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Abstract 
The vehicle is one of the most common machines in use today, and it is no exaggeration to state that 

it is crucial to the economic success of all the developing and developed nations of the world and to 

the quality of life of their citizens. The vehicle itself consists of thousands of component parts, 

many of which rely on the interaction of their surfaces to function. There are many hundreds of 

tribological components, from bearings, pistons, transmissions, clutches, gears, to wiper blades, 

tires, and electrical contacts. The application of tribological principles is essential for the reliability 

of the vehicle, and mass production of the vehicle has led to enormous advances in the field of 

tribology. For example, many of the developments in lubrication and bearing surface technology 

have been driven by requirements for increased capacity and durability in the vehicle industry. For 

the purpose of classifying the tribological components, one can divide the motor vehicle into 

engine, transmission, drive line, and ancillaries such as tires, brakes, and windshield wipers. In the 

following sections, each automotive component is discussed in detail. Lubricants used with these 

automotive tribological components are described in the last section of this study. 

Keywords: Engine tribology, transmission, tire, brakes, lubricants 

 . The Engine 

The reciprocating internal combustion engine as shown in Fig. 1 is the prime mover in the motor 

vehicle, as well as in many other modes of ground and sea transport, including motorcycles, 

scooters, mopeds, vans, trucks, buses, agricultural vehicles, construction vehicles, trains, boats, and 

ships. Further applications can be found in the field of electrical power generation, where the 

internal combustion engine is used for primary and standby electricity generation and for combined 

heat and power plants. The popularity of the reciprocating internal combustion engine is testament 

to its performance, reliability, and versatility. However, there are also some major drawbacks. 

Thermal and mechanical efficiencies are relatively low, with much of the energy of the fuel 

dissipated as heat loss and friction. The internal combustion engine is also a significant contributor 

to atmospheric pollution through hydrocarbon, particulate, and NOx (nitrogen oxides) emissions and 

to the greenhouse effect via carbon dioxide (CO2) emissions. A viable alternative with the required 

portfolio of attributes including cost, however, has yet to be found and, hence, the reciprocating 

internal combustion engine is set to dominate the road vehicle market for the foreseeable future. 

 

 
Fig. 1 Main engine components in a reciprocating internal combustion engine 

A. Importance of Engine Tribology 

To reduce friction and wear, the engine tribologist is required to achieve effective lubrication of all 

moving engine components, with minimum adverse impact on the environment. This task is 

particularly difficult given the wide range of operating conditions of load, speed, temperature, and 

chemical reactivity experienced in an engine. Improvements in the tribological performance of 

engines can yield: 
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• Reduced fuel consumption 

• Increased engine power output 

• Reduced oil consumption 

• A reduction in harmful exhaust emissions 

• Improved durability, reliability, and engine life 

• Reduced maintenance requirements and longer service intervals 

With such large numbers of reciprocating internal combustion engines (Fig. 1) in service, even the 

smallest improvements in engine efficiency, emission levels, and durability can have a major effect 

on the world economy and the environment in the medium to long term (Taylor, 1998). It is 

interesting to consider where the energy derived from combustion of the fuel is apportioned in an 

engine. In a published paper, Andersson (1991) showed the distribution of fuel energy for a medium 

size passenger car during an urban cycle. Only 12% of the available energy in the fuel is available 

to drive the wheels, with some 15% being dissipated as mechanical, mainly frictional, losses. Based 

on the fuel consumption data in Andersson’s publication, a 10% reduction in mechanical losses 

would lead to a 1.5% reduction in fuel consumption. The worldwide economic implications of this 

are startling  in both resource and financial terms  and the prospect for significant improvement in 

efficiency by modest reductions in friction is clear (Taylor, 1998). Concerning energy consumption 

within the engine as shown in Fig. 2, friction loss is the major portion (48%) of the energy 

consumption developed in an engine (Nakasa, 1995). The other portions are the acceleration 

resistance (35%) and the cruising resistance (17%). If one looks into the entire friction loss portion, 

engine friction loss is 41% and the transmission and gears are approximately 7%. Concerning 

engine friction loss only, sliding of the piston rings and piston skirt against the cylinder wall is 

undoubtedly the largest contribution to friction in the engine. Frictional losses arising from the 

rotating engine bearings (notably the crankshaft and camshaft journal bearings) are the next most 

significant, followed by the valve train (principally at the cam and follower interface), and the 

auxiliaries such as the oil pump, water pump, and alternator (Monaghan, 1987, 1989). The relative 

proportions of these losses, and their total, vary with engine type, component design, operating 

conditions, choice of engine lubricant, and the service history of the vehicle (i.e., worn condition of 

the components). Auxiliaries should not be overlooked, as they can account for 20% or more of the 

mechanical friction losses. For example, an oil pump in a modern 1600 cc gasoline engine can 

absorb 2 to 3 kW of power at full engine speed, while for a racing car this can rise to some 20 kW 

(Taylor, 1998). 

 
Fig. 2 Energy consumption developed in an engine 

B. Lubrication Regimes in the Engine 

As with any other system designed to operate with a liquid lubricant, the key operating tribological 

parameter in an engine is the lubricant film thickness separating the interacting component surfaces. 

More precisely, it is the relative magnitude of the lubricant film compared to the combined surface 

roughness of the two surfaces, the so-called film thickness ratio, or parameter,    
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where h is the film thickness calculated through the application of classical thin-film analysis taking 

the surfaces to be smooth, and σ is the root mean square surface roughness. A related version of this 

equation uses the center line average surface roughness values, (Ra surface 1 + Ra surface 2 ), in the 

denominator in place of the root mean square term. Fig. 3 shows a plot of the relationship between 

the coefficient of friction and the oil-film thickness ratio. The diagrams at the top of the figure 

provide a visual example of the lubrication of two surfaces that are in relative motion to each other 

and that are separated by an oil film. At the box on the left side, there is surface contact; at the box 

on the right, a fluid film separates the surfaces; and between these two extremes partial, or 

intermittent, contact occurs. The various lubrication regimes are listed below the diagrams. The 

boundaries between these regimes are not sharply defined. The curved line below the lubrication 

regimes indicates the relationship between the friction coefficient and the oil-film thickness ratio. 

Examples of the lubrication regimes for several automotive components are shown at the bottom of 

Fig. 3. Different automotive components rely on different modes of lubrication to achieve 

acceptable performance, and each may experience more than one regime of lubrication during a 

single cycle. Generally, journal and thrust bearings are designed to operate in the hydrodynamic 

lubrication regime in which bearing surfaces are separated by a lubricant film. Actual metal-to-

metal contact is expected to take place only at low speeds and high loads and with low-viscosity 

lubricants. In contrast, valve train, piston ring assembly, and transmission clutch sliding generally 

take place under mixed or boundary lubrication conditions; surface contact occurs, and chemical 

films or reaction products may be an important means of surface protection. Furthermore, the 

importance of different lubrication regimes for each component may change with flattening of the 

surface roughness in the interface, wear of critical interacting surfaces, and degradation of the 

lubricant with time.  

 

Fig. 3 Lubrication regimes for engine components and typical friction relationships 

C. Engine Bearings 

Within the engine, rotating journal bearings are used to support the camshaft, the crankshaft, and 

the connecting rod. The basic construction is a split half-shell bearing fitted into a bore and 

incorporating some form of locating notch. The various forms the bearing shells may take are 

summarized in Heizler (1999). The shells are formed from a steel backing strip to give strength and 

tight dimensional tolerance and overlaid with a relatively soft bearing material such as tin-

aluminum or lead-bronze. A further thin soft overlay is then put onto the bearing material to ensure 

a degree of initial conformability (Massey et al., 1991). Shafts designed for running against engine 

bearings are generally made of heat-treated steels or spheroidal graphite irons, with a hardness 

approximately 3 times that of the principal bearing material. Lubricant is directed to the bearings 

either by jet impingement or by passing through the bore of a hollow shaft. Provided the bearings 

are adequately lubricated, wear (after an initial running in period) is low. However, shaft 

misalignment or particulate contamination of the lubricant supply can lead to excessive wear. 
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Bearing corrosion is an additional failure mechanism. As with most components in the engine, the 

tribology of journal bearings is complicated by issues such as lubricant supply, thermal effects, 

dynamic loading, and elasticity of the bounding solids. The Mobility technique for the analysis of 

dynamically loaded engine bearings was established some 30 years ago and remains the most 

common approach (Booker, 1965, 1969). The technique is robust and has proved amenable to 

simple computer analysis. It yields, among other results, the cyclic minimum film thickness 

between the journal and the bearing, which is an important design parameter. However, it is 

important to note that many simplifying assumptions are implicit in the use of the mobility method, 

which means that the predictions can only be used as a benchmark. Alternative approaches and 

research studies in which some of the assumptions have been relaxed are discussed in Martin 

(1983), Taylor (1998), and Xu (1999). The mobility method and many other alternative methods of 

solution assume that engine bearings operate entirely in the hydrodynamic lubrication regime. The 

benchmark prediction for a satisfactory minimum lubricant film thickness in an engine bearing used 

to be approximately 2.5 μm. Today, minimum film thickness predictions in the range 0.5 to 1.0 μm 

are being made for engine bearings in passenger cars, suggesting that asperity interaction may occur 

between the journal and bearing for at least part of the engine cycle. The implications of operation 

in the mixed lubrication regime for the analysis and design of engine bearings are significant and 

necessitate a fundamentally different approach (Priest et al., 1998; Xu, 1999). 

D. Piston Assembly 

The piston is at the heart of the reciprocating internal combustion engine, forming a vital link in 

transforming the energy generated by combustion of the fuel and air mixture into useful kinetic 

energy. The piston carries the ring pack, which is essentially a series of metallic rings, the primary 

role of which is to maintain an effective gas seal between the combustion chamber and the 

crankcase. The rings of the piston ring pack, which in effect form a labyrinth seal, achieve this by 

closely conforming to their grooves in the piston and to the cylinder wall. Secondary roles of the 

piston ring pack are to transfer heat from the piston into the cylinder wall, and then into the coolant, 

and to limit the amount of oil that is transported from the crankcase to the combustion chamber. 

This flow path is probably the largest contributor to engine oil consumption and leads to an increase 

in harmful exhaust emissions as the oil mixes and reacts with the other contents of the combustion 

chamber. The desire to extend service intervals of engines and minimize harmful exhaust emissions 

to meet ever more stringent legislative requirements means that the permissible oil consumption 

levels of modern engines are very low compared to their predecessors of 10 or 20 years ago 

(Munro, 1990). The left side of Fig. 4 is a schematic representation of a typical piston assembly 

from a modern automotive engine. From a tribological perspective, the main piston features of 

interest are the grooves, which carry the piston rings, and the region of the piston below the ring 

pack (the piston skirt), which transmits the transverse loads on the piston to the cylinder wall. The 

top two piston rings are referred to as the compression rings. Firing pressure pushes these rings out 

until the entire ring face engages the cylinder wall. Gas pressure is utilized to supplement the 

inherent elasticity of the ring to maintain an effective combustion chamber seal. The top 

compression ring is the primary gas seal and, as the ring nearest the combustion chamber, 

encounters the highest loads and temperatures. The top compression ring usually has a barrel-faced 

profile with a wear-resistant coating such as chromium or flame-sprayed molybdenum on the 

periphery and occasionally on the flanks. The second compression ring, which is sometimes 

referred to as the scraper ring, is designed to assist in limiting upward oil flow in addition to 

providing a secondary gas seal. The right side of Fig. 4 illustrates how the second compression ring 

scrapes surplus oil from cylinder walls and how the ring rides on a film of oil and presents a lower 

edge to cylinder wall. As such, the second compression ring has a taper-faced, downward scraping 

profile that is not normally coated. The piston rings at the right of Fig. 4 are notched. A more 

conventional design is a ring that is not notched, as in the drawing in the lower left portion of Fig. 4.  

The bottom ring in the pack is the oil-control ring, which has two running faces (or lands), and a 

spring element to enhance radial load. As its name suggests, the role of this ring is to limit the 

amount of oil transported from the crankcase to the combustion chamber, and by design it has no 
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gas sealing ability. The periphery of the lands and, occasionally, the flanks are often chromium 

plated. There are a large number of subtle variations to the basic ring design, a good summary of 

which can be found in Neale (1994). Notable examples are the keystone compression ring with 

tapered sides designed to prevent ring sticking due to deposit formation in the piston ring grooves 

of diesel engines; the internally stepped compression ring, which imposes a dishing on the ring 

when fitted to improve oil control; and the multipiece, steel rail, oil-control ring. In contrast to the 

one-piece oil-control ring, the multi-piece oil-control ring has smaller land heights, which increases 

conformability to the cylinder wall, and hence oil control, with reduced spring force and a ring of 

reduced overall axial height (Brauers, 1988). 

 
Fig. 4 Typical piston assembly and piston ring function from a modern automotive engine 

The piston ring is perhaps the most complicated tribological component in the internal combustion 

engine to analyze. It is subjected to large, rapid variations of load, speed, temperature, and lubricant 

availability. In one single stroke of the piston, the piston ring interface with the cylinder wall may 

experience boundary, mixed, and full fluid film lubrication (Ruddy et al., 1982). 

Elastohydrodynamic lubrication of piston rings is also possible in both gasoline and diesel engines 

on the highly loaded expansion stroke after firing (Rycroft et al., 1997). A typical prediction from a 

mathematical model such as Ruddy et al. (1982) for the cyclic variation of minimum film thickness 

between a piston ring and cylinder wall is shown in Fig. 5, where zero degrees of crank angle is top 

dead center firing. The prediction is for the top compression ring of a four-stroke gasoline engine 

assuming a plentiful supply of lubricant. The combined surface roughness of the piston ring and 

cylinder wall in this case was approximately 0.1 μm. The solution exhibits a characteristic shape of 

curve with small film thickness around the dead center positions where the sliding velocity, and 

hence lubricant entrainment velocity, is low and large film thickness at the mid-stroke positions 

where the sliding and entrainment velocities are large. Often piston rings are extremely starved of 

oil, leading to a reduction in the film thickness and a much more complex situation to analyze and 

interpret (Priest et al., 1999). During the engine cycle, the piston itself exhibits a complex secondary 

motion, transverse movement toward the cylinder wall, and tilting about the main piston pin axis 

(Li et al., 1982). This generally results in fluid film or mixed lubrication between the piston skirt 

and the cylinder wall. Modern, lightweight pistons have skirts that may deflect elastically during 

interaction with the cylinder wall, leading to the application of Elastohydrodynamic lubrication 

theory to these components (Oh et al., 1987). Frictional losses between the skirt and the cylinder 

wall are significant, accounting typically for about 30% of total piston assembly friction, and the 

interaction with the cylinder wall can lead to noise generation, so-called piston slap. Gray cast iron, 

carbide/malleable iron, and malleable/nodular iron are the most common base materials for all types 

of compression piston rings and single piece oil-control rings. However, steel is growing in 

importance as a piston ring material because of its high strength and fatigue properties and its 

manufacturing route, which enables rings of small axial height to be produced by, for example, 

forming steel wire. Steel is used for top compression rings and the rails of multi-piece oil-control 

rings. There are a multitude of piston ring running-in surface treatments and coatings, although 

many of these are subtle variations of similar processes. Chromium plating and flame-sprayed 

molybdenum are the most common wear-resistant coatings, although plasma-sprayed molybdenum, 
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chromium, metal composites, cermets, and ceramics are growing in popularity as their technology 

progresses. Cylinder walls are generally manufactured from gray cast iron, either plain or with the 

addition of alloying elements, or an aluminum alloy. The surface treatment and coating of cylinder 

walls is less common than with piston rings, although proprietary wear-resistant coatings such as 

Nikasil plating are applied to aluminum bores. Aluminum-silicon alloy is the main material used for 

automotive pistons, occasionally with additions of other elements to enhance particular properties 

(e.g., copper to increase fatigue strength). Piston skirt coatings, based on materials such as 

polytetrafluoroethylene (PTFE) or graphite, are occasionally applied. In contrast to piston ring and 

cylinder liner coatings, piston skirt coatings are primarily intended to reduce friction rather than 

wear. Understanding and controlling the wear of the piston assembly is crucial to successful engine 

performance. Manufacturers through long experience have come to rely on early life wear of the 

piston rings and cylinder wall to modify the profile and roughness of the interacting surfaces to 

achieve acceptable performance as part of the running-in process. However, a clear understanding 

of the complex interactions between lubrication and wear of these components has only recently 

started to emerge (Priest et al., 1999). In addition to wear as a consequence of mechanical 

interactions, corrosive wear can occur in the upper cylinder region during short-trip service in a 

winter climate (Schwartz et al., 1994). The as-manufactured surface finish of piston rings and 

cylinders can have a major influence on wear behavior and thereby the success or failure of an 

engine. Although a wide range of surface finishing techniques has evolved for both piston rings and 

cylinder liners, the objectives of these processes appear to be the same: to improve oil retention at 

or within the surface, to minimize scuffing, and to promote ring profile formation during the 

running-in period. Plain cast iron piston rings are often used in a fine turned condition and 

electroplated; flame-sprayed and plasma-sprayed rings are generally ground to the desired finish. 

The poor wettability by oil of chromium-plated piston rings is overcome by etching a network of 

cracks and pores into the surface by reversing the plating current, chemical etching, grit blasting, 

lapping, or depositing the plate over a surface with fine-turned circumferential grooves. Cylinders 

are honed with ceramic stones, diamond hones, rubber tools, cork tools, or composite stones of cork 

or diamond. Piston skirts with a turned finish have been shown to give superior fuel economy and 

reduced risk of scuffing.  

 

Fig. 5 Typical predicted variation of film thickness between a top piston ring and cylinder wall of a 

gasoline engine with a plentiful supply of lubricant 

E. Valve Train 

A modern valve train system as shown in Fig. 6 should include valves, valve springs, valve spring 

retainers, valve keys, rocker arms, piston rods, lifter/tappets, and a camshaft. The primary function 

of the valve train system is to transform rotary camshaft motion into linear valve motion in order to 

control fluid flow into and out of the combustion chamber. The second function is to drive ancillary 

devices such as distributors, fuel pumps, water pumps, and power steering pumps. Many different 

styles of valve train mechanisms have been used on engines. Three basic valve train systems are (1) 

poppet valve, (2) sleeve valve, and (3) rotary valve. In a valve train system, the poppet valve 

configuration is the most popular and is used by virtually all the major automobile manufacturers 
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for the inlet and exhaust valves of reciprocating internal combustion engines. The opening and 

closing of the valves is invariably controlled by a cam driven from the crankshaft to ensure 

synchronization of the valve motion with the combustion cycle and piston movement. Some of the 

typical mechanisms and some of the design variations have been executed on poppet valve systems. 

Common mechanisms are generally classified and referred to throughout the automotive industry as 

Type 1 through Type 5 (Nunney, 1998). The basic mechanisms for Type 1 through Type 5, as 

shown in Fig. 7, include the following: 

1. Direct acting valve train 

2. End pivot valve train 

3. Center pivot 

4. Center pivot with cam follower 

5. Overhead (OHV) pushrod 

 

 
Fig. 6 Modern valve train system 

 

Fig.7 Valve train mechanisms 

These types can be designed using either roller or sliding friction at each contact interface. There is, 

however, a large range of mechanisms in use to transmit the motion of the cam to the valve. These 

include push-rod operated, center-pivoted rocker, finger follower, direct acting bucket follower, and 

roller follower (Heizler, 1999). Other designs, such as rotary or sleeve valves, have proved difficult 

to lubricate, cause excessive oil consumption, have poor sealing properties, and generate excessive 

friction (Buuck, 1982). A comparison of friction, effective mass or valve weight, maximum engine 

speed, and overall engine package among the different types of valve train systems is shown in Fig. 

8. Friction also plays an important role in valve train type selection. The best configuration is roller 

follower, which can significantly reduce valve train friction. This is because the coefficient of 

friction at the camshaft/follower interface is less by an order of magnitude for rolling compared to 

sliding friction. The direct-acting system has poor frictional characteristics because it is not 

equipped with roller followers. The next most important characteristics after rollers or friction 

control are a function of the lowest mass, least number of components, and the lowest number of 
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friction interfaces. The friction associated with the valve train is generally considered to be a small 

component of the mechanical losses, typically 10% compared to the 50% linked to the piston 

assemblies. However, at low engine speeds and for larger, slower running engines associated with 

the prestige car market, valve train friction is seen to rise significantly to 20 to 25%. This has been 

one of the main drivers behind introducing into the engine oil such friction modifier additives as 

molybdenum dithiocarbamate (MoDTC), which endeavor to reduce friction in the boundary 

lubrication regime (Korcek et al., 1999). The valve train presents a broad spectrum of problems to 

the tribologist in relation to the cam and follower, valve guides, valve stem seals, valve seats, 

hydraulic lash adjusters, lifter guides, pivots, camshaft bearings, belt drives, and chain drives. That 

said, the most critical interface in the valve train is that between the cam and follower, a contact that 

has proved difficult to lubricate effectively with all designs of valve train. Traditional design 

philosophy assumed that the cam and follower operated entirely in the boundary lubrication regime. 

Hence, attention tended to be limited to the materials and surface treatments of the components and 

the lubricant additives intended to produce wear-resistant surface films by chemical reaction (e.g., 

zinc dialkyldithiophosphates [ZDDP or ZDTP]). Scientific studies over the last 20 years or so, 

however, have shown that mixed and Elastohydrodynamic lubrication have a significant role to play 

in the tribological performance of cams and followers (Taylor, 1994). These film thickness 

predictions can be usefully compared with typical surface roughness values for automotive metallic 

cams and followers of about 0.2 μm Ra. Although this analysis is relatively simple and neglects 

potentially important physical effects, it highlights the important message that the cam and follower 

may experience boundary, mixed, and Elastohydrodynamic lubrication in a single cycle. Substantial 

film thickness tends to occur on the rising and falling flanks; whereas around the nose, the film 

thickness tends to be much smaller, with the potential for surface contact and wear. The most 

common materials for cams and followers are irons and steels with a variety of metallurgies and 

surface treatments to assist running-in and prevent early life failure. Ceramic followers are, 

however, becoming more common, especially in direct-acting valve trains, in an attempt to reduce 

frictional losses (Gangopadhyay et al., 1999). Wear has been a persistent problem with cams and 

followers for many years, especially with finger follower configurations. Recent advances in our 

understanding of the link between kinematics, lubrication, and wear of valve trains are now helping 

to overcome these difficulties (Bell, 1998), as is the trend toward direct acting and roller follower 

systems. The failure modes of cams and followers are pitting, polishing, and scuffing, all of which 

are influenced by materials, lubrication, design, and operating conditions. The durability and type of 

failure can vary considerably, depending on the combination of materials chosen, their surface 

treatment, and the lubricant and its additive package. Wear is also a problem at the valve/seat 

interface; the valve ―recesses‖ into the seat and results in loss of engine timing. Loading is from a 

combination of the dynamic closing of the valve under cam action and the application of the firing 

pressure on the closed valve face, and therefore the seat is subjected to both high static and dynamic 

stresses. Temperatures in the region of the valve are high (typically 300°C to 500°C), and 

lubrication tends to be from small quantities of oil that flow past the valve guide. The valve may be 

allowed to rotate (usually slowly at about 1 to 2 revolutions per minute) under the action of the cam 

on the bucket. To reduce wear, an insert of hardened steel is shrunk-fit into the head. Valve and seat 

materials need to have high strength, wear resistance, temperature stability, and corrosion resistance 

(Narasimhan et al., 1985). Commonly, inlet valves are made from hardened, low-alloy martensitic 

steel for good wear resistance and strength. The exhaust valves are subjected to higher temperatures 

and are often made from precipitation-hardened, austenitic stainless steel for corrosion resistance 

and hot hardness. The valve seats are made from cast or sintered high-carbon steel. In some 

engines, the seat is formed by the induction hardening of the cylinder head material. 
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Fig. 8 Comparison of friction, effective mass, engine speed, and overall engine package among 

these five types of valve train systems 

F. Future Developments 
The petroleum and automotive industries are facing tough international competition, government 

regulations, and rapid technological changes. Ever-increasing government regulations require 

improved fuel economy and lower emissions from the automotive fuel and lubricant systems. 

Higher energy-conserving engine oils and better fuel-efficient vehicles will become increasingly 

important in the face of both the saving of natural resources and the lowering of engine friction 

(Hsu, 1995). The United States Department of Energy conducted a workshop (Fessler, 1999) in 

which the focus was on industry research needs for reducing friction and wear in transportation. 

Reducing friction and wear in engine and drive trains could save the U.S. economy as much as $120 

billion per year. Recommendations from that workshop (although each sector of the ground 

transportation industry has different needs and objectives) and desirable areas for future research 

(including current technical status, goals, and barriers related to fuel efficiency, emissions, 

durability, and profitability of powertrain systems) are as follows: 

 1. Develop a quantitative understanding of failure mechanisms such as wear, scuffing, and fatigue. 

This is important both for developing improved computational design codes and for developing 

bench tests to predict accurately and reliably the tribological behavior of full-scale automotive 

components. 

2. Develop a variety of affordable surface modification technologies (Tung et al., 1995b) that are 

suitable for various vehicle components used with different fuels or lubricants under a variety of 

operating conditions. 

3. Develop a better understanding of the chemistry of lubricants and how additives affect the 

interactions between lubricants and rubbing surfaces. This will provide a foundation for developing 

new lubricants that will be longer-lasting, environmentally friendly, capable of handling increased 

soot and acid loading from EGR (exhaust gas recirculation), compatible with catalysts, and 

compatible with new, lightweight nonferrous materials. 

Stringent federal legislation calling for better fuel economy and reduced emissions is the driving 

force for improved fuel efficiency and development of new engine technology. Among the various 

approaches for improving fuel efficiency, the use of energy-conserving engine oils is the most 

economical way in the automotive industry to acquire the necessary gains, compared to complicated 

hardware changes (Tung et al., 1995a). In addition, design and legislative pressures for cleaner, 

more efficient engines with higher specific power outputs is forcing tribological engine components 

to be operated with generally thinner oil films. One notable trend is the move toward lower 

viscosity engine oils (e.g., SAE [Society of Automotive Engineers] 5W-20 and 0W-20) in an effort 

to improve fuel economy. While this helps to reduce friction losses, it also leads to potential 

durability problems and a more critical role for the surface topography of engine components (Priest 

et al., 1998). In addition, there is a drive to extend engine service intervals. The engine has therefore 

to withstand an increasingly contaminated and degraded lubricant. The ability to incorporate more 
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and more aspects of the physical behavior of lubricants into analytical modeling is an important and 

a fast-developing field (Coy, 1997). Uppermost in this regard are the reduction in viscosity at high 

shear rate, particularly with polymer-containing multigrade lubricants; the rise in viscosity at 

elevated pressure; and the boundary friction and wear behavior in the mixed and boundary 

lubrication regimes. Models of the rate of degradation of oil additives are also becoming available. 

One of the biggest challenges facing the engine tribology community is to make an effective link 

between the physical tribology of the components (Tung et al., 1996) and the complex chemical 

behavior and degradation of engine lubricants, both in the bulk fluid (Bush et al., 1991) and at the 

surface (Korcek et al., 1999). The engine oils are expected to last longer and simultaneously reduce 

engine losses. 

 .  Transmission and Drive Line 

A. Transmission 

The tribological characteristics of the transmission clutch and band are highly important because 

they control transmission shift performance and clutch and band durability. From a friction 

standpoint, an automatic transmission clutch consists of two basic elements: the friction-lined clutch 

plates and the steel reaction plates. As shown in Fig. 9, the clutch plate assembly consists of three 

major components: a steel core, an adhesive coating, and the friction facings. The steel core is a part 

onto which the friction facings are bonded. The core is blanked from medium carbon steel with a 

Rockwell C hardness of 24 minimum. The core hardness ensures maximum tooth contact area. The 

minimum compressive load requirement can reduce the potential for wear or fretting on both spline 

surfaces. The friction facing is bonded to one or both sides of the steel core with an adhesive. The 

adhesive, a thermosetting organic resin, is selected to withstand high shear forces and a wide range 

of operating temperatures. The friction material must have the required friction characteristics for 

effective engagement, a pleasing (to the customer) shifting of gears, and durability. It also must 

withstand a wide range of operating temperatures as well as high shear forces and compressive 

loads. Friction material is produced from a variety of fibers, particle fillers, and friction modifiers. 

These materials, with properly blended composition, can provide the necessary material strength 

and bulk uniformity for successful manufacturing, as well as providing a heat-resistant material 

with the required friction properties. The porosity of the friction material allows the transmission 

fluid to be stored near the friction interface as a lubricant reservoir, and the resilience of the friction 

material permits it to conform to transmission mating surfaces. In automatic transmissions, multiple 

plate clutches, band clutches, and the torque converter clutches are used either to transmit torque or 

to restrain a reaction member from rotating. The function of an automatic transmission clutch and 

band is to serve as a lubricated brake (e.g., for a planetary gear element) to transmit torque between 

transmission elements and the torque converter pump (input) and turbine (output). Dynamic and 

static band and clutch friction torque levels, and the difference between static and dynamic friction 

torque, are important clutch performance criteria. They are closely dependent on transmission fluid 

characteristics. The transmission fluid can have a deep impact on shift-feel, chatter, static holding 

capacity, and the friction interaction between the transmission fluid and clutch material (Watts et 

al., 1990; Ward et al., 1993). All automatic transmission fluids recommended by vehicle 

manufacturers are formulated using a base stock plus a variety of additives, including friction-

modifying additives to produce the desired transmission operation. Friction characteristics of the 

friction modifiers are described in Kemp et al. (1990) and Tung et al. (1989). Clutch friction 

characteristics for a base stock containing no friction-modifying additives are undesirable, as shown 

by the solid line in Fig. 10. Although a high static coefficient of friction is desirable for good clutch-

holding capacity, smooth engagement is difficult to achieve when static friction is greater than 

dynamic friction. As the clutch engagement approaches lock-up (decreasing sliding speed) with 

such friction characteristics, the increasing coefficient of friction tends to produce unstable stick-

slip action between the rubbing surfaces and create abrupt and harsh clutch lock-ups. If these 

undesirable friction characteristics are too severe, shift-feel can be unsatisfactory to the vehicle’s 

passengers. 
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Fig. 9 Band and plate clutches used to shift gears in automatic transmission 

Objectionable shift-feel is a major cause of customer complaints about vehicle/transmission 

performance. The most desirable friction characteristics (Tung et al., 1989) for smooth clutch 

engagement are those described by curve A in Fig. 10 (Kemp et al., 1990; Tung et al., 1989). High 

dynamic friction promotes a rapid clutch engagement, and static friction that is lower than the 

dynamic provides a smooth transition to clutch lock-up. However, the static friction coefficient 

must be high enough to provide good static clutch torque holding capacity. Friction-modified 

additives that produce properties described by curve B in Fig. 10 are not entirely satisfactory. 

Although similar to curve A in shape, the low dynamic friction of curve B may demand increasing 

either the clutch area or the clutch applied pressure to complete a shift in a reasonable time. Under 

both dynamic and static conditions, clutch torque capacity is reduced. For curve C, friction 

characteristics are intermediate to those for curves A and B. However, due to unstable friction 

behavior for curve C, undesirable clutch lock-up and stick-slip action might occur for this case 

(Stebar et al., 1990). 

 
Fig. 10 Automatic transmission clutch friction characteristics 

The amount of clutch energy dissipated during clutch engagement can affect both transmission fluid 

and clutch friction material life. In a transmission power shifting clutch or band, torque capacity 

must be great enough to produce a rapid clutch or band engagement. Otherwise, the energy 

dissipated as heat can produce clutch surface temperatures that contribute to the deterioration of 

both clutch materials and transmission fluids. Typical clutch surface temperatures have been 

measured and found to be on the order of 95°C above sump fluid temperatures for wide-open-

throttle conditions (Stebar et al., 1990). Fig. 11 illustrates clutch energy dissipation for different 

transmission operating conditions; the clutch horsepower (clutch friction torque   clutch sliding 

speed) vs. engagement time is shown for three simulated heavy-throttle shifts. Curve A can be 

considered a satisfactory shift for which the clutch surface area is designed to provide long clutch 

life. Curve B illustrates an unsatisfactory clutch engagement because of extended engagement time. 

This curve indicates excessive clutch slippage resulting from an inability of the clutch to transmit 
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sufficient torque to lock up the clutch in a reasonable period of time. If the energy can produce 

dynamic torques higher than the clutch can transmit, the clutch will not lock up, and the resulting 

energy will be so high that cellulose clutch materials are likely to burn or char. Such deterioration 

can occur in only a few severe clutch engagements. A surface temperature as high as 230°C above 

sump temperature has been reported for automatic transmission power shifts (Stebar et al., 1990). 

Curve C illustrates a clutch engagement for which the energy level is much different than for curve 

A, but the capacity of the clutch is high enough to produce a short engagement. Although of short 

duration, high clutch surface temperatures will deteriorate clutch durability due to severe energy 

dissipation. In summary, clutch and band friction characteristics, transmission fluid viscosity, fluid 

oxidation, fluid shear stability, and wear properties of friction materials all play a vital role in the 

overall performance and durability of the transmission. Because of the important characteristics of 

automatic transmission fluids in controlling transmission shift performance and long-term 

durability. 

 

Fig. 11 Automatic transmission clutch energy dissipation 

B. Traction Drive 

The development of the continuously variable transmission (CVT) by vehicle manufacturers has 

increased dramatically to take advantage of the fuel economy and better drivability benefits that can 

be achieved with traction drive components. A unique advantage of the CVT is that it allows an 

engine to operate over a range of speeds and loads independent of the torque requirements that are 

placed on the wheels by the vehicle and the driver (Heilich, 1983). Traction drive CVT was applied 

to vehicles in the 1930s and was started by the Toric transmission (Hewko et al., 1962). Three basic 

types of commercial CVTs (Kluger et al., 1997) have been developed, as follows: (1) belt (steel, 

fabric, push, and pulley type); (2) half or full toroidal traction; (3) epicyclic. As indicated in Fig. 12, 

two commercial CVTs (belt-pulley and traction drive) are the most common CVT drive units. 

Production vehicles equipped with steel belt pulley CVTs have been in the automotive market for 

more than 10 years. However, the full potential for reduction of fuel consumption could not be 

realized until the fully integrated electronic control system became available. The belt-pulley CVT 

relies on a metal link belt developed by Van Doorne’s transmission and is typically limited to use 

with engines of 2.0-liter displacement or smaller (Hendriks, 1993). Around 1990, a full toroidal 

traction drive device was developed to supplement the belt-pulley type because of the traction 

drive’s ability to handle larger engines. The toroidal traction drive provides better mechanical 

efficiency because of a very efficient rolling motion that operates in the Elastohydrodynamic 

regime (Dowson et al., 1991). The current traction drive transmission transmits power through a 

rolling contact via forces that are varied with the radius at which the traction force is applied. Thus, 

power is transmitted in a continuous manner. This concept relies on two rolling elements that place 

a thin film of lubricant into an extreme shearing condition. The thin film between the two rolling 

bodies experiences high load and extreme shearing force, which produces complex 
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Elastohydrodynamic phenomena. The viscosity of the traction fluid increases significantly as a 

consequence of the high pressure, and the fluid becomes almost glasslike. The tangential force that 

is transmitted between the driving and driven elements is greatly enhanced by the traction fluid. The 

surface contact area between the two rolling elements is a finite area whose orthographic projection 

is an ellipse (Kluger et al., 1997). Within the ellipse, fluid is trapped between the rollers and is 

subjected to high compressive stresses of 0.7 to 3.5 GPa (100,000 to 500,000 psi). These stresses 

increase the instantaneous viscosity of the fluid by several orders of magnitude. This semi-solid 

lubricant can then transmit torque through the drive. Basic research was conducted with application 

to different traction drive units (Heilich, 1983). However, a traction drive CVT was not applied in 

practical use until 1990, due to three major barriers (Machida et al., 1990): 

1. The traction drive rolling element materials were not sufficiently reliable due to high temperature 

and high pressure at the traction contact point. 

2. There were no bearings that could support high speed and large axial load. 

3. There were no traction fluids that could meet all traction component requirements. 

A traction drive requires not only higher traction coefficient to meet power transmission 

requirements, but also better lubrication and hydraulic lubricity requirements. Traction elements are 

generally made of materials similar to those used for ball or roller bearings for which the surface 

must withstand high loading and long duty cycles. This requirement also demands hardened steel or 

hardened materials for the contact surfaces. Because the traction drive operates at high speeds, it 

therefore provides high input and output ratios. Advanced tribological materials in the rolling 

element have made the life of the traction contact point long enough for use in high-power 

automotive transmissions. The efficiency of the traction drive relies heavily on the lubricant that is 

used. A high traction coefficient is required even at high contact temperatures. The temperature of a 

typical traction drive can rise to over 140°C. In addition to the traction requirements at high 

temperatures, traction fluids must not deteriorate when subjected to repeated shear or oxidation 

conditions. It has been indicated by traction fluid researchers (Tsubouchi et al., 1990; Hata et al., 

1998) that naphthenic base compounds and several types of synthetic fluids have better traction 

characteristics than paraffinic or aromatic compounds. Research on traction fluids has also indicated 

that the traction coefficient of naphthenic compounds provides a higher rotational barrier and has a 

stronger molecular stiffness compared to paraffinic or aromatic compounds (Machida et al., 1990). 

Other variables affecting traction properties include rolling speeds, lubricant temperature range, 

quality of the roller surface finish, Hertzian contact pressure, degree of spinning, and the geometry 

of the rolling bodies. A substantial amount of CVT research is focused on traction fluid formulation 

and evaluation to determine whether the fluid can meet traction drive system performance 

requirements. Future research will concentrate on traction fluid formulation to optimize overall 

system performance and to adapt the traction fluids to the target automotive applications. 

 
Fig. 12 Belt-pulley and traction drive units for continuously variable transmission 

C. Universal and Constant-Velocity Joints 
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Universal joints and constant-velocity joints are used to transmit power from the main driveshaft to 

the vehicle’s wheels, as shown in Fig. 13 (Nunney, 1998). The top portion of the figure is a modern 

bipot universal joint, and the bottom figure portion is an application of constant-velocity universal 

joint for front-wheel drive. There are several different designs for joints. All have the ability to 

transmit power between two shafts with some degree of axial misalignment. The joints may be of 

the fixed or plunging type. The plunging type incorporates a spline coupling to allow axial approach 

of the shafts. Typically, the joints consist of an array of rolling elements held by a retaining cage 

between two raceways. The entire assembly is packed with grease and sealed inside a rubber boot. 

The contacts within the joint are between the rolling elements (balls, needles, or rollers), the 

raceway grooves, and the cage. The rolling elements are usually made from a high-carbon steel that 

is through hardened. The raceways are made from a medium-carbon steel, and the load bearing 

areas are induction hardened or carburized. When the shafts are aligned, the rolling elements are 

stationary. When the shafts are misaligned, the rolling elements undergo a low oscillation 

reciprocating motion. The load on the ball race contact is high, and the entrainment velocity is low. 

Because the surfaces tend to be relatively rough, boundary lubrication is the dominant lubrication 

regime. Possibly the most common form of failure in the field is by damage to the boot. This results 

in loss of lubricating grease and failure by gross damage to the joint components. However, contact 

fatigue is also observed. Cracks initiate at the surface and propagate to form spalls 

in the near-surface region. Extended use of the joint results in wear of the balls and raceways, 

leading to loss of dimensional accuracy. 

 
Fig. 13 A modern bipot universal joint (top) and application of constant-velocity universal joint 

(bottom) for front-wheel drive. (From Nunney, M.J. (1998), Automotive Technology , SAE 

International, Butterworth-Heinemann. With permission) 

D. Wheel Bearings 

Conventional rolling element bearings are used in the road wheel hubs. These standard 

manufactured components are hardened high-carbon steel, machined and ground to a high tolerance 

and surface finish. Usually, deep groove bearings or a back-to-back angular contact bearing 

assembly is used. The bearings are packed with grease on assembly and sealed with elastomeric lip 

seals. The most common cause of wheel bearing failure is by damage to the surface caused during 

incorrect fitting or following impact during operation (the wheel striking a curb). The surface 

damage acts as an initiation site for rolling contact fatigue failure. 

E.  Drive Chains 

Some automotive engine designs use chain drives for timing and driving ancillary components. 

Chains have the advantage of a high capacity, increased durability, and being relatively cheap and 

simple. The basic components of a chain drive are the chain, sprockets, chain guides, and 

tensioners. There are two main types of drive chain: (1) roller chains consist of link plates with a 

pin, bush, and roller assembly; and (2) silent chains consist of an array of shaped link plates and 
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pivot pins. The chain is lubricated by two means, firstly by splash as it dips into the sump during its 

travel and secondly through jets that impinge onto the sprocket/chain entry. The rollers in the case 

of roller chain, and the link plates in the case of silent chain, locate in the teeth of the sprockets. In 

the roller chain, the pin slides inside the bush during articulation, while the roller rolls across the 

sprocket tooth. The pin bush contact can therefore undergo excessive wear, causing chain 

elongation. For this reason, the pins and bushes are usually case-hardened and ground smooth, 

while the link plates are usually unhardened steel. With silent chain, the link plate slides across the 

sprocket tooth; this can result in wear of the link plate surface. The chain drive is subjected to 

dynamic loading. Chain guides and tensioners are incorporated to reduce the associated vibration. 

The guides are generally made of a polymer (typically Nylon 66) and either bolted in place or 

loaded against the chain by a spring or hydraulic tensioner. The chain tension and impact forces 

between the chain and guides can result in wear of the guide faces. Wear debris or dust in engine oil 

can become embedded in a polymeric tensioner and can act as an abrasive agent on the timing 

chain. Fuel components or fuel reaction products can enter engine oil and may soften a polymeric 

tensioner. Wear occurs on the guide face where it contacts the link plate edge, forming ―tramlines.‖ 

In some cases, this continues until the grooves formed are deep enough that the rollers make contact 

with the guide; the load is then distributed to a greater extent and wear is reduced. 

 .  The Tire 

A.  Introduction 

The word ―tire‖ is derived from ―attire‖  a protective cover to contain compressed air (or sometimes 

gas) in a toroidal chamber that is attached to a steel rim or wheel of an automobile. The North 

American spelling (tire) is closer to attire; the British spelling is tyre. Typically the tire has to 

perform the following functions. 

The tire must transmit forces from the car to the road during driving: These forces include the 

weight of the automobile, passengers, and the cargo; the forces required to accelerate and decelerate 

the automobile; and the forces needed to steer the vehicle. These forces need to be transmitted in 

such a way that wear and fatigue failure of both the tire and the pavement are within acceptable 

levels. This is done effectively by providing a large contact area between the tire and the pavement, 

leading to a low contact pressure. 

The tire must provide a firm grip on the road: which may be dry or wet, and sometimes even 

contaminated intentionally (salt during winter) or accidentally (spillage). This is done by choosing 

an appropriately vulcanized rubber, to provide a large coefficient of sliding friction at the 

tire/pavement interface. The associated but rather conflicting demand on the tire is that the values of 

rolling friction and hysteresis loss should be as low as possible. Pneumatic tires are critical 

components of an automotive vehicle about 14% of all fatal accidents occur when roads are wet 

(Pottinger et al., 1986) and the grip is lost, which is typically only about 3% of the driving time. 

The tire is also used to absorb unevenness of the road and provide a comfortable journey: The 

texture or the roughness characteristics of the pavement and the tire become important in 

determining the quality of ride and the noise that is produced by micro-slip (described later) in the 

contact area. 

Obviously, the tire has to do this at a low cost and must have a sufficiently long life with 

ample safety provisions against accidental deflation: It is not uncommon for truck tires to last 

about 160,000 kilometers (about 100,000 miles) and car tires about 80,000 kilometers (about 50,000 

miles) (French, 1988). These lives can be increased by retreading. 

B.  Construction of a Tire 

In the early days, tires generally with toroidal tubes that were inflated with pressurized air, were 

cemented to the wheels and sometimes even fixed with rudimentary holding devices. This all 

changed with a patented design that incorporates rather inextensible steel wire hoops (tire beads) in 

the inside of the tire casing to fix and locate it on the wheel rim accurately, Fig. 14a. The central 

depression in the rim facilitates tire fitting and its removal (Fig. 14b). Subsequent tires were of 

cross-ply construction (Fig. 15a), similar to the original produced by Dunlop in 1888. Michelin, in 

1948, started producing tires with radial plies (Fig. 15b). Both types carry patterned rubber treads 
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and are used in different circumstances. The behavior of a particular tire in terms of load-carrying 

capacity, life, steering characteristics, resistance to damage, ride quality, and noise is dependent on 

the tire casing and is affected by the rubber/plies layout. In general, cross-ply is used in military 

applications, aeronautical, agricultural, cycle, and motorcycle tires; and radial ply is used for most 

passenger cars and trucks (French, 1988). Some of the common patterns for the rubber tread are 

shown in Fig. 16. The purpose of these patterns is to squeeze water out of the contact in wet 

conditions and avoid skidding or hydroplaning. Feeder channels or smaller grooves flush water out 

of the contact. The grooves are generally 3 mm wide and 10 mm deep for a new tire (Moore, 1975). 

The tread between these grooves may be provided with cuts or sipes (small hook-shaped or bracket-

shaped grooves in the tread of an automobile tire) to facilitate a wiping action to remove thin water 

films. Tread patterns, especially on the sides, help in cooling the tire by circulating the air.  

 

 
Fig. 14 (a) Normal operating positions of tire. (b) Tire position during fitting and removal 

 

Fig. 15 Construction of a tire: (a) cross ply; (b) radial ply. (From Clark, S.E. (1971), The contact 

between tire and roadway, in Mechanics of Pneumatic Tires , Clark, S.E. (Ed.), National Bureau of 

Standards Monograph 122) 

 
Fig. 16 Tire tread pattern: (a) zig-zag; (b) ribbed; (c) block; (d) sipes in tread 

C.  Mechanics of Load Transfer 

Consider a cycle wheel: the hub is connected to the rim by wire spokes. An upward force at the 

bottom of the rim is transferred to the hub by the tension of the spokes. Load transfer from an 

automobile wheel to the tire is analogous to that of the cycle wheel. The wheel behaves like the 

cycle hub, and the plies act like spokes. Pressurization of the tire produces tensile hoop stresses 

around the circumference and also along the direction of the plies. The tension in the plies is 

transmitted to the tire bead and then to the wheel rim. Application of a vertical force develops a 
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contact area with the pavement, and the tire deforms near the contact. The angle at which plies are 

pulling the tire bead increases, and the component of tensile force in the radial direction decreases. 

The radial pull in other directions remains approximately the same, and the net result is a vertical 

force on the tire bead that gets transmitted to the wheel (French, 1988). Note that if the tire is rigid, 

a system of stresses will develop to transfer the load, as in the case of railroad wheels. Fig. 17 

shows a wheel rolling on the pavement and carrying a normal load W. The rolling resistance is 

shown by the resultant force Fr . In the case of free rolling, the wheel has no applied moment, and 

therefore the reaction of the contact forces passes through the wheel center. In the case of a braking 

or a driving wheel, the presence of a turning moment implies that the resultant force does not pass 

through the center. 

 
Fig. 17 Load transfer in a tire 

D.  Contact Area and Normal Pressure Distribution 

The tire tread, which is fairly inextensible and loaded by the hoop tensile stresses, contacts the 

pavement and changes its curvature to drape over the surface. A fairly large contact patch is 

generated, the size and shape of which depend on tire pressure, tire construction, and applied load. 

Some typical contact patches are shown in Fig. 18. A typical normal contact pressure distribution 

for a tire with no tread pattern is shown in Fig. 19. A typical value for average contact pressure is 

about 1 MPa. By comparison, steel wheels and steel rails in railroad applications produce an 

average contact pressure of about 1000 MPa. The presence of a tread pattern reduces the real 

contact area and increases the peak contact pressure. 

 
Fig. 18 Tire contact area at increasing tire pressure (clockwise from top left corner). (From French, 

T. (1988), Tyre Technology, Adam Hilger. With permission) 
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Fig. 19 A typical contact pressure distribution. (From Clark, S.E. (1971), The contact between tire 

and roadway, in Mechanics of Pneumatic Tires , Clark, S.E. (Ed.), National Bureau of Standards 

Monograph 122) 

E.  Slip and Generation of Shear Traction 

The difference between the elasticity of the tire and the pavement material results in a difference in 

tangential displacement within the contact area, leading to a tendency to slip. Friction forces that are 

generated locally resist the slip. In some areas, known as stick regions, the local friction is 

sufficiently large to resist slip; but in other areas, known as slip regions, the friction force reaches 

its limiting value (equal to the load multiplied by the coefficient of sliding friction at that point) and 

local slipping occurs. Fig. 20 shows stick and slip regions for a tire/pavement contact under normal 

pressure and stationary conditions. However, if the tire were to roll, whether braking or driving, the 

stick region shifts to the front of the contact (Fig. 20b). In a braking situation, the slip direction is 

toward the stick region; whereas in a driving situation, the slip direction is away from the stick 

region. During cornering, the behavior is complicated by sideways slip (Moore, 1975; Clark, 1971); 

a typical contact patch is shown in Fig. 20c. In the case of braking wheels, just before the tread 

enters the contact zone, it is under a tensile stress, and it elongates. In the stick zone, the tread and 

the pavement have no relative motion, and it is only in the slip zone that the tread slips toward the 

stick zone and starts to contract. In the case of driving wheels, the tread is under a compressive 

stress and goes into the contact compressed. It recovers its compression in the slip region by 

slipping away from the stick region. The distribution of shear stresses in the contact area for free 

rolling, braking, and driving are shown in Fig. 21. The shear stress distribution, as well as the 

normal pressure distribution, depends on the construction of the tire, inflation pressure, and several 

other factors. Because of the decreased (or increased) tread length in the stick region of the contact, 

the apparent wheel circumference is too short (or too long) for estimating the distance traveled. In 

one wheel rotation, the braked wheel travels a larger distance than its circumference, whereas the 

driving wheel covers a smaller distance. The brake slip ratio SB and the drive slip ratio SD are 

defined as (Moore, 1975): 

 
 

 
Fig. 20 Stick and slip (shaded) regions when the vehicle is (a) stationary; (b) braking or 

accelerating; and (c) cornering 
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Fig. 21 Distribution of shear traction within the contact area. (From Moore, D.F. (1975), Principles 

and Applications of Tribology, Pergamon Press. With permission) 

Where ωRo is the angular velocity of a wheel in free rolling, and  ωbr and ωdr are the angular 

velocities during braking and driving, respectively, for the same forward speed. Typical variations 

of braking force and driving force normalized with respect to the normal load are shown in Fig. 22. 

Finally, being toroidal, the tire surface is non-developable; that is, it cannot be manufactured from 

an un-stretchable plane surface like a cylindrical surface can be (Clark, 1971). Contact with a flat 

pavement therefore requires the tread to undergo uneven local stretching, a phenomenon known as 

squirming. This movement is, however, very small in comparison to the slipping described above. 

 
 

 

Fig. 22 Variation of (a) braking force, (b) driving force, with slip. (From Moore, D.F. (1975), 

Principles and Applications of Tribology, Pergamon Press. With permission) 

F.  Hydroplaning 

In wet conditions, a fluid film can form between the tire and the pavement, as shown in Fig. 23. In 

Zone 1, the fluid film is complete and there is no contact between the tread and the pavement. The 

tire experiences virtually no friction force in this zone. In Zone 2, the fluid film thickness gradually 

reduces to nearly zero. Here, there is partial contact between the tire and the pavement, but the 
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contribution to friction is very small. In Zone 3, the fluid is completely squeezed out, and intimate 

contact occurs. It is only this zone that provides sufficient frictional traction for driving, braking, 

and steering. Under certain conditions of high speeds or thick water layers on the pavement, Zone 3 

may be absent. The tire then rides on a film of water, and the condition is known as hydroplaning. 

Because the traction offered by a water layer is negligible and can provide only small braking or 

steering forces, this condition is dangerous, and the tire is provided with tread patterns so that water 

is squeezed out to the front and to the side of the contact. 

 
Fig. 23 Hydroplaning: the contact area is divided into three zones 

G.  Wear Characteristics 

When in service, the tire tread is subjected to many complex events. It deforms and un-deforms as it 

goes through the contact and drapes over pavement features. This produces a fatigue-type loading 

leading to failure. As shown in Fig. 20, the tread slips over the pavement and endures abrasion by 

harder particles either buried in the pavement or present in the contact as third bodies. This 

manifests itself in the form of tears, cuts, and scratches. Sometimes, wear by roll formation may 

also be present, and the situation is complicated by chemical degradation and temperature effects 

(e.g., see Veith, 1986). Abrasion by slipping in the contact patch contributes most to the tire wear, 

and any maneuver that increases slipping increases wear. Cornering, swerving, and even excessive 

braking and accelerating increase the wear rate considerably. Some of the common terms used to 

define tire wear are:  

Tread loss: The averaged value of the depth loss of tread through wear. It is measured for all the 

grooves and expressed in millimeters. Most countries have legal limits on the minimum tread depth 

for safety reasons. 

Rate of wear: The loss of tread in millimeters per 10,000 km of travel. Typical values are a few 

millimeters per 10,000 km (Moore, 1975). 

Tread wear index: The ratio of wear rate of a control or reference tire to that of the experimental 

tire, expressed in percent. 

As is usually true for wear of any component, the tire wear is also influenced by the two contacting 

bodies (i.e., the tire and the pavement), the interface, and the operating conditions. Various 

influencing parameters include the tire design and the pavement design, their construction, the 

composition of the tread, load on the tire, inflation pressure, speed, the manner in which the vehicle 

is being driven, and ambient temperature and other weather conditions. Because the variability in 

these is generally larger than that in other wear situations, a correlation between laboratory tests and 

field tests is very difficult. Even in field tests, differences exist in values obtained using fleet tests 

(driven cars) vs. trailer tests (towed cars) (Pillai, 1992). 

 . The Brakes 

A. Introduction 

Slowing down an automobile and/or permitting movement with a constant speed on gradients 

require dissipating kinetic and potential energy of the vehicle by a braking action. It is possible to 

convert this energy into rotational kinetic energy (spinning a flywheel) and reuse it later in 

accelerating the automobile, but the considerable weight and cost associated with regenerative 

braking systems limit their use to only a very few energy-conscious vehicles. Another method for 

slowing a vehicle involves dissipating this kinetic and potential energy by means of friction, which 

is the most common method of braking in passenger cars, light and heavy trucks, buses, and off-

road vehicles. The generic systems used are shown in Fig. 24. In a drum-type brake (Fig. 24a), the 

shoe applies normal force on approximately 50 to 70% of the drum circumferential area. The drum 

and shoe are made of high-friction, low-wear materials, and the frictional loss at the interface 

provides dissipation of energy and the necessary braking action. In general, the brake shoe is the 

sacrificial component and wears faster than the drum, thus requiring comparatively frequent 
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replacement. In a disc-type brake (Fig. 24b), approximately 7 to 25% of the disc-rubbing surface is 

loaded by the brake shoe. Disc brakes provide relatively better heat dissipation because they have 

larger exposed surface areas and a better cooling geometry. However, the exposed surface area 

makes them vulnerable to unwanted contamination. Due to cooling characteristics, contamination, 

and other design issues, front brakes are of the disc type and rear brakes of the drum type 

(Anderson, 1992). Apart from the interface between the brake-lining and the brake-drum/disc, 

energy is also dissipated at the tire pavement interface, and it is the optimum combination of the 

two interfaces that produces effective braking. For example, if the road is icy, braking action will 

lock the wheel, and the tire will slip or skid on the road. The friction force will be very small, and 

braking will not be effective. A similar situation will arise if the brake-lining–brake-drum/disc 

interface becomes contaminated, and the friction generated at this interface becomes very small.  

 

Fig. 24 (a) Drum brake; (b) disc brake 

B. Contact Pressure and Shear Traction 

Fig. 25a shows a brake shoe and disc in contact. The applied force generates a distribution of 

normal contact pressure at the interface. When the brake is new, the applied normal pressure is 

constant over the entire contacting area, as shown in Figure 32.25b. Sliding generates a distribution 

of frictional shear traction; the value of local shear stress equals the coefficient of sliding friction 

multiplied by the local normal pressure. The rate of energy dissipation is equal to the sliding 

velocity multiplied by the frictional shear stress. Because the sliding velocity increases linearly with 

the radial distance of the point from the center of the brake disc, more energy is dissipated at outer 

radii than inner. Wear at various points can be  considered to be proportional to the rate of energy 

dissipation, and so it is larger away from the center. Under steady-state conditions, however, wear 

occurs uniformly over all the rubbing surface and requires that the energy dissipated at every point 

be constant. This means that the contact pressure multiplied by sliding velocity is constant, or that 

the contact pressure follows a 1/(radial distance) relationship (Fig. 25c). As expected, the contact 

pressure at the ends gently drops to zero. Note that this mechanism is self-equilibrating; and, thus, if 

the local conditions change due to material inhomogeneity, contamination, or for any other reason, 

the contact pressure will change appropriately to produce a uniform wear rate. The reasoning given 

above assumes that the surfaces are smooth and ignores the fact that the surfaces are rough and 

contacts are made at asperity summits. The contact pressure is not smooth as depicted in Fig. 25, 

but will have isolated peaks. However, the argument of uniform wear rate still applies. 

 

Fig. 25 Variation of contact pressure in a disc brake 
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C.  Materials 

Brake material must meet conflicting requirements: it must combine a high friction coefficient with 

a low wear rate. The large amount of kinetic and potential energy dissipated as frictional loss heats 

up the brake lining to a few hundred degrees Celsius (Moore, 1975). The asperities can reach a flash 

temperature of 1000 to 1100°C (Anderson, 1992). The demands on the brake materials are many 

and great, and the industry relies on highly proprietary formulations. Broadly, these can be 

classified as organic, metallic, and carbon (Anderson, 1992). Carbon-based brakes such as carbon-

carbon composites are generally used for aircraft and racing car applications wherein weight is a 

critical design issue. Metallic brake linings, mostly of copper, iron, sintered bronze, and mullite, are 

used for very high power input density applications such as high-speed railways and racing cars. 

Cast iron is also used in some applications, but nowadays predominantly used as a counter face 

material in automotive drum and disc brakes. 

D.  Friction 

Fig. 24 shows the most commonly used brake systems. Application of force on the brake shoe 

produces the required frictional torque. The frictional torque depends on the coefficient of friction 

between the brake shoe and the drum/disc and on many design parameters. In the case of drum 

brakes, the mechanism of self-actuation results in a nonlinear relationship between the frictional 

torque and the coefficient of friction. To overcome this, the frictional performance of a brake is 

characterized by Brake Effectiveness, which is the ratio of the brake frictional torque to the applied 

force. Fig. 26 shows Brake Effectiveness for various drum and disc brakes. Surface irregularities 

and the cumulative effect of manufacturing tolerances in a new brake system mean that the contact 

is not made over the entire rubbing surface area. Only after some wear and burnishing (plastic flow 

of asperities) can the contact take place over most of the intended area. This results in the early 

Brake Effectiveness (Green Effectiveness) being lower than the steady-state value (Burnished 

Effectiveness). Brake Fading refers to dropping of the Brake Effectiveness to low values and results 

from excessively high temperature, migration of resin due to cooling, blistering of the brake 

material, and contamination. Brake Effectiveness is sensitive to speed and generally drops with 

increasing speed. Environment also has an effect. Contamination in the form of water, oil, dust, 

and/or corrosion products can change the effectiveness, and braking systems are designed so as not 

to be adversely affected by these factors. 

 

Fig. 26 Brake effectiveness vs. brake lining friction coefficient. (From Anderson, A.E. (1992), 

Friction and wear of automotive brakes, in ASM Handbook , Vol. 18, Blau, P.J. (Ed.), 569-577. 

With permission) 

E.  Wear 

Brakes encounter the following wear mechanisms: thermal, abrasive, adhesion-tearing, fatigue, and 

macro-shear (Moore, 1975). As mentioned, very high flash temperatures (up to 1100°C) are reached 
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at asperity junctions, and the brake material may melt or thermally decompose, leading to loss of 

material. Oxidative wear also occurs near the edges. Abrasive wear occurs due to plowing by wear 

debris and hard contaminants. Adhesion and tearing occur due to brake material sticking to the 

counter face and tearing off. Fatigue wear occurs due to repeated asperity encounters; and macro-

shear is the sudden failure of friction material that has been weakened by heat. For practical 

purposes, brake wear is generally defined in terms of the distance traveled or the usage time. It can 

also be measured in mass worn per unit of frictional work. Typical values range from 40 to 100 

mg/MJ (Anderson, 1992). During burnishing or break-in or running-in, wear of both the brake 

material and the counter face (drum or disc) is high. After burnishing, the wear stabilizes at a lower 

rate. 

 .  Windshield Wipers 

Windshield (or windscreen) wipers have a slender strip of a rubber compound, called the blade, 

supported by 4, 6, or 8 clips, as shown in Fig. 27. The arm applies a load of 1 to 2 kg (10 to 20 N) to 

the clip hinge center, and this is distributed fairly uniformly along the length of the blade (Fig. 28 . 

The primary function of the wiper is to improve visibility by removing the dirt particles on the 

windshield by a wiping action. This is usually accomplished with the windshield washer on. The 

chemicals in the fluid help in loosening dirt particles, which are then scraped by the blade. If it is 

raining, the wiper removes excess water and leaves a thin and even film of water on the windshield. 

If there is only a little water on the windshield, the wiper spreads it evenly and improves visibility. 

Typical sliding speeds are 50 to 100 cm/s, and the coefficient of friction ranges between 0.15 and 

0.2 for the wet case (rain water or with windshield washer fluid) and about 1.4 for the dry case. The 

friction coefficient in the wet case exceeds the value that would be expected if a hydrodynamic film 

was formed. It is generally believed that the wiper operates in the mixed lubrication regime, that is, 

some asperities touch the glass windshield. These asperities are formed by carbon filler material, 

which is incorporated in the blade to improve its wear performance. This intermittent contact leaves 

a thin stream of water behind, which then breaks into little droplets, reducing visibility. Sometimes, 

uneven wear of the blade can result in certain areas of the windshield not being wiped with 

sufficient contact pressure, leaving behind an unclean surface. Various tribological tests for 

windshield wipers include running the wiper on a rotating flat glass disc, running it on a sample 

windshield, and also in field tests. During field tests or wind tunnel testing, air flow over the wiper 

generates a lift and reduces the contact pressure. This leads to a deterioration in wiping performance 

and produces a realistic test of the wiper performance. 

 

Fig. 27 Construction of a typical wiper 

 

Fig. 28 Contact pressure variation along the blade length 
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 .  Automotive Lubricants 

This section deals only with those substances that act as lubricants in cars and trucks. 

A.  Lubricant Function 

An automotive lubricant provides some or many of the following beneficial functions. It forms a 

fluid film that keeps one moving surface out of direct contact with the opposing surface. Additives 

in the lubricant are designed to lay down a chemical film that provides wear protection, particularly 

while operating under boundary lubrication conditions. Oil additives also help slow the rate of 

deposit, sludge, and varnish formation and slow the rate of corrosion, rust, and chemical attack on 

components. The circulation of the lubricant transfers heat away from hot surfaces, warms cold 

surfaces, and transports debris and contaminants to the filter. Oil additives that reduce friction 

contribute to the energy efficiency of the vehicle. Some automotive lubricants increase traction, 

control stick slip, and assist in sealing by providing a fluid barrier to reduce the escape of gases and 

by supplying chemical agents that provide a small amount of seal swell. In addition to performing 

these valuable functions, the lubricant must remain stable for an extended period of time and in 

some cases must act as a working fluid for such engine components as hydraulic lifters or chain 

tensioners. 

B. Lubricant Types 

Engine oil and automatic transmission fluid are two of a vehicle’s lubricating fluids that provide 

many of these functions. Other substances in a vehicle that perform at least one lubrication function 

include air conditioner fluid and its associated lubricant, gear and axle lubricants, grease, brake 

fluid, power steering fluid, and shock absorber fluid. In addition to the above fluids that are 

commonly recognized as lubricants, several additional fluids also provide some lubrication 

functions. For example, fuel helps lubricate the fuel pump, injectors, valve guides, and valve seats. 

Engine coolant inhibits corrosion in the coolant system and lubricates the coolant pump. Windshield 

washer fluid carries away dirt. Several solid, composite, or polymeric components (e.g., spacers, 

tensioners, seals, or gasket materials) are also called upon to provide lubrication function. For the 

substances in a car or light-duty truck that have lubricating properties, a variety of topics are 

addressed; for example: 

• Function of the lubricant 

• Range of service conditions that the lubricant must withstand 

• Properties and composition of the lubricant 

• Changes in lubricant properties during service 

• Test methods 

• Current issues with regard to the lubricant 

C.  Engine Oil 

Composition: Engine oil is composed primarily of base stock (70 to 90% of the total composition), 

with the remainder consisting of various protective additives. The base stock can be formed by 

distilling and collecting a fraction of a batch of crude oil such that the molecular weight of the 

fraction is within a desired range. This fraction can be purified by solvent extraction and solvent 

dewaxing so that the composition is appropriate for a lubricant base stock. Base stocks of this type 

are designated ―Group I.‖ ( Note : the American Petroleum Institute [API] has defined a series of 

base stock groups [currently I through V] according to base oil properties. Oils formulated with the 

same additive package and base stocks belonging to the same group are considered comparable for 

the purpose of base oil interchange, and thus may be eligible for a reduced amount of engine testing 

to certify them for licensing under the terms of the API Engine Oil Licensing and Certification 

System). If further enhancement of the base stock properties is desired, various chemical reactions 

can be employed, such as reacting with hydrogen at high temperature and pressure in the presence 

of a catalyst. This process removes undesirable elements such as nitrogen, oxygen, and sulfur; 

removes double bonds in the carbon-containing compounds (which creates a structure that is less 

susceptible to chemical attack); and breaks larger hydrocarbon molecules into smaller, more fluid 

ones. Further treatment can remove any remaining fractions that are chemically reactive or are 

likely to solidify at low temperature. The resulting base stock is resistant to chemical attack, fluid at 
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low temperature, and less volatile at higher engine operating temperatures. Fluids processed in 

some or all of the ways described here are classified as Group II or Group III base stocks. 

Alternatively, base stock can be formed by chemical reaction of low-molecular-weight building 

blocks to create a ―synthetic‖ oil whose molecular-weight distribution range is small and whose 

chemical structure is resistant to degradation. Such oils can be classified as Group IV (for 

polyalphaolefin base stocks) or Group V base stocks (anything not covered in I through IV). Engine 

oil base stocks can consist of oils from any combination of these processes. Those base stocks that 

are derived primarily from the refining process are popularly termed ―mineral‖ oil. Those that are 

derived primarily from the buildup of low-molecular-weight hydrocarbons are popularly termed 

―synthetic.‖ ―Partial synthetic‖ and ―semi-synthetic‖ are terms used to describe oils whose base 

stocks have been enhanced in some manner. In addition, synthetic esters can be added to semi-

synthetic and synthetic base stocks to improve seal swell characteristics. Some additive suppliers 

also find that esters help solubilize additives in synthetic and semi-synthetic base stocks and help 

keep deposit-forming reaction products in suspension. Among the tribological fluids listed under 

Lubricant Types, engine oil is relatively complex. As a consequence of the harsh environment that 

engine oil must withstand, a number of additives are typically incorporated into engine oil to 

provide specific beneficial properties. One of the most important additives is the antioxidant, which 

is a sacrificial agent that reduces the tendency of the engine oil to oxidize, thicken, and form 

varnish, but that eventually becomes inactivated as a consequence of  performing its protective 

function. Anti-wear agents are incorporated to provide a protective, wear-resistant chemical film, 

especially under high-load conditions. In particular, the zinc dialkyldithiophosphates antioxidant is 

also an anti-wear agent. Detergents neutralize acids that are formed from combustion or from 

overheating of engine oil, protect susceptible engine components against corrosion, inhibit deposit 

formation, and help keep surfaces clean. Dispersants suspend insoluble contaminants and inhibit 

varnish and sludge formation. Friction modifiers reduce friction, and therefore enhance the energy 

efficiency of a vehicle. The engine oil’s defoamer reduces the tendency of the engine oil to foam, 

thus ensuring that oil films in critical components will not be weakened by the presence of bubbles. 

A viscosity modifier or viscosity index improver helps the oil remain fluid when the oil is cold but 

allows the oil to be sufficiently thick when the oil is hot. Pour-point depressants help keep the oil 

from solidifying at very low temperature.  

Functions of Engine Oil: Engine oil has many functions. It must withstand the high heat of 

combustion and must not degrade excessively on exposure to contaminants such as fuel and 

combustion products. When an engine is newly manufactured, engine surfaces tend to be rougher 

than is the case after the engine has been in use for a while. During use, these rough surfaces are 

smoothed, and the metal debris from the smoothing process is transported by the flowing oil past a 

screen which can remove large particles and debris that is left in the engine from the manufacturing 

process. Next, the oil passes through a filter that removes smaller particles. The engine oil is then 

circulated to various engine locations that require specific kinds of protection, as follows. Bearings 

require sufficient oil pressure that the journal can be supported on an oil film to ensure that contact 

between journal and bearing is minimized. Engine oil provides a fluid film that lubricates moving 

valves and carries away heat. Engine oil splashes on the cylinder wall, is carried along the cylinder 

bore surface by the motion of the piston rings, helps provide a barrier to contain gases formed in the 

combustion process, and also provides a lubricated surface over which the piston rings can slip 

easily. Oil jets deliver oil to the under crown of the piston to control temperature and prevent 

scuffing and ring sticking. Oil splashes or drips on cams and lifters, and causes the formation of a 

protective chemical film that reduces stress and wear between the cam and lifters. Hydraulic lifters 

contain oil within their interior to cushion the effect of the motion over the cams and to maintain 

proper clearance between the valve lifter and camshaft. Oil pressure is used in some applications to 

adjust the timing chain. Several additional protective capabilities are desirable for engine oil. For 

example, if oil volatility is low, there will be less tendency of the oil to evaporate on exposure to hot 

spots, and oil economy may be improved. If oil becomes contaminated with water during short-trip 

operation, rust-preventatives in the oil will reduce the tendency for the oil to corrode iron in the 
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engine. An increasing concern with modern engine oil is the influence of the engine oil’s 

phosphorus on the deterioration of emission system components (Culley et al., 1995, 1996). Thus, 

oil formulators are faced with the dilemma of trying to provide adequate wear and antioxidant 

protection without damaging emissions control devices. 

Oil Properties That Are Assessed in Standard Tests: In many countries, engine oil must pass 

rigorous standard tests to be certified for use in vehicles. The tests vary from country to country, 

from one vehicle manufacturer to another, and from one fuel type to another. The standard tests 

were developed to simulate various types of service that were known to cause oil-related problems. 

As a consequence of a great amount of effort on the part of those individuals who developed the 

tests, the standard test methods are designed to ensure that the oil will protect the engine and its 

components against corrosion and wear; will not thicken excessively during high temperature 

service; and will withstand the effects of marginal quality fuel in city service in which there is a 

considerable amount of time spent at idle. There are tests to ensure that the engine oil, as it 

degrades, will not coat the insides of the engine with sludge or varnish and will continue to protect 

the engine against excessive rusting, even if water and acids (from the partial combustion of fuel) 

condense in the engine oil during short-trip service. Engine oil must keep particulates such as soot 

dispersed well enough that critical flow passages in the engine are not blocked and agglomeration is 

controlled, so that valve train, ring, and bore wear does not become excessive. The oil must not gel 

on long-standing, must remain fluid at low  temperatures to allow proper engine cranking and oil 

pumpability, and must remain fuel-efficient during operation. 

Effects of Service on Engine Oil Properties: The tests described in the previous paragraph would 

not have been developed if the properties of engine oil had remained constant during use. However, 

engine oil properties change due to such factors as shear of the viscosity modifier or viscosity index 

improver and fuel entering the oil, which causes lower oil viscosity. Fuel reaction products can 

condense in the engine oil and inactivate some types of antioxidants (which therefore promotes oil 

oxidation, formation of acids, and oil thickening). Some fuel reaction products are acids that 

neutralize the detergent. Nitration of the oil can also occur, via nitrogen in the air or nitrogen 

reaction products. Such reaction products can cause the formation of a thick black sludge on engine 

surfaces. Heat from the combustion process lowers oil viscosity, but heat also evaporates the lighter 

ends of the oil, which eventually causes oil thickening and sluggish flow on cold starts. Causes of 

changes in oil properties are due to type of service, type of fuel, and characteristics and age of the 

engine. For example, high-temperature oil degradation is different from low-temperature 

degradation. In addition, gasoline, diesel oil, alcohol, natural gas, vegetable oil, hydrogen, etc., all 

cause their own unique type of damage to the oil and to the engine. Service-related changes to the 

engine oil can typically be categorized under one or more of the following driving styles: 

1. Freeway driving 

2. High-load or high-speed driving 

3. City driving in which the oil is fully warm, but where there are periods at idle 

4. Extreme short-trip, cold-start driving in which the engine oil never reaches the equilibrium 

operating temperature 

Freeway Service: In freeway service, the engine oil properties remain stable for a relatively long 

time. There may be a slight loss of viscosity during the first several thousand kilometers of 

operation after an oil change as a consequence of shear of the viscosity index improver. Eventually, 

the oil may thicken from oil oxidation, presence of insoluble contaminants, or evaporation of the 

lighter ends of the oil. An example of stability of engine oil viscosity during freeway service is 

shown in Fig.  29 (Schwartz et al., 1994). At the end of the freeway service, the vehicle began a 

series of exceedingly short trips in winter. During the short trip service, fuel entered the engine oil 

and caused a significant drop in viscosity. 
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Fig. 29 Change in engine oil viscosity with distance traveled, freeway service 

High Load Service: In high load service, engine oil tends to thicken as a consequence of either 

evaporation of the lighter ends of the oil or oxidation of the base stock (or both of these effects 

simultaneously). Varnish and sludge form and the oil becomes acidic, which puts susceptible engine 

metals and polymeric materials at risk of corrosion or degradation. Nitration of the oil can cause 

formation of sludge. Additionally, in diesel engines, soot can enter the engine oil and cause the oil 

to thicken and to adsorb oil additives. For example, high soot levels can plug filters and cause a 

high pressure drop across the filter. Dispersants are used in engine oil to counteract some of these 

adverse soot effects. Soot can contribute to the inactivation of the engine oil’s antioxidant. In 

addition, soot can increase the wear rate by adsorption of antiwear additives and by agglomeration 

of soot into abrasive particles whose diameter may be greater than the clearances between critical 

engine components. Fig. 30 shows an example of the loss of oxidative stability of engine oil in a 

gasoline-fueled vehicle being driven primarily in freeway service. One of the test vehicles was 

pulling a 900-kg trailer, and the other test vehicle was not pulling a trailer. Figure 32.30 indicates 

that even this relatively minor difference in load can be detected as an increased rate of degradation 

of the antioxidant. The differences in the rate of loss of oxidative stability illustrated in Figure 32.30 

are predictable, based on engine measurements such as bulk oil temperature and fraction of the oil 

volume that is directly exposed to the high heat of the combustion process (Schwartz, 1992a,b). The 

Sequence IIIE test (ASTM D5533, for oxidation and wear control in oils for gasoline-fueled 

vehicles); the PSA TU3MH test (CEC L-55-T-95, for ring sticking, piston varnish, and viscosity 

increase); the Nissan KA24E test (for wear); the L-38 test (ASTM D5119, for high-temperature 

bearing corrosion); the Toyota IG-FE test (for high-temperature oil oxidation and viscosity 

increase); and the Mack T-8 test (ASTM D 5967, for ensuring viscosity stability and measuring 

soot loading in diesel engines) are examples of standard tests that are designed to measure the 

extent to which an oil’s properties remain stable during high-temperature service. ( Note : Sequence 

―III‖ is Roman numeral ―three,‖ and ―E‖ represents version ―E‖ of the test method. The next 

upgrade of the test will be designated Sequence IIIF. Other Sequence tests also use Roman numeral 

designation: Sequence IID is Sequence 2 version E; Sequence VE is Sequence 5 version E; 

Sequence VIA is Sequence 6A). 
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Fig. 30 Effect of pulling a 900-kg trailer on remaining antioxidant protection of engine oil, 

primarily freeway service 

City Service: In city service, fuel can accumulate in the engine oil if the engine is at idle for 

extended periods. Gasoline or diesel fuel in the engine oil can cause the viscosity of the oil to 

decrease. Incomplete combustion of the fuel can cause the formation of acidic combustion products 

which condense in the engine oil and begin to inactivate the protective alkaline detergents and 

dispersants. Acidification of engine oil can put bearings at risk of corrosion. Varnish and sludge can 

form on engine surfaces. Incomplete combustion can generate soot in diesel engines. An example of 

the effect of city service on engine oil properties is depicted in Fig. 31, in which the oil degraded 

faster in city service than in freeway service. Both vehicles in this test experienced identical driving 

conditions on a chassis dynamometer. The nature of the fuel can also influence the extent of oil 

degradation, as suggested by the fact that, in city service, the gasoline-fueled vehicle’s viscosity 

was starting to trend higher than that of the M85-fueled vehicle toward the end of the city-driving 

test shown in Fig. 31. The Sequence VE test (ASTM D5302), which measures sludge, varnish, 

deposits, and valve train wear, is an example of a standard test method that monitors oil life in city 

service.  

 

Fig. 31 Effect of service type and type of fuel on engine oil viscosity. ( Note: M85 means fuel is 

85% methanol and 15% gasoline) 

Extreme Short-Trip, Cold-Start Service: In extreme short-trip, cold-start driving, the engine oil 

never warms completely. Fuel, combustion products, and water can accumulate in the engine oil 

and remain there for a long time (Schwartz, 1991). Engine oil additives can drop to the bottom of 

the oil pan, carried down by the water that has entered the oil (Schwartz, 1991). Once the engine 

oil’s corrosion inhibitors are inactivated by dropping to the bottom of the pan with the water, the 
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engine is at risk of corrosion. An example of this reversible dropout effect is shown in Fig. 32 

(Younggren and Schwartz, 1993). In a gasoline-fueled vehicle, as a consequence of fuel entering 

the engine oil, the viscosity of the oil can become considerably lower than one would expect for a 

given temperature (Schwartz, 1992c). Because the oil temperature is always low in this type of 

driving, the thickening effect of the engine oil due to low oil temperatures is partially offset by the 

lower oil viscosity that is a consequence of fuel entering the engine oil during cold starts. Thus, 

during a cold start, fuel-contaminated engine oil is easier to pump than fresh oil. However, if the 

driver tows a trailer or takes a long trip after having taken many short trips in winter, the oil’s 

viscosity may be unacceptably low once the oil temperature reaches the normal operating range. 

Several opposite viscosity effects can also occur. A significant fraction of polar contaminants 

(derived from partial combustion products of the fuel or aging of the engine oil) in cold engine oil 

can cause the oil to gel on long standing. And, if the engine is running on an alcohol fuel such as 

methanol, when alcohol enters the engine oil, it forms an emulsion that can be more viscous than 

either the methanol or the oil alone. Some of these viscosity effects are shown in Fig. 33 (Schwartz, 

1992c). If an oil-water emulsion is formed, and if this emulsion contaminates a vehicle’s positive 

crankcase ventilation (PCV) emission control system, the PCV control function may not be as 

effective as it should be. Examples of standard tests that provide information about short-trip, 

gasoline-fuel service include the ASTM D5844 Sequence IID test and Ball Rust test, both of which 

assess the ability of the engine to protect engine components against corrosion. 

 

Fig. 32 Additive drop out during short-trip service and reversibility of the effect on commencement 

of long-trip service 

 

Fig. 33 Variability of engine oil viscosity with type of service and type of fuel 
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Fuel Efficiency: Fuel efficiency in a given engine can be influenced by surface properties of engine 

components, friction modifying additives in the engine oil, engine oil viscosity, and by changes in 

these properties with use. Fuel efficiency provided by a given engine oil can be measured by 

monitoring the amount of fuel consumed in a standard test cycle and comparing the results to the 

fuel efficiency obtained in an identical test when using a standard engine oil of known fuel 

efficiency, as described in the Sequence VIA test.  

Models of Engine Oil Performance and In Situ Devices to Monitor Oil Properties: Over the 

many years since development of the first internal combustion engines, a vast amount of 

information has been gathered about the lubricant properties required for acceptable engine 

performance. For example, in recent years, computer models have provided answers to many 

questions related to engine design and oil performance. Models can predict the desired range for 

engine oil viscosity, extent of temperature rise in a working bearing, fluid film thickness, and the 

load that a given material can withstand. As a consequence, great strides have been made with 

regard to optimizing engine hardware based on computer models. As long as the engine operating 

conditions are within the range covered by the model, such predictions can usually be trusted. If 

some failure mode lies outside the domain addressed by the model, it becomes important to define 

the boundaries of validity of the model, identify the technical disciplines that are pertinent to the 

failure modes of the problem of interest, and create new classes of models that include all the 

technical disciplines involved in the problem of interest. As an example of a multidisciplinary 

approach, a variety of mathematical models are emerging to predict changes in oil properties as a 

function of engine operating conditions. One of the first of such models was created by Dyson, who 

considered that an engine could be treated mathematically as if it were a chemical reactor and who 

predicted the remaining alkalinity in diesel engines by monitoring fuel throughput and sulfur 

content of the fuel (Dyson et al., 1957). Schwartz found that the remaining useful life of the engine 

oil’s antioxidant in gasoline-fueled engines could be modeled by assuming that the antioxidant was 

completely inactivated in the small volume of oil that was directly exposed to the high heat of 

combustion at the top ring reversal point, top dead center (Schwartz, 1992a,b). Audette and Wong 

were able to estimate the oil film thickness, changes in the oil composition, and the amount of oil 

consumption that occurred as a consequence of evaporation of the lighter ends of the engine oil 

from the cylinder bore surface in a diesel engine as a function of the boiling point range of the 

engine oil, the temperature of the cylinder liner, the volume of oil that was carried to the upper 

cylinder area, and the characteristics of the piston rings (Audette et al., 1999). For fuels containing 

both methanol and gasoline, in short-trip service in which both fuel and water enter the engine oil, 

Schwartz found that emulsion-forming contaminants (methanol, water) in the engine oil caused a 

viscosity increase, solution-forming contaminants (gasoline) caused a viscosity decrease, and these 

combined effects on viscosity could be predicted based on the volume fraction of each type of 

contaminant in the engine oil (Schwartz, 1992c). An area of active investigation is the development 

of models to predict the end of useful life of engine oil. Because the nature of oil aging depends on 

engine design and type of service, incorporating these parameters into models of engine oil life will 

provide challenging opportunities for future model makers. An additional area that is sure to expand 

is the development of sensors that monitor one or more properties of engine oil during service. For 

example, oil viscosity sensors and conductance measurement devices are being developed, patented, 

and in some cases placed in production (Hell wig et al., 1998; Johnson et al., 1994; Kato et al., 

1986; Kauffman, 1989; Kollmann et al., 1998; Wang et al., 1994). As witnessed by the diversity 

and success of the few examples described here, the process of developing sensors and models of 

oil performance that comprehend both changing oil properties and service conditions has already 

begun. 

D.  Automatic Transmission Fluid 

Automatic transmission fluids assist the transmission to shift gears. Under high load conditions, the 

automatic transmission fluid must be able to withstand the heat and forces that are generated. 

However, unlike engine oil, the transmission fluid is not exposed to contamination from the 

combustion process. Thus, transmission fluid does not experience the type of degradation modes 
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that occur as a consequence of fuel and its combustion products entering the engine oil. Automatic 

transmission fluids must resist chemical changes (such as oil thickening and acidification) that are a 

consequence of oxidation and must minimize the adverse consequences of physical changes such as 

the low viscosity of hot oil and the high viscosity of cold oil. That is, transmission fluids must retain 

the ability to flow into critical areas when cold, but not flow out excessively when the oil is hot. The 

fluids need to maintain the appropriate amount of friction and reduce wear and corrosion, either by 

providing a fluid film between moving components or providing a protective chemical film on the 

surface. Transmission fluids need to maintain the appropriate amount of seal swell to reduce 

leakage, as well as retain stable shift properties, even after extended service. The fluids carry away 

heat and debris. They must also retain friction modifier durability in the harsh environment of 

constant slipping in electronically controlled slipping torque-converter clutches. 

Composition: All automatic transmission fluids recommended for use by car manufacturers are 

formulated using synthetic or mineral oil base stock plus a variety of additives. Synthetic fluids tend 

to provide properties that are more stable and last longer than mineral oil, but they also cost more. 

Additives in the oil include friction modifiers to produce the desired clutch operation, corrosion 

inhibitors, viscosity index improvers, dispersants, seal swell agents, antioxidants and antiwear 

agents, with a total additive treatment level typically in the range of 10 to 20% (Kemp et al., 1990). 

Among these additives, friction modifiers are of particular importance for proper transmission 

performance. The chemicals employed to produce good clutch friction characteristics are often 

long-chain hydrocarbon molecules with a polar group on one end. An example is dilauryl 

phosphate, which is composed of two chains, each containing 12 carbon atoms, with a phosphorus-

containing acid polar group on one end of the dual chain. Another example is oleic acid, which is an 

18-carbon chain with an organic acid polar group on the end. Both dilauryl phosphate and oleic acid 

are soluble in mineral oil, and their effectiveness in modifying clutch friction characteristics 

depends on the capability of the polar group to attach to the rubbing surfaces. Friction-modifier 

additives prevent surface adhesion and surface asperity contact that would generate high levels of 

friction and wear. The polar groups of friction modifiers either react chemically with the rubbing 

surfaces or physically adsorb onto the surfaces to form a tenacious film. Clutch friction 

characteristics using three friction-reducing additives (oleic acid, dilauryl phosphate, and glycol 

dioleate) formulated with mineral base stock have been compared in a laboratory clutch friction 

device (Tung et al., 1989; Stebar et al., 1990) as shown in Figure 32.10. Among these three 

additives, dilauryl phosphate (additive A in Figure 32.10) demonstrates the most desirable clutch 

friction characteristics. 

Evaluating Automatic Transmission Fluids: To ensure that the properties of automatic 

transmission fluids remain within an acceptable range, the fluids must meet various chemical and 

physical requirements. The fluids are also evaluated using performance tests that measure such 

characteristics as wear resistance, retention of appropriate friction properties, torque, time-to-lock-

up, and shift-feel. References to North American test methods are provided in the 1999 SAE 

Handbook, Volume 1, ―Fluid for Passenger Car Type Automatic Transmissions  SAE J311 Feb 94 

SAE Information Report,‖, and in the requirements of the various automobile manufacturers. 

Physical and Chemical Tests: The following tests are used to assess the physical and chemical 

characteristics of automatic transmission fluids: 

1. Flash point and pour point 

2. Fluid oxidation 

3. Kinematic viscosity at 40°C and 100°C 

4. Brookfield viscosity at various temperatures, including tests down to –40°C 

5. Copper corrosion 

6. Rust prevention 

7. Foaming tendency 

8. Elastomer compatibility 

Transmission Fluid Oxidation Tests: In the Transmission Fluid Oxidation test (a General Motors 

DEXRON®-III specification) formerly known as THOT (Turbo Hydramatic Oxidation Test), the 
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transmission must provide satisfactory operation at an elevated temperature (163°C) for 300 hours 

in a full-scale transmission test. Air is passed through the transmission while the transmission is 

being motored. At the end of the test, the transmission fluid is evaluated for such oil properties as 

acidity, viscosity, and corrosion resistance. The transmission is also evaluated by comparing the 

parts to those obtained in a test using a reference oil. The Aluminum Beaker Oxidation Test 

(ABOT) is a bench oxidation test (used in the Ford Motor Company MERCON® specification) that 

also measures the ability of automatic transmission fluid to resist oxidization. 

Transmission Cycling Test: The Transmission Cycling Test (DEXRON-III specification) uses a V8 

engine to drive a transmission. The transmission goes through 20,000 cycles of a test that includes 

acceleration from first through fourth gear. Each cycle lasts approximately 45 seconds, so that the 

test time is approximately 220 hours. Fluid temperature is maintained at an elevated temperature, 

and shift characteristics are monitored throughout the test. At the end of the test, the chemical 

properties of the fluid and the shift times must remain within specified limits, and the condition of 

the transmission parts must be equal to or better than those tested using a standard reference oil. 

Plate Friction and Band Friction Tests: An SAE No. 2 Machine (electrically driven inertial 

device) is used to evaluate the frictional characteristics of transmission fluids under both static and 

dynamic conditions. Dynamic friction levels are evaluated by engaging the clutch plates 

immediately after the electric motor is shut off, using the clutch plate friction to stop the rotating 

inertia of the electric motor and flywheel. The change of friction after thousands of lock-up cycles 

is evaluated as a measure of fluid durability. In a similar test, band friction is evaluated. Test 

requirements include no unusual wear or flaking on test parts and limits on changes in torque and 

stop time. 

Shudder and Stick-Slip Test: Shudder is low-frequency vibration that occurs mainly between 20 

and 30 Hz. It is a resonance phenomenon that is influenced by both the stick-slip friction 

characteristics of the automatic transmission fluid and the materials in the transmission. The 

relationship between the coefficient of friction and the sliding speed is shown in Fig. 34. The 

condition in which the friction coefficient decreases at decreasing sliding speed reduces the 

tendency for stick-slip, thus decreasing the probability of shudder. The condition of low friction at 

high speed, and high friction at low speed, fosters the generation of stick-slip or shudder (Ward et 

al., 1994). Mechanical design and transmission control can influence the susceptibility of a 

transmission to shudder. ―Green shudder‖ can occur in a new transmission. Fig. 35 is a diagram of a 

low-velocity friction apparatus for determination of the low-speed friction coefficient as a function 

of sliding speed. This type of testing is used to study the stick-slip durability of automatic 

transmission fluids with different friction materials. Variable-speed friction testers also provide 

valuable information. 

 

Fig. 34 Relationship between sliding speed and clutch frictional characteristics 
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Fig. 35 Test apparatus to measure friction characteristics at low sliding speed 

Automatic Transmission Fluid Road Testing: To determine shift-feel characteristics, test oils are 

evaluated in road tests and compared to various reference oils in specific transmission and vehicle 

combinations (Ashikawa et al., 1993). 

Current Automatic Transmission Fluid Specifications: Automatic transmission fluid 

specifications for commercially approved fluids have been significantly revised since approximately 

1990. As a consequence of the development of continuous-slip torque converter clutches to improve 

fuel economy, automatic transmission fluid specifications have more stringent friction performance 

requirements than formerly. Two commercial specifications provide the primary transmission fluid 

performance requirements for North American cars and light-duty trucks: the DEXRON-III 

specification for General Motors automatic transmissions and the MERCON specification for Ford 

Motor Company automatic transmissions. Typical test requirements include most of the following: 

Vickers vane pump wear test, various bench tests, plate clutch friction test, band clutch friction test, 

oxidation test, cycling test, vehicle shift evaluation, electronic controlled converter clutch vehicle 

test, sprag clutch wear test, and the aluminum beaker oxidation test. 

E. Lubricants 

Air-Conditioning Lubricant: Air-conditioning lubricants are fluids that lubricate the moving 

components of an automotive air conditioning system. The lubricant is transported through the air-

conditioning system by the air conditioning fluid, and therefore an air conditioning lubricant must 

lubricate even when diluted with a significant amount of the air-conditioning medium. In addition, 

the lubricant must be sufficiently compatible with the air-conditioning fluid so that the fluid will 

carry the lubricant to all the critical parts of the air-conditioning system. Prior to 1995, R12 (which 

contains chlorine) was a major automotive air-conditioning fluid, and mineral oil was its associated 

lubricant. As a consequence of political and environmental concerns (e.g., the formation of the hole 

in the protective ozone layer in the upper atmosphere), the use of R12 was restricted by 

international agreement, and a search began for an alternative air-conditioning fluid. R134a (which 

contains fluorine rather than chlorine) was identified as a candidate replacement for R12. However, 

it soon became evident that mineral oil was not an optimum lubricant for use with R134a because 

mineral oil was not sufficiently transported through the air conditioner by R134a. Thus, it became 

necessary to identify a lubricant that could be transported by R134a and could protect the moving 

components of the air-conditioning system. After testing a variety of candidates, it was found that 

oxygen-containing lubricants such as polyglycols could be transported by R134a. This development 

process highlights the fact that if any component of a lubrication system (fluid, materials, design) is 

changed, tests must be conducted to determine whether any incompatibilities have arisen. 

Gear and Axle Lubricants: Gear lubricants are used to lubricate manual transmissions and axles. 

Gear lubricants must contain appropriate additives and must exhibit some or all of the following 

properties, depending on the application: thermal and oxidative stability, resistance to extreme 

pressure, and protection against corrosion, wear, and spalling. It has been shown that, through 

proper selection of gear lubricants, vehicle fuel economy can be improved. Gear lubricants must 

provide seal protection and appropriate frictional behavior. Gear and axle lubricants promote 

temperature reduction via friction reduction. In addition, they must maintain appropriate viscosity at 

both high and low temperatures, and must remain stable over long periods of time. Test methods for 

gear lubricants include such operating conditions as high torque at low speed and high speed with 

shock loading. Lubricant test measurements include oxidation resistance, protection against wear 
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and material failure, corrosion protection, retention of desired friction characteristics, acceptable 

viscosity at both low and high temperatures, and seal compatibility. Gear lubricants used in manual 

transmissions must have appropriate friction characteristics to ensure proper functioning of the 

transmission synchronizers to prevent gear clashing and allow smooth shifting. 

Grease: Grease is a solid or semi-solid lubricant that is used whenever a lubricant must remain in 

the place in which it is needed. Grease is composed of oil or fluid, thickener, and additives. A 

typical composition would be petroleum oil thickened with soap, and additives as needed to impart 

the desired chemical and physical properties. Grease is used in more locations in a vehicle than any 

other lubricant, including such diverse places as door locks, remote-control mirror assembly, seat 

adjustment gears, window levers, windshield wiper gear, water-pump bearing, horn and other 

electrical contacts, brake system, heating and cooling system, wheel bearings, U-joint, and many 

other places in the vehicle’s powertrain. A good grease will resist oxidation and degradation, 

provide an anti-wear fluid film, and prevent metal to  metal contact. Greases must often provide 

various types of chemical protection such as extreme pressure agents, and corrosion and rust 

inhibition. Greases are often called upon to keep contaminants away, assist in the sealing process, 

and resist being washed or squeezed out of their desired location. The base stock in grease makes up 

70 to 90+% of the grease composition and may be composed of either synthetic or mineral oil. 

Additives and thickeners represent the remainder of the composition. Tests for grease typically 

include measuring the hardness or consistency, and high and low temperature properties. Additional 

tests include corrosion resistance, stability in the presence of water, oxidative and shear stability, 

load-carrying capacity, wear resistance, and life performance properties. 

F. Fluids 

Power Steering Fluid: Some power steering systems may require a special power steering fluid; 

others may use one of the lubricants designed for some other application, such as transmission fluid 

or engine oil. Those fluids that are specialized for power steering applications must resist wear, rust, 

and oxidation, while maintaining the appropriate viscosity. Those fluids that are specialized for 

other applications typically do not need to meet any additional requirements when used as a power 

steering fluid. 

Brake Fluid: Brake fluids typically are either silicone based or glycol based. They must remain 

relatively stable during use, maintain appropriate alkalinity to resist becoming corrosive, remain 

fluid at low temperature, not cause elastomers to deteriorate, and be water tolerant. Because brake 

fluid can retain water, it needs to be changed once the water content becomes too high for proper 

braking performance. 

Shock Absorber Fluid: Shock absorber fluid is typically a hydraulic fluid that cushions the shock 

when the wheels of a vehicle travel over a rough surface. Shock absorber fluid needs to remain 

stable during use, not entrain an excessive amount of air, exhibit good sealing performance, and 

have the appropriate viscosity characteristics. 

Fuel: Various types of fuels are used in internal combustion engines. Gasoline, diesel oil, 

compressed natural gas, ethanol, and methanol are some that have been used in recent years. In a 

development program in which an existing engine is converted for use with a fuel that is different 

from the one for which the engine was originally designed, one must pay particular attention to 

material compatibility. The fuel must not cause unacceptable wear or deposits in injectors, fuel 

pump, or other components in the fuel system, and must not corrode the metals that it touches. In 

addition, the fuel should not generate so much soot that the engine oil becomes unacceptably 

contaminated. The fuel must be compatible with the materials in the fuel system, and must also be 

compatible with the materials in the lubrication system (because under some driving conditions, 

fuel condenses in the engine oil). If an alternative fuel is used, seals and polymeric or composite 

engine components must be tested for compatibility, because fuel that has accumulated in the 

engine oil can extract beneficial plasticizers from elastomeric materials, causing the elastomers to 

shrink, leak, or harden. If a fuel has a composition that is soluble in a given elastomer, the fuel may 

cause the elastomer to swell excessively. An example of the effects of an alternative fuel (M85: 

85% methanol, 15% gasoline) on several engine elastomers is shown in Fig. 36 (Schwartz, 1988). 
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Alternative fuels that form emulsions in engine oil (rather than true solutions) can cause engine oil 

to thicken — as opposed to the effect of gasoline in oil, which causes oil to become less viscous. 

Changes in viscosity due to fuel and water in engine oil were described in Section 7 and shown in 

Fig. 33. 

 

Fig. 36 Effect of an alternative fuel (M85) on seal properties 

Functional Fluids: Engine Coolant, Windshield Washer Fluid: Various fluids within a vehicle 

have some properties that are related to lubrication. For example, the engine coolant/antifreeze must 

carry away heat, must inhibit wear in the pump, and must not corrode materials or damage seals in 

the engine coolant system. Engine coolant is typically composed of water and glycol in such 

proportion that the freezing point is well below that of water and the boiling point is significantly 

above that of water. Corrosion inhibitors in the coolant must protect all the metals found in the 

coolant system. Windshield washer fluid should remain fluid at low temperatures, carry away dirt, 

and should not damage paint, windshield-wiper blades, or other materials. 

7. Conclusions  

Fluids and components that provide a lubricating function in a vehicle differ widely. For example, 

engine oil must remain reasonably stable even if it becomes contaminated with fuel and combustion 

products. Transmission fluid must maintain anti-wear, oxidation, and friction modifier functionality 

under extremely harsh temperature conditions. Many different kinds of greases are required to 

satisfy a wide variety of conditions in automotive applications. To provide durable, problem-free 

vehicle performance, an awareness of lubricant properties and the ways in which they change 

during service will assist those who design components, assess component durability, choose 

materials, and model lubricant performance. The major issues on which automotive lubricants have 

a significant impact include energy conservation and reduction of pollution. Research is in progress 

on both of these issues. In addition, vehicle manufacturers are investigating all possible ways in 

which vehicle weight might be reduced and ways in which manufacturing might be made more 

efficient (via improved manufacturing procedures, recycling, scrap reduction, etc.). All these issues 

must be addressed without compromising the safety of those  operating the vehicles and those 

working in the manufacturing plants. 
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