview for data acquisition 

 Regulate the bridge unloaded for Fa = 0 N 

 Start the contact between the pin and the track and apply required load 

 Turn on the electric motor with the desired frequency 

 After 2000 meters turn the electric motor off 

 Dismount the track and measure the wear of the coating on the profilometer 

 Take the data from Labview and treat results in Excel 

 Verify the wear rate 

The data obtained during each test report the frictional force, which is recorded a number of times 

each second for the whole duration of the test. After treat and filter data in Microsoft Excel the 

result was divided by the applied load and therefore, the coefficient of friction is obtained 

(Amontons-Coulomb law – Figure 3). The acquired values, together with the distance, allow 

observing graphically the evolution of the friction coefficient.  

Each wear track from each sample was inspected by the profilometer to measure the wear rate. The 

Hommel Tester T8000 makes numerous verifications in half millimeter, for each wear track, which 

gives the operator a topographic model of the wear for a test track length of half a millimeter. After 

this observation the software calculates the wear volume, in µm
3
, for that distance. To get the total 

wear volume on the wear track is applied equation (1), where the value obtained is multiplied per 

two, getting the wear volume for one millimeter, and after for the perimeter of the cylinder.
 

Equation 1 shows how the total volume removed can be calculated.
 

 

                

 

(1) 

 

After calculating the total wear, this value is divided by the length and load and therefore the final 

wear rate is calculated, equation 2. 
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       (2) 

To verify the accuracy of the results various tests were made relating to coatings wear. For this 

purpose four measurements were made along the outer face of the sample, in spots A, B, C and D, 

each one with 90 degrees difference, figure 29. These results are shown in table 6. 

 

These four verifications were made for the same wear track. With those values we can perceive the 

variation of the wear values along the track. As the table show, the results are close to each other, 

which prove the accuracy during tests and therefore the results are credible. 

 

 
Table 6 - Verification for wear track. 
 

 
150 N 75 N 

958G-414 C 

1º 3,92E-4 

mm
3 

 

1º 2,46E-4 

mm
3 

 

2º 4,43E-4 2º 2,22E4 

3º 4,48E-4 3º 2,31E-4 

4º 4,63E-4 4º 2,34E-4 

Average 4,36E-4 Average 2,31E-4 

+σ 2,7E-5 +σ 1,6E-5 

-σ 4,4E-5 -σ 1,9E-5 

 

 

 

Figure 29 - Verification spot for accuracy of results. 
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3. RESULTS AND DISCUSSION 

 

3.1 Teflon 958G-414 

For the first tests the original formulation, 958G-414 applied in one layer was used. After being 

tested, the level of wear was so high that led to its destruction. Given this result, all subsequent 

samples were coated with two layers for added thickness. 

As it can be seen in annex A, tests show uniformity between them. This demonstrates the good 

accuracy and methodology used in this research. On figure 30 is shown the average between all the 

tests made for the two different loads. As expected the coefficient of friction decreases while the 

load increase (Totten and Liang 2004). The average of this element is low and it reaches the 

maximum value of 0.11 for 75 N, and 0.08 for 150 N, shown this last one a uniform behavior. 

 

In the basic formulation this coating has a very low coefficient of friction as it can be seen, and it’s 

also noteworthy the first cycles, break-in period, where the coefficient of friction raises until the 

PTFE film starts to form in steady-state regime. Figure 31 shows the evolution of temperature for 

the two samples and respective loads. Temperature variations were small and don’t provide 

plausible changes in the behavior of coat. For the higher load the small increment in temperature is 

slightly bigger than for the lower load, as expected. 

 

Figure 30 - Average of coefficient of friction for both loads applied in 958G-414. 
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This coating has an excellent resistance to wear. For the load of 150 N the average rate is               

1, 55*10
-7

 mm
3
/Nm and for 75 N is 1, 3136*10

-7
 mm

3
/Nm. These results show that the wear rate 

itself was not much influenced by the load.  

  

Analyzing figure 32 is visible the wear of the steel pin and also the adhesion of PTFE. These 

results by themselves do not say anything concrete but we will compare them later on. 

 

 

Figure 31 - Temperature registered for Teflon 958G-414. 

Figure 32 - 958G-414 Pin wear. 
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The picture 33 shows the reading of the surface wear track, made by profilometer. As it can be 

seen, there are few holes on the track, which means that some particles were uprooted from the 

surface with the motion between surfaces. 

 

 

 

 

Similar to previous figure, this one shows the wear track of the basic tested material but for the 150 

N load. Both figures show similar thickness of the layers, with the average of 20 microns, figure 

34. 

 

  

Figure 33 - 958G-414 Surface wear track 75 N. 

Figure 34 - 958G-414 Surface wear track 150 N. 
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3.2 Teflon 958G-414 M5 

As it was shown in chapter 2 this new formulation has the addition of graphene platelets. By seeing 

figure 35 is notorious the higher value for the coefficient of friction, when comparing with the 

previous sample. Although the values are a bit higher it still shows a good behavior for friction. As 

expected, the coefficient decreases when the load increases (Totten and Liang 2004). The average 

of this element is low and it reaches the maximum value of 0.13 for 75 N, and less than 0.08 for 

150 N, being this last one, once again, more uniform comparing with the 75 N loads. 

The figure 36 shows the evolution of temperature for this composite. Once again the temperature 

variations are small and don’t show plausible changes in the behavior of the coat. 

 

Figure 35 - Average for both loads for 958G-414. 

Figure 36 - Temperature registed for Teflon 958G-414 M5 
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Analyzing figure 37 is visible the wear of the steel pin and also the adhesion of PTFE.  

 

Figure 38 and 39 show the topography of the profilometer readings taken for both loads 

 

 

Figure 37 - Teflon 958G-414 Grade C pin wear. 

Figure 38 - M5 Surface wear track 75 N. 

Figure 39 - 958G-414 Surface wear track 150 N. 
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3.3 Teflon 958G-414 C 

Figure 40 respect to the average of friction coefficient obtained for this composite. Again, as 

expected the coefficient of friction decreases while the load increase (Totten and Liang 2004). The 

average is low and it reaches the maximum value of 0.13 for 75 N, and 0.07 for 150 N. 

 

 

The temperatures were also recorded for each interval, figure 41. The variations are small and don’t 

represent any plausible change in the behavior of the coat. 

 

Figure 40 - Average for both loads for 958G-414 C 

Figure 41 - Temperature registered for PTFE 958G-414 Grade C 
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Next we can see the wear on the pin made for this material, figure 42. As would be expected wear 

is greater the greater the load. 

 

The figures 43 and 44 represent the surface reading made by profilometer. 

 

  

Figure 42 - 958G-414 C Pin wear. 

Figure 43 - 958G-414 C Surface wear track 75 N. 

Figure 44 - 958G-414 C Surface wear track 150 N. 
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3.4 Discussion 

The main objectives of this research were the study of the impact of the different GNP fillers on the 

tribological behavior of the selected polymer coating regarding coefficient of friction and wear 

resistance as the main tribological parameters of interest. 

The values of time and friction force acquired from the tests were treated in Excel and converted on 

the distance traveled and the coefficient of friction. Figure 45 show the average of the four tests for 

each sample, loaded with 75 N. 

Graphic shows good levels for coefficient of friction, small variations between formulations and 

the presence of graphene platelets don’t show significant differences in friction. The graphics of all 

individual tests can be seen and compared in attachment A. The observation of these figures gives 

Figure 45 - Average for 75 N of the three coats. 

Figure 46 - Average for 150 N of the three coats. 
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the behavior of friction coefficient and its evolution with in the time.  

Identically to the previous graphic, figure 46 shows the average for 150 N. As it happened 

previously, the variation between composites are small, which shows that platelets of graphene 

don’t produce significant changes in friction. From both figures it is noteworthy the better behavior 

in friction for the higher load. The variations are smaller for bigger loads, which leads to a more 

uniform evolution and therefore a lower wear rate. 

 

With regard to wear, the discussion of results will be in two ways. One is the wear rate of each 

coated sample and in the other, characteristics relating to the wear of the steel pin.  

 
Table 7 - Wear rate of the coat for each test. 
 

Formulation Load Test 
Wear Rate 

(mm
3
/Nm) 

Average 

(mm
3
/Nm) 

958G-414 

150 N 

1º 8,6764E-07 

6,20495E-07 
2º 4,3297E-07 

3º 7,0274E-07 

4º 4,7863E-07 

75 N 

1º 6,6580E-07 

5,25441E-07 
2º 4,2062E-07 

3º 4,6911E-07 

4º 5,4623E-07 

958G-414 M5 

150 N 

1º 9,2397E-07 

7,60821E-07 
2º 9,7914E-07 

3º 6,8389E-07 

4º 4,5628E-07 

75 N 

1º 6,5684E-07 

1,41459E-06 
2º 1,1813E-06 

3º 2,0490E-06 

4º 1,7713E-06 

958G-414 C 

150 N 

1º 7,2756E-07 

9,76678E-07 
2º 7,3605E-07 

3º 1,6151E-06 

4º 8,2800E-07 

75 N 

1º 8,3191E-07 

1,3518E-06 
2º 1,8541E-06 

3º 9,3568E-07 

4º 1,7855E-06 

 



Tribological Characterization of Self-Lubricated Coatings 

 

46 

 

Table 7 shows the wear rate of coated samples for each test. In this table we can check and 

compare the results of each test for all materials and applied load. Observing closely the values for 

each load and material, the variations are small, which shows good accuracy and methodology 

during the research. Looking at the table, especially for the averages of each material and its load, 

we can draw some conclusions. 

The first formulation tested, 958G-414, showed no significant variations for the average of wear 

rate. Once the variation between 6,20495E-07 mm3/Nm and 5,25441E-07 mm3/Nm is 9,50541E-08 

mm3/Nm, is mall, it is plausible to say that the load didn’t influence the wear rate for this 

formulation.   

Looking to the averages of the second and third formulation from the table the difference is still 

small but significant. The results for these formulations show difference between applied loads. 

Unlike the base formulation, these ones have a higher wear for the smaller load. It is believed that 

graphene platelets act as a stress distributor although the results are not enough to affirm it.  

The composite 958G-414 grade M5 show a small variation between the values of wear rate. The 

difference between 1,41459E-07 mm
3
/Nm and 7,60821E-07 mm

3
/Nm, is 6,53772E-07 which is 

lower than the difference for basic formulation. Although this is a small value, the difference 

between the loads should be considered. This difference could be explained by the presence of 

graphene platelets but the information obtained from tests is not enough to conclude it.  

 

Regarding to the last formulation, 958G-414 Grade C, it behaves in a similar way with the previous 

one. The wear increases for the lower load and the wear variation between loads is 3,7513E-07 

mm
3
/Nm. 

The behavior of the formulations with additives shows higher wear for smaller loads. One plausible 

explanation for this fact is that graphene platelets are acting as a third body abrasive. In short there 

are no beneficial effects by adding graphene. Another explanation can be the higher variation of 

coefficient of friction during the test for the lower load. 

The second way to discuss wear is made with features taken from the wear pins. Figure 47 show a 

scheme and which represents an ellipse, the shape created on the pin wear. Attachment B contains 

the photos, taken at microscopic, of the pin wear created by each material and load. Figure 3.18 

represents the length and width of the ellipse two distances, vertical and horizontal. 

 

Figure 47 - Shape of pin wear. 
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Taking into account the schematic representation of figure 48, and observing figure 47, we can 

compare the measures of horizontal and vertical wear of the pins, induced by the tested 

formulations. 

 

 

Identical to the previous graph, figure 49 represents the wear of the pin to the load of 75 N. 

 

 

These results show that the wear of the pin is greater for the formulations modified with graphene. 

As with the wear of the coatings, there are slight changes concerning additives formulations. By the 

graphic is visible that the wear increase for the new formulations. Once the whole process from 

manufacture until test experiments, is done outdoors, it can be contaminated by the particles which 

float in the air. 

Being this chapter only for presentation of results, we will then see the conclusions. 
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Figure 3.19 - Pin wear for 150 N load. 0
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Figure 48 - Pin wear for 150 N. 

Figure 49 - Pin wear for 75 N. 
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3.5 Conclusions 

During this thesis were studied tribological properties of the base coating Teflon 958G-414, with 

different formulations, namely with the addition of graphene platelets. The two main areas of 

investigation were conducted. Firstly, the behavior of coefficient of friction with the new 

formulations, and second the wear rate. The results obtained from these experiments led to the 

following conclusions and possible future work. 

With regard to friction, taking into account the results, we can conclude that the presence of 

graphene has a slightly influence on the coefficient of friction. Although the new formulations, the 

polymer still shows a very good performance in friction. The small differences noted in the results 

can be explained by numerous reasons.  

When it comes to coating wear rate, there are minimal differences. At the beginning of this thesis it 

was believed that the particles of graphene could act as stress distributors, but this has not been 

verified by the results. The plausible explanations are the behavior of graphene as a third body 

abrasion and not as reinforcement, and also the higher variations in the evolution of coefficient of 

friction for the lower load, which means not so good behavior. Again, the presence of graphene 

platelets doesn’t show big changes in wear rate of this polymer. 

The variations of pin´s wear showed also small. As shown in the figure 3.19 and 3.20, the wear 

increases with the presence of the particles of graphene. This feature can be explained by the fact 

that the particles act as a third body abrasive on the counter face.  

Thus, the graphene platelets are acting as an impurity and not as reinforcement. 
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3.6 Recommendation 

During this research knowledge was developed on tribological behavior of polymers, in this 

particular case the DuPont Teflon 958G-414 and its formulations in sliding against steel. The 

addition of graphene revealed differences, though small, but important enough to be investigated 

deeper.  

With the objective to promote a better knowledge about tribological behavior for these 

formulations, we present some proposals for future work. 

 Study the differences for the wear areas from the pin.  

 Study whether the presence of graphene platelets influences the ductility and load capacity. 

 Study if the graphene platelets are acting as an impurity or as reinforcement. 

 Explore the introduction of chemical function group to develop the interaction of graphene 

with other polymers used in the formulation. 
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