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Abstract 
 

Improving vehicle efficiency and complying to stricter exhaust emission legislations are 

some of the driving factors to advancement in technology of engine components. The main 

bearings in an internal combustion engine contribute significant amount of friction. These 

bearings support engine loads and allow free rotation of the crankshaft. The bearings 

consist of a steel backing, a lining material and an optional overlay. The overlays help to 

minimize friction and enhance seizure resistance during adverse operating conditions. 

The aim of the thesis is to study the friction and wear performance of five multi-layered 

bearings with various overlays. A bi-metal bearing is used as the reference for comparison. 

Additionally, influence of two shaft surface textures are also studied comparing to the 

standard shaft surface finish. 

A modified twin-disc test rig is used to evaluate tribological performance of the bearing 

system. Forced misalignment tests were also performed to simulate edge contact 

conditions, which occur in an engine due to shaft deflection, asymmetrical loading and 

other factors. The bearing surface profiles were measured using an optical interferometer. 

The test setup showed good repeatability and consistent results. Relative friction and wear 

performance are compared and the bearings are ranked accordingly. One bearing type with 

a polymer and MoS2 overlay showed the best overall performance. This bearing combined 

with a plateau textured shaft further lowered the friction coefficient by 3 % in boundary 

and mixed lubrication regime. 
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1. Introduction 
 

The increasing environmental awareness, demonstrated by global calls for control of 

greenhouse emissions and climate change has put significant technical constraints for the 

automotive sector to improve engine efficiency, which is unswervingly related to the 

creation of a major greenhouse gas, carbon dioxide [1]. 

It is estimated that road transport produces 75 to 89 % of the total CO2 emissions in the 

global transportation sector and is responsible for 20 % of the global energy consumption 

[2, 3]. The major automotive markets impose increasing stringent emission limits like the 

Euro emission standards in the Europe, CAFE standards in the USA and Bharat standards 

in India [4]. On an average, a car is estimated to consume 169 litres of fuel each year to 

overcome mechanical friction in the powertrain alone [5]. 

The possible steps in reducing exhaust emissions are engine downsizing, high power 

density engine, overall weight reduction, combustion process optimization, tyre rolling 

resistance reduction, electrification, waste heat recovery system, optimized aerodynamic 

drag, minimized powertrain losses, etc. [1, 5]. These are not easy as the requirements 

might conflict with each other. A reduction in tyre rolling resistance will compromise 

traction and handling. Weight reduction increases car cost as the lightweight materials 

are expensive [5, 6]. 

Friction reduction is a focus for new automotive engines to reduce the carbon dioxide 

emissions [7]. Improvements in engine tribological performance yields higher power 

output, reduced fuel consumption, better durability and reduced emissions. A study on a 

medium size passenger car in urban cycle showed that only 12 % of total available fuel 

energy is used to drive the car, around 15 % is being dissipated as mechanical frictional 

losses [8, 9]. Given the sheer volume, even a small improvement in engine efficiency and 

reduction in fuel consumption leads to large economic saving [10]. 

 

 

Figure 1-1: Energy consumption in an engine [8] 
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Figure 1-1 shows the distribution of energy consumption in a typical car engine. The 

frictional losses account for 48 % of the total energy consumption, out of which friction 

losses in an engine account for 41 %. The engine friction losses include piston rings, main 

bearings, connecting rod bearings, camshaft journal bearings, cam and follower interface 

and accessories such as alternator, oil and water pump [8]. 

 

 

Figure 1-2: Break-up of total friction losses in a typical 4-cylinder inline engine [10] 

Figure 1-2 shows the break-up of the friction losses in an engine. The main crankshaft 

journal bearings and connecting rod bearings accounts to roughly 30 % of the losses [10]. 

The current study is focussed on the experimental investigation of tribological properties 

of main bearings with various overlays and different shaft textures. 

 

The aim of this thesis is to: 

1. Study the friction and wear performance of various engine main bearings 

2. Study the influence of shaft surface textures on friction performance 

3. Simulate edge contact conditions by using a forced misalignment method 
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1.1 Theory of journal bearings 

A journal bearing in its simplest form is a rigid metal cylinder that supports and surrounds 

the rotating shaft. Main bearings in an engine are usually hydrodynamic journal bearings 

designed to operate in full film lubrication condition. Figure 1-3 shows the journal bearing 

operation and various parameters with a bearing housing, a shaft, and lubricating oil in 

the clearance. Note that the clearance is exaggerated in this figure. Usually the clearance 

is in the range of 1/1000th of the diameter. The main advantage is that the conformal 

surfaces distribute the load over a relatively large contact area and thereby lower the 

contact pressures compared to those in rolling element bearings [11]. 

 

 

Figure 1-3: Journal bearing operation [12] 

At stand still, the journal rests on the bearing bottom surface with the surfaces in contact. 

As the journal starts rotating, it is lifted by a layer of oil at the contact. As the rotational 

speed increases, a convergent wedge is developed between the bearing surface and the 

journal. The rotating surface drags the lubricant into the gap and the oil viscosity helps 

support the load. As the gap decreases, the lubricant is squeezed and hence the pressure 

is developed. At the diverging side, the pressure drops, creating cavitation. Only the 

convergent side of the gap supports the load. The pressure distribution can be visualized 

as shown in Figure 1-3. 

The final journal position of the journal is determined by the equilibrium between the 

applied load, pressure and the friction force. Figure 1-4 shows the location of journal at rest 

condition, start-up condition and during operation. 
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Figure 1-4: Journal motion during start-up condition [13] 

The design parameters such as load, clearance, speed, lubricant viscosity, surface 

roughness and temperature affect the tribological performance of the bearings. A proper 

selection of bearing material optimized with the above factors can help in reducing 

frictional losses. 

A dimensionless quantity called bearing characteristic number or Sommerfeld number (S) 

is used in the design of hydrodynamic journal bearings. Equation 2.1 represents the 

Sommerfeld number, which is a function of speed, clearance, load, geometry and the 

lubricant viscosity. It is given by: 

 𝑆 =  
𝜇𝑁

𝑃
(

𝑅

𝐶
)

2

 (2.1) 

The lubricant pressure distribution as a function of oil film thickness, bearing geometry, 

journal speed and the lubricant viscosity is given by the simplified Reynold’s equation [11]: 

 

𝜕

𝜕𝑥
(ℎ3

𝜕𝑃

𝜕𝑥
) +

𝜕

𝜕𝑧
(ℎ3

𝜕𝑃

𝜕𝑧
) = 6𝜂𝑈

𝜕ℎ

𝜕𝑥
 

(2.2) 

 

Where, h = oil film thickness 

   = lubricant dynamic viscosity 

  P = oil film pressure 

  U = linear velocity of journal 

  x = circumferential direction 

  z = longitudinal direction 

Effect of eccentricity 

Journal bearings have an advantage of damping, which helps in crossing the critical speed 

and suppresses the instabilities and provide vibration damping during operation. Critical 

speed (natural frequency) of a rotating shaft is the speed at which the shaft becomes 

unstable dynamically and large deflections related with vibrations. The clearance affects 

the performance of the bearing system. The distance between the centres of the journal 

and bearing defines eccentricity. At higher eccentricity, the risk of metal to metal contact 

is higher and the dynamic loads acting on the lower half bearing could lead to premature 

fatigue. At lower eccentricity, the journal is almost concentric with the bearing leading to 

instability. Hence, the stability of the bearing is dependent on the eccentricity, which in 

turn is a function of speed and load [11, 14]. 
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Effect of temperature 

The maximum temperature in the fluid film affects the performance of the bearing. 

Excessive heat generation can be detrimental to the performance of the journal and the 

bearing. High temperature at the contact decreases lubricant viscosity drastically. This 

also degrades the lubricant. The difference in thermal expansion between the journal, 

bearing and the housing might lead to decreased clearance leading to oil film breakdown, 

arise metal-to-metal contact and risk of seizure [14, 15]. 

 

1.2. Engine bearing system 

In an internal combustion engine (ICE) the main bearings support the crankshaft, allow 

free rotation and avoid surface to surface contact while minimizing the friction. The journal 

bearings are designed to operate in hydrodynamic lubrication conditions. They are sleeve 

type sliding bearings split into two half bearings with an upper and a lower shell. The 

upper bearing shell has an oil supply hole and groove for even oil distribution during 

operation, while the lower bearing shell is the load carrying part and has no grooves. The 

bearings are mounted to the engine block. 

The crankshaft converts the reciprocating motion of the piston into rotary motion through 

the connection rod. The bearings are designed to withstand the high inertial forces due to 

combustion and oscillating forces. The engine oil acts as a lubricant and coolant and is 

constantly filtered and supplied under pressure from the oil sump [12, 16]. Figure 1-5 shows 

the schematic an ICE and highlights the location of the main bearings. 

 

Figure 1-5: Schematic of an internal combustion engine [4] 
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1.3. Tribological view of engine main bearings 

Though the engine main bearings are designed to operate in the full film lubrication regime 

with fully separated shaft and bearing surfaces, in conditions like start and stop of engine, 

and adverse operating conditions, the bearings may operate in boundary or mixed 

lubrication conditions causing wear and an increased friction [12]. 

To study the tribological performance of the bearings, a plot of Striebeck curve as shown 

in Figure 1-6 is sometimes utilized. The Striebeck curve has three distinctive regions - 

namely boundary, mixed and hydrodynamic lubrication regimes. The inset picture shows 

the visualization of separation of the surfaces. 

 
Figure 1-6: Stribeck curve [17] 

Generally, the friction coefficient is dependent on various system factors such as geometry, 

material, lubricant, load, speed, temperature and surface roughness. Minimizing friction 

while optimizing these factors is not straightforward. A careful consideration of the effect 

of each factor is helpful in the design process. 

Boundary lubrication: The friction coefficient is highest in the boundary lubrication regime 

as there is direct surface-to-surface contact and the lubricant has little to no effect in 

minimizing the friction. This lubrication regime is observed during start and stop of the 

engine, low speeds, low viscosity and high loads. This regime is undesirable because it 

leads to increased wear and may lead to seizure of the engine [4, 12, 14]. 

Mixed lubrication: In this lubrication regime, a discontinuous lubricant film is formed, 

while there are intermittent asperities contact. There is mixed effect from the asperity 

contacts and the lubricant properties. Various engine components cross one or more of the 

regimes during operation [14, 17]. 
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Hydrodynamic lubrication: This is the most desired lubrication regime. At high speeds, 

high lubricant viscosity or low loads, the lubricant fully separates the shaft and the bearing 

surfaces. Hence, there is no surface contact, therefore no wear. The rotation of the shaft 

causes shearing of the lubricant film, which in turn determines the friction coefficient. 

The Striebeck curve provides the optimal operating point of the designed bearing system. 

The grouping of factors of speed, viscosity and load is given by Hersey parameter (H) [18]. 

 𝐻 =  
𝑁×𝜂

𝑃
 (2.3) 

 

Effect of surface roughness 

For a bearing design, surface roughness of the shaft and the bearing is important as it 

influences the interaction of the interface and the friction coefficient. In an engine, the 

minimum oil film thickness in the main bearings is around 1 μm. Equation 2.4 [8] shows 

the lambda parameter, which is defined as the ratio of lubricant film thickness to the root-

mean-square of the composite surface roughness of the shaft and bearing surfaces. The 

higher the lambda value, the more the surfaces are separated. 

 
𝜆 =  

ℎ

√𝜎1,𝑟𝑚𝑠
2 +  𝜎2,𝑟𝑚𝑠

2

 
(2.4) 

Usually the surface of the engine bearings is manufactured with circumferential micro-

grooves. Various studies have shown the benefits of circumferential micro-grooves on the 

journal bearings. They provide a better fatigue resistance, decrease in oil leakage flow, 

better conformability, better surface adaptation to the shaft without increase in friction 

and lower running temperature due to higher oil flow [7]. Another study by Hoge et. al 

showed that the micro grooves also provide better lubrication and oil retention in the 

grooves [19]. 
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1.4. Effect of misalignment in journal bearing systems 

Misalignment in journal bearings generally arises due to deformation of the crank shaft. 

Static and dynamic performance are greatly affected by this misalignment and could also 

lead to vibration, wear, seizure and total system failure [20, 21]. 

Two types of misalignments that can occur are: (1) axial misalignment – between the 

journal axis and the bearing in the axial plane (2) twisting misalignment – between the 

journal axis and the bearing in the plane perpendicular to the axial plane [21]. In this 

study, axial forced misalignment is simulated to investigate performance under edge 

contact conditions for certain tests as shown in the Figure 1-7. 

 

Figure 1-7: Misaligned journal bearing 

 

Misalignment in journal bearings can affect the steady-state performance and reduce the 

bearing life. It is increasingly important to study the performance under misalignment 

because of high power density engines resulting in higher loads, and implementing systems 

such as stop-start system, cylinder de-activation and usage of ultralow-viscosity lubricants 

demands better performance [22]. 

The experimental study by Prabhu [21] on axial misalignment concludes that the 

coefficient of friction increases with the increase in misalignment. Also, a reduction in 

minimum film thickness was also seen. The system damping factor also increased with 

misalignment. A study by Pigott [23] shows that even a small misalignment of 0.05 mm 

over a length of 300 mm can reduce the load carrying capacity by 40 %. 
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1.5. Requirements of journal bearing material 

Bearing material selection is a complex task. The engine bearing durability of operation is 

dictated by a combination of material factors such as high strength and soft nature. The 

high strength ensures high load carrying capacity, better wear resistance and better 

cavitation protection, whereas the soft nature enables better conformability, embeddability 

and compatibility. The bearing materials should satisfy both contradictory conditions, 

possess high strength and soft nature [24]. One example of composite structure of bearing 

materials is shown in the figure below. 

 
Figure 1-8: Representation of composite structure of bearing materials [24] 

 

Bearing structure 

The journal bearings appear like simple components. A single material usually may not be 

able to fulfil necessary tribological requirements. Engine bearings are generally made of 

two or more layers as show in the Figure 1-9. Each layer serves a different purpose and 

provides combined properties. To satisfy embeddability a softer material is beneficial, 

whereas to resist wear a harder material is required. These requirements led to the 

development of multiple layered bearings. Where each specific layer is optimized to 

perform, and satisfy a specific requirement [25]. 

 

 

Figure 1-9: Structure of engine journal bearing 

Bi-layered bearing Multi-layered bearing

Steel backing

Diffusion barrier
Lining

Overlay

Steel backing

Lining
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The backing material is generally made of steel to provide necessary structural strength 

and withstand rigorous conditions like high temperature and high loads [24]. 

The lining material thickness varies between 0.2 to 0.4 mm. It is generally made of copper 

alloys (containing aluminium/tin/bismuth) sintered or cast on the backing material or 

aluminium alloys (containing tin/silicon/copper) bonded by cold-rolling on to the backing 

material. Also, the lining should be able to carry the load [24, 26]. 

A 1-2 micron thick nickel diffusion barrier is deposited on the lining to prevent the diffusion 

of overlay elements to the lining material. For example, in the tin based overlay and copper 

based intermediate layer, the diffusion barrier prevents migration of tin from the overlay 

to the intermediate layer [24]. Diffusion of tin into copper leads to formation of brittle 

copper-tin intermetallic compounds, which decreases adhesion strength of overlay to the 

intermediate layer. The decrease of tin content in the overlay due to migration leads to 

deterioration of the corrosion resistance and weakening of overlay [24]. Nickel 

electroplating or physical vapour deposition method is used to apply the diffusion barrier. 

An overlay or the top coating, which is a few microns thick, is either sputtered or 

electroplated on the surface of the bearing. This layer helps to improve the tribological 

properties of the bearing like friction, embeddability and seizure resistance [27]. The 

overlay also helps in improving running-in behaviour at the initial stages of operation. If 

the top layer is absent, the lining material determines the tribological performance [26]. 

The top layer coatings of the bearing should conform to the mentioned properties in 

addition to effective bonding between the coatings and the underneath layer, non-diffusive 

and stability. The thickness of the overlay is constrained because the overlay thickness is 

inversely proportional to the fatigue strength [24]. 

 

The properties required for bearing materials: 

Fatigue strength - The fatigue strength determines whether a bearing can withstand the 

maximum value of cyclic stress for an infinite number of cycles. This inherently determines 

the load carrying capacity of a journal bearing. The cyclic stresses are developed in internal 

combustion engines because of combustion and inertial forces [24].  

Wear resistance - Wear resistance of the journal material is the ability to maintain 

dimensional stability even with the presence of foreign particles in the lubricating oil and 

in the conditions of direct contact between the journal and the bearing materials. The 

major wear mechanisms seen in journal bearings are abrasive, adhesive, fatigue, corrosive 

and erosive wear [12, 24]. 

Seizure resistance - Seizure resistance determines the degree of the bearing material 

resistance to physical joining or friction welding with the journal under direct metal-to-

metal contact. Under boundary or mixed lubrication regime, where a high surface to 

surface contact is experienced, good seizure resistance is important. The high surface to 

surface contact occurs due to large surface roughness values of bearing and journal, oil 

starvation, low speed or cold start [12]. 
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Conformability - Conformability is the extent to which a bearing material accommodates 

the geometric misalignments between the journal and the bearing. Irregularity in shape 

causes localized decrease in oil film thickness, which can lead to excessive wear and 

localized high loading [24]. 

Embeddability - The ability of the bearing material to trap the small foreign objects like 

dirt, debris and residuals which are running in the lubricating oil. Poor embeddability 

leads to accelerated wear and damages the surface texture of journal and bearing surfaces, 

which can lead to seizure [24]. 

Corrosion resistance - The bearing materials should provide resistance to chemical attacks 

under the influence of oxidized and contaminated lubricant. There can be chemicals 

present or formed which can corrode the bearing surface and degrade the performance [24]. 

Cavitation resistance - In the diverging side of the minimum film thickness region, a 

localized sharp pressure drop is observed. The pressure drop leads to cavitation. The 

cavitation creates impact stresses and can cause permanent damage to the surfaces of 

bearing and journal material. A bearing material should possess sufficient cavitation 

resistance to minimize the surface damage [24]. 
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1.6. Bearing materials 

This literature review briefly discusses about the various available bearing overlay 

materials and their characteristics. The various types of bearings with different overlays 

used for experiments are discussed in detail in the later sections. In brief, the lining 

material of bi-metal and multi-layered bearings are based on aluminium-tin (Al-Sn) alloys 

containing silicon and copper. The overlay components are polymer, polyamideimide (PAI), 

graphite, molybdenum disulphide (MoS2), silver and bismuth based materials. 

 

Lead (Pb) containing materials 

Lead was one of the most widely used constituents for the bearing materials due to its soft 

nature and distribution as soft phase in the hard matrix. Lead was a common material for 

bearing before the imposition of environmental regulations for lead-free materials. 

Traditional bearings with lead based overlays showed good seizure resistance and 

protection from corrosive attack by the lubricants. The soft nature of lead helps in reducing 

friction and improving conformability. Another research showed the copper with lead based 

overlays and linings low friction and excellent embeddability [27, 28]. 

 

Lead free bearing materials 

The toxic nature of lead, posing health hazards lead to a new directive that prohibits the 

usage of lead in automobile components [29]. Hence the need to find alternative bearing 

materials which show equivalent or better properties than lead based bearings. 

An element with comparable properties and melting point as lead is Bismuth. Other 

possible overlay materials are polymeric materials such as Polyamideimide (PAI) 

containing MoS2 and graphite. A few studies report this overlay to have better friction 

performance and wear properties compared to lead based overlays [28, 30]. The same study 

also claimed that Al-Sn based overlay material showed better wear resistance compared to 

the lead based overlays. Sn has mechanical properties and melting point comparable with 

lead [30]. 

 

Al-Sn based bearing materials 

Al based alloys containing Sn and Si were shown to have better friction and wear properties 

for journal bearing systems. Al-Sn and Al-Si alloys have better wear properties compared 

to Al-Pb alloys [31]. To improve the load carrying capacity, hard particles are added to the 

alloy. In the study [32], Al-Sn-Cu-Si alloy has shown better wear resistance compared to 

Al-Sn-Cu and Al-Sn-Cu-Ni alloys due to the presence of hard Si particles. Increase in Sn 

slightly decreases friction and increase in Si has a little variation. Also, this alloy exhibits 

better seizure resistance because of the presence of hard Si particles [32, 33]. 
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Bi containing bearing materials 

Bismuth is a close alternative to lead in bearing materials. Bismuth is non-toxic and does 

not possess a health hazard. Like lead, bismuth also improves the seizure resistance in 

copper based bearings by sticking out of the surface. A study on friction and wear 

properties of bearings with bismuth overlay and silver intermediate layer shows that the 

friction coefficient was lower at higher Striebeck numbers compared to the bearings with 

lead containing overlay. Similar behaviour was seen with tin containing overlay with 

nickel as intermediate layer on lead contained lining material. This study also claimed that 

the bismuth material possesses better wear properties and wear performance at adverse 

conditions because of the movement of bismuth along the surface of intermediate layer 

[34].  

 

Polymer based bearing materials 

A few studies have been done on the polymer based overlay material for bearing 

applications. The soft polymeric matrix such as PAI with hard particles such as MoS2 

showed a good running in process as MoS2 stuck out of the matrix and improved load 

carrying capacity at higher sliding speeds [28, 35]. 

 

Research gaps 

Since the directive of lead free materials in automotive applications and stringent norms 

to reduce the exhaust emissions, there is an urgent need for finding appropriate materials 

to improve tribological performance. There are a few studies carried out with new overlay 

materials such as Bi, Al-Sn, PAI, MoS2 and graphite combinations. These new overlay 

materials have shown improvements in reduction of friction coefficient and better wear 

resistance compared to conventional bearing materials. Adding Silicon to the Al-Sn alloy 

has shown improved load carrying capacity. Adding solid lubricants and hard abrasive 

particles as fillers to the polymer matrix overlay has shown considerable reduction in 

friction coefficient. However, there is more scope to study and validate the results with full 

bearing complement under various conditions. The test conditions include varying speed, 

load, engine oil, extended running conditions, etc. to check the effect on tribological 

performance in different lubrication regimes. 
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2. Problem formulation 
 

As discussed in the previous chapter, friction and wear performance of engine crankshaft 

main bearings are crucial in an automotive engine to reduce the engine friction losses. This 

leads to reduction in exhaust gas emissions and fuel consumption. Engine main bearings 

contribute roughly a quarter of the total engine friction losses. Understanding the 

fundamental effects of various bearing overlays and counter shaft surface textures is 

crucial to reduce the friction. With the development of new bearing overlays, it is necessary 

to perform bench tests which help in screening and relative ranking of materials 

experimentally, faster and with relative ease, and at a fraction of total cost. In addition, 

various parameters can be modified and isolated to study the effect. Though there are some 

studies available on bearings with overlays, there are no test results available with full 

bearing complement and under misalignment conditions. 

 

2.1. Scope and objectives 

To screen and rank the performance of available bearings with various overlays and 

different shaft textures, the current study aims to evaluate the: 

• Friction performance 

o without misalignment 

o with misalignment by simulating edge contact conditions 

• Wear performance by implementing start-stop simulation 

• Effect of shaft surface texture characteristics on friction performance 
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3. Experimental method and materials 
 

To evaluate the tribological performance of main bearing materials and the effect of shaft 

surface texture characteristics, friction and wear tests are necessary to compare and rank 

the bearings. For this, a suitable test rig, test conditions and bearing parameters are to be 

established. 

A twin-disc machine WAZAU UTM-2000 was chosen to perform the experiments. The test 

rig was modified as shown in the Figure 3-1(a) to contain one motor and a spindle to hold 

the journal, the other side to support a bearing holder assembly. Figure 3-1(b) shows the 

close-up view of the bearing holder assembly. The drive unit is an 8 pole brushless AC 

servomotor with a variable speed from 0 to 3000 rpm. 

  

 

Figure 3-1: (a) Modified twin-disc machine WAZAU UTM-2000 (b) close-up view of the bearing holder assembly 

The bearing holder assembly is made of two halves - top half bearing holder and bottom 

half bearing holder as shown in the exploded view of Figure 3-2. It is made of a high strength 

aluminium material. The top half bearing holder has an oil passage supplied from the oil 

bath to the top half bearing. The two halves are assembled together by two M10 screws. 

The bearing holder assembly is self-aligning to correct misalignments in two directions. 
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Figure 3-2: Exploded view of bearing holder assembly 

 

Temperature measurement 

The oil temperature is measured by a thermocouple (Figure 3-3(a)) right before the oil enters 

the bearing holder assembly. The thermocouple is connected to the computer and controls 

the oil bath temperature to the required level with a feedback loop. Resistance heaters are 

placed right under the oil bath. To measure the bearing back temperature, a thermocouple 

is placed in the bottom half of the bearing holder, where it is in contact with the backside 

of the bottom bearing as shown in the Figure 3-3(b). The thermocouples are of K-type 

construction. 

 

   

Figure 3-3: Thermocouple location of (a) oil inlet temperature (b) bearing back temperature 
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 Figure 3-4 shows the test setup during stationary and operating condition. An additional 

sprayer module along with the oil supply to the bearing assembly is attached as shown in 

the figure. The partial bypassed oil is sprayed over the bearing holder during the 

experiment in order to control constant temperature. The oil is then collected in the oil 

bath and recirculated. A 0.25 kW 3 phase AC motor oil pump with 2 stage oil filter is used 

to circulate the oil with a gauge pressure of 0.5 bar. 

 

    

Figure 3-4: (a) during stationary condition (b) during operation 

 

A torque sensor as shown in the Figure 3-5 is used to record the torque required to rotate 

the journal. The torque sensor is coupled between the motor drive and the spindle holding 

the journal. A torque sensor with a range of 0-20 Nm is used for the experiments. The 

friction coefficient is then calculated at every data point with the recorded torque value, 

applied load and the journal’s radius. 

 

 

Figure 3-5: Torque sensor location  

 



3. Experimental method and materials 

20 
 

The required load is applied to the journal through a dead weight loading arrangement, as 

shown in Figure 3-6. A load cell is attached to the test rig and the load is recorded with the 

control unit software. All the data measurements are recorded at a scan rate of 1 Hz. 

 

Figure 3-6: Method of load application 

 

Forced misalignment setup 

Figure 3-7 shows the schematic of the forced misalignment setup used to simulate edge 

contact conditions. The setup is similar to the tests without misalignment, except there is 

a pneumatic cylinder which applies a force to the bearing holder assembly to obtain the 

required degree of misalignment as shown in the figure. The degree of misalignment 

required is discussed in the next chapter. The inset image shows the actual pneumatic 

cylinder used to provide the misalignment. 

 

 

Figure 3-7: Misalignment setup (Inset: misalignment pneumatic cylinder) 
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3.1. Materials 

 

3.1.1. Shaft material 

The shafts used for the experiments are made with commercial grade steel (16NiCr54), 

tempered and casehardened with a surface hardness of 55 HRC with a nominal diameter 

of 53 mm and a length of 20.5 mm. The shaft’s outer diameter surface was given a special 

care using a grinding method to replicate the automotive crankshaft surface texture and 

surface parameters. This surface finish is referred as ‘existing surface finish’ in this study. 

Later, the surface texture was modified to two different textures – mirror and plateau 

surface finish, as shown in the Figure 3-9 to study their effects on friction performance. 

 

  

Figure 3-8: Sample shaft  

 

 

Figure 3-9: Shaft surface textures - (a) existing finish (b) mirror finish (c) plateau finish (left-to-right) 
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Figure 3-10: Surface profile - (a) existing finish (b) mirror finish (c) plateau finish (top-to-bottom) 

 

The effects of different shaft surface textures on tribological performance are investigated 

in this study. The surface profiles of the textures are as shown in the Figure 3-9 with the 

existing finish, mirror finish and the plateau finish. The roughness profiles are shown in 

the Figure 3-10. Table 1 shows the important roughness parameters of different shaft 

textures. 

Table 1: Shaft surface finish parameters 

Parameter Existing finish Mirror finish Plateau finish 

Ra 60 nm 6 nm 32 nm 

Rz 350 nm 45 nm 401 nm 

Rk 152 nm 20 nm 54 nm 

Rpk 39 nm 9 nm 15 nm 

Rvk 96 nm 9 nm 132 nm 
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3.1.2. Bearing materials 

Engine crankshaft main bearings consists of two parts – upper half sleeve and lower half 

sleeve. As mentioned earlier, the upper half sleeve bearing has an oil groove and the bottom 

half sleeve bearing is the load bearing member. In this study, only the engine crankshaft 

main bearings are considered. For ease, the engine crankshaft main bearings are referred 

to as bearings from here on.  

For the upper bearing, only one material type is used for all the experiments. For the lower 

bearing, various lining compositions and overlay materials were included as shown in  

Table 2. 

Table 2: Bearing material composition 

 

*Bismuth is used as the surface layer and Silver as the intermediate layer which helps as the run-

in layer 

 

 

Figure 3-11: Reference upper bearing, reference lower bearing, lower bearings 2 to 6 (left-to-right) 

 

Type 
Generic 

name 
Overlay 

Lining material (Mass %) 
Designation 

Al Sn Si Cu 

Bi-metal 

bearings 

Plain upper none Bal. 12.0 3.0 1.0 Ref. upper bearing 

Plain lower none Bal. 12.0 3.0 1.0 Ref. lower bearing 

Multi-

layered 

bearings 

 

867 Polymer Bal. 10.0 2.5 1.5 Lower bearing 2 

868 MoS2 Bal. 10.0 2.5 1.5 Lower bearing 3 

869 PAI + MoS2 Bal. 7.0 2.7 1.5 Lower bearing 4 

870 PAI+Gr+SiC Bal. 7.0 2.7 1.5 Lower bearing 5 

890 Ag+Bi* Bal. 10.0 2.5 1.5 Lower bearing 6 
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3.2. Lubricant 

A SAE 0W-20 multi-grade commercial engine oil is used as the lubricant for all the 

experiments. The density versus temperature and the kinematic viscosity versus 

temperature relationship is extracted and reproduced from the source [18]. 

 

 

 

Figure 3-13: Kinematic viscosity vs. temperature relationship for SAE 0W-20 
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Figure 3-12: Density vs. temperature relationship for SAE 0W-20 engine oil 
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3.3. Test parameters 

 

Common test parameters 

Table 3 shows the common test parameters for the experiments. The load was maintained 

at 2000 N. Diametrical clearance was fixed ~36 m at room temperature. This value is 

arrived from the previous study [36] performed on finding optimum clearance for 

minimizing friction with similar experimental setup and bearing system. The engine oil 

lubricant temperature was maintained at 80 °C. If it is assumed that the bearing holder is 

70 °C during testing, the diametrical clearance will increase to ~48 m. This value was 

based on measured bearing back temperature. The increased clearance is due to the larger 

thermal expansion of the bearing holder. Before each experiment, preconditioning is done 

at 3000 rpm for 30 minutes to ensure stabilized heating and to minimize variation in the 

temperature between the tests. 

Table 3: Common test parameters 

Parameter Value 

Load 2000 N 

Diametrical clearance 
~36 m @ RT 

~48 m @ 70 °C 

Lubricant viscosity grade 0W-20 

Lubricant temperature 80 °C 

Pre-conditioning (heating) 30 minutes @ 3000 rpm 

 

Choice of bearing thickness 

The bearings were available in 4 thickness ranges and are colour coded as shown in Table 

4. The diameter of the journal determines the thickness of the bearings used to achieve 

required clearance. 

Table 4: Bearing thickness colour grades 

 

 

 

 

 

 

Colour grade 
Minimum thickness 

(mm) 

Maximum thickness 

(mm) 

Green 2.002 2.006 

Blue 1.998 2.002 

Yellow 1.994 1.998 

Red 1.990 1.994 
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3.3.1. Friction performance measurement 

To evaluate the friction performance of each bearing set, a concept of Streibeck sweep is 

employed. Striebeck sweep covers all three lubrication regimes viz., boundary lubrication, 

mixed lubrication and hydrodynamic lubrication regimes. This is achieved by varying the 

speeds from 3000 rpm to 10 rpm in 14 steps holding 12 seconds at each step as shown in 

Table 5. The velocity profile is shown below in Figure 3-14. 

Table 5: Friction performance measurement parameters 

Parameter Value 

Speed 

3000 to 10 rpm (14 steps) 

3000, 2714, 2300, 1700, 1200, 800, 

500, 300, 200, 125, 75, 45, 20, 10 rpm 

Duration Hold 12 seconds at each speed 

 

 
Figure 3-14: Velocity profile of one Striebeck sweep 
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3.3.2. Wear performance measurement 

To evaluate the wear performance of the bearing overlays, a start-stop simulation was 

used. The speed range was set from 0 rpm to 300 rpm to cover boundary, mixed and 

hydrodynamic lubrication. At each cycle the speed was varied from 0 rpm to 300 rpm and 

back to 0 rpm. The ramp used was 50 rpm per second with a 2 second hold at 0 rpm and 

300 rpm as shown in Table 6. The cycle is repeated 600 times which corresponds to 

approximately 240 minutes. The sample velocity profile is shown below in Figure 3-15. 

Table 6: Wear performance measurement parameters 

Parameter Value 

Speed 

Ramp: 0 rpm to 300 rpm  

in steps of 50 rpm/s 

2 seconds hold at 0 rpm and 300 rpm 

Duration 600 cycles (240 minutes) 

 

 
Figure 3-15: Velocity profile during 80 seconds of the start-stop simulation test 

 

To determine the evolution of friction coefficient during the wear test, Striebeck sweeps 

are carried out at the beginning, after every 120 cycles and at the end of the wear test 

under misalignment conditions. In total, there were 6 Striebeck sweeps carried out 

throughout the wear test.  
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3.4. Preparation procedure before the experiment: 

The preparation procedure for each experiment include the following steps: 

1. Select the journal and a suitable set of bearing thickness to provide a diametrical 

clearance of ~36 μm. 

2. Clean the journal and the bearings with heptane to remove the dirt and place in 

ultrasound bath for 10 minutes to clean. 

3. Mount the journal onto the rotating spindle while maintaining the eccentricity 

below 10 μm. (Torque specification for the clamping screw: 38 Nm) 

4. Measure the bearing profile along the length using Zygo Newview 7300 3D optical 

profilometer and note the bearing weight. 

5. The half sleeve bearings are mounted on the bearing holder and held using two M10 

screws with a torque specification of 52 Nm, which provides the required bearing 

crush. 

6. Selection of whether the test is to be performed with misalignment or without 

misalignment and adapt the test setup accordingly 

7. Heat the oil until the bearing oil inlet temperature reaches 80 °C. 

8. Mount the second thermocouple to measure the bearing back temperature. 

9. Choose the test conditions, start the test, apply load and record the data. 

10. Post-processing of friction data by averaging the friction coefficient at different 

speed steps to plot the Striebeck sweeps. 

11. Measure the bearing profile along the length using Zygo Newview 7300 3D optical 

profilometer and note the bearing weight after the test. 
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Bearing profile measurement 

Zygo Newview7300 3D optical profilometer is used to measure the bearing profiles before 

and after the wear tests. The bearings are cleaned with ultrasound bath for 10 minutes 

before the measurement. Using the profilometer, the surface parameters and the profile is 

captured along the bearing length using the stitching feature at the bearing mid-section 

as shown in the Figure 3-16. 

 

      

Figure 3-16: (a) Zygo Newview 3D optical profilometer (b) bearing profile measurement location 
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4. Results and discussion 
 

This chapter presents the tribological test results of various journal bearing materials and 

various shafts with different surface textures performed using the modified twin-disc 

machine and the discussion and comparison in several sections. 

The results sections and discussion are presented in the following order: 

• Misalignment tests simulating edge contact conditions 

o Degree of misalignment 

o Friction performance 

o Wear performance 

o Summary of the misalignment friction data 

o Ranking of bearings with various overlays 

• Friction curve comparison with & without misalignment 

• Effect of shaft surface texture on friction performance  

o Existing finish 

o Mirror finish 

o Plateau finish 

• Overall comparison and ranking of bearings with different overlays and effect of 

shaft surface texture 

• A comment on bearing back temperature 
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4.1. Misalignment tests 
 

4.1.1. Degree of misalignment 

A simplified free body diagram as shown in Figure 4-1 is used to obtain the correlation 

between the degree of misalignment achieved for the pressure applied to the pneumatic 

cylinder.  

If moderate pressures are used in the pneumatic cylinder, the misalignment force will 

cause wear to occur only on the lower bearing shell, along one edge. If the pressure in the 

pneumatic cylinder is set too high, wear will occur on both the lower and upper bearing 

shells. This is an unrealistic condition which also would introduce unknown normal forces 

into the system. To find the maximum pressure that can be used without causing excessive 

misalignment, a theoretical pressure is calculated for a simplified system. 

With the known values of piston diameter, arm length and the force applied, the theoretical 

pressure to be applied for right degree of misalignment is calculated to be around 1.18 bar. 

Since the calculation does not include parameters like elastic deformation, the obtained 

value will be an over estimation. 

 

 

Figure 4-1: Free body diagram for misalignment setup 

 

To experimentally determine the influence of the degree of misalignment on the tests, trial 

experiments were performed to check the wear profile on the top and bottom bearings. The 

applied pressure was varied around the calculated theoretical pressures. For 0.9 bar 

applied pressure, the correct degree of misalignment is achieved as shown in the Figure 4-2. 

At this pressure, the wear was seen only at the edge of the bottom bearing and no wear on 
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the top bearing simulating edge contact conditions. Also, the wear on the bearings at 

different pressures are recorded. Figure 4-3(a) shows the equivalent edge load for various 

pressures and Figure 4-3(b) shows a close-up view of bearing profiles at the edge after the 

wear tests. The wear tests consisted of 240 cycles of start-stop simulation (90 minutes). 

 

 

Figure 4-2: (a) Graph showing bearing wear for different applied pressures (b) images showing wear on bearings 

  

 

Figure 4-3: (a) Table showing edge load (b) bearing profiles after wear test at different applied pressures  

Applied 

Pressure 
Edge Load 

Wear 

amount (mg) 

0.9 bar 72.4 N 0.59 

1 bar 80.4 N 1.29 

2 bar 160 N 2.33 

3 bar 241 N 3.84 
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4.1.2. Friction performance 

Figure 4-4 shows Striebeck sweeps of different bearing materials before the wear test. In the 

hydrodynamic lubrication regime, the friction coefficient is around 0.01 for all bearings. 

The differences in friction performance due to effects of bearing overlays can be seen in the 

boundary and mixed lubrication regime. The same trend is seen in the last Striebeck sweep 

after the wear test as shown in Figure 4-5. A slight drop in the friction coefficient is observed. 

It is due to running-in of the new bearings. Bearing 869 with PAI and MoS2 overlay shows 

the best friction performance. 

Table 7: Bearing overlay composition 

Bearing Overlay 

Plain No Overlay 

867 Polymer 

868 Solid lubricant (MoS2) 

869 Polymer matrix + solid lubricant (MoS2) 

870 Polymer matrix + solid lubricant (Graphite) + hard particles (SiC) 

890 Bismuth top layer with Silver intermediate layer – sacrificial layer 

 

Table 7 is similar to the one mentioned in the bearing materials section. It is reproduced in 

this section to correlate the overlay composition and the observed difference in friction 

performance. The bearings 867, 869 and 870 with polymer based overlays, showed 

relatively low friction in boundary lubrication compared to the other bearing types. The 

low friction coefficient can be attributed to the improved resistance of adsorbed oil film 

adhesion given by the polymer overlay providing a very good adhesion [7]. Somehow, the 

bearing 867, which has just the polymer overlay has no better friction performance 

compared to the other bearing types as shown in Figure 4-4 and Figure 4-5. 

However, bearing 869 containing solid lubricant (MoS2) dispersed in polymer matrix 

showed the lowest friction coefficient in both boundary and mixed lubrication regimes. An 

experimental study by Gebretsadik [26] showed that MoS2 particles (solid lubricant) 

protruded from the polymer matrix, which was confirmed by EDS analysis. The coarse and 

granular surface features aids in improved lubrication by acting as oil reservoirs [26]. 

The temperature dependent viscosity and density of the lubricant from Figure 3-12 and 

Figure 3-13 are taken into account for all the data points assuming the oil temperature 

follows the bearing back temperature. The bearing back temperature is shown in the inset 

of Figure 4-4 and Figure 4-5. The bearing back temperature profiles plotted correspond to the 

speeds going from 0 rpm to 3000 rpm in the order of the legend shown in the graphs. 
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Figure 4-4: Striebeck sweeps before the wear test (Inset: Oil and bearing back temperature profile) 

 

 
Figure 4-5: Striebeck sweeps after the wear test (Inset: Oil and bearing back temperature profile)  
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4.1.3. Wear performance 

Figure 4-6 shows the wear results of the different bearing types after the wear test with 600 

start-stop cycles under misalignment condition. As described in 3.3.2. Wear performance 

measurement, the friction coefficient was measured at the beginning, after 120 wear test 

cycles and at the end of the wear test. These friction coefficient measurement results are 

provided in the Appendix A.4. 

The bearing wear is quantified in terms of weight loss, as opposed to the measurement of 

wear depth. The reason being the wear observed is minuscule and also the difference in 

surface roughness and the presence of circumferential microgrooves in some bearings 

makes it difficult to quantify the wear depth. However, the free state measurements of 

bearing profiles along the length before and after the wear tests are provided in the 

Appendix A.5. 

The wear test show that the bearing 869 with PAI and MoS2 overlay and bearing 870 with 

PAI + Gr + SiC overlay have the lowest wear relative to the other bearings. 

Bearings containing hard abrasive particles dispersed in polymer matrix such as SiC, 

Silica, Silicon Nitride and Alumina is shown to improve wear resistance [37]. This can be 

seen with the bearing 870, showing the lowest wear. 

It is important to note that the very high amount of wear in bearing 890 is because of the 

intentional design of this overlay coating to act as a sacrificial run-in layer for highly loaded 

engines. 

 

 

Figure 4-6: Bearing wear amount during start-stop wear test under misalignment conditions 
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Figure 4-7: Lower bearing images after wear test under misalignment conditions 

 

Figure 4-7 shows images of the bearings after the wear tests under misalignment conditions. 

Figure 4-8 shows the wear contact zone shape and area. The approximate wear area 

influence was measured using a microscope and a Vernier scale and translated to the wear 

area. 

 

 

Figure 4-8: Lower bearing worn surface and calculated area after wear test under misalignment conditions  
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4.1.4. Summary of misalignment friction data 

Table 8 summarizes the friction coefficient in boundary lubrication and hydrodynamic 

lubrication. The bearing 869 and bearing 870 showed the best friction performance. These 

bearings have overlay of polymer matrix with solid lubricant (MoS2/Graphite) and hard 

particle (SiC) fillers. The low friction coefficient can be attributed to the improved 

resistance of adsorbed oil film adhesion given by the polymer overlay providing a very good 

adhesion [7]. 

Table 8: Summary of friction data with misalignment tests 

Bearing 
Friction coefficient  

at 10 rpm 

Friction coefficient  

at 3000 rpm 

Plain bearing 0.11 0.01 

867 - Polymer 0.07 0.01 

868 – MoS2 0.10 0.01 

869 – PAI + MoS2 0.05 0.01 

870 – PAI + Gr + SiC 0.05 0.01 

890 – Ag + Bi 0.11 0.01 

 

4.1.5. Friction and wear performance comparison 

Table 9 shows the ranking of friction and wear performance for the bearings, both with and 

without misalignment. The numbering is arbitrarily ranked as 6 being the highest and 1 

being the lowest performance. Bearing 869 scored the best of the bearings in focus. The 

bearings with polymer overlays and dispersed hard particles have demonstrated 

improvements in wear resistance by hard particles protruding from the matrix [37]. 

Table 9: Friction and wear performance ranking 

Bearing 

Friction performance 
Wear 

performance w/o 

misalignment 

with 

misalignment 

Plain bearing 2 2 2 

867 - Polymer 4 4 4 

868 – MoS2 3 3 3 

869 – PAI + MoS2 6 6 6 

870 – PAI + Gr + SiC 5 5 6 

890 – Ag + Bi 1 1 1 
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4.2. Comparison of friction coefficient with and without misalignment 

Figure 4-9 shows the last Striebeck sweeps extracted from the friction performance results 

with and without misalignment for plain bearings with existing surface finish. Under 

misalignment conditions the effective area of contact is reduced hence the minimum oil 

film thickness is reduced and the contact pressure is increased, which leads to an increase 

of the friction coefficient [21].  

The trend of slight increase in friction coefficient is consistent across experiments with 

different set of bearings and with different shaft surface textures. The temperature 

dependent viscosity and density of the lubricant from Figure 3-12 and Figure 3-13 are taken 

into account for all the data points assuming the oil temperature follows the bearing back 

temperature. 

 
Figure 4-9: Stribeck sweep showing friction coefficient with and without misalignment 
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4.3. Shaft surface texture friction performance without misalignment 

4.3.1. Friction performance for existing shaft surface finish 

The graphs in Figure 4-10 shows selective Striebeck sweeps from friction performance tests 

with the existing shaft surface finish. Bearing 869 with PAI+MoS2 overlay shows the 

overall lowest friction coefficient. 

  

  

  
Figure 4-10: Striebeck sweeps obtained during friction performance tests with existing shaft surface finish  

(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr + SiC (f) 890 – Ag + Bi 
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4.3.2. Friction performance for mirror surface finish of the shaft 

The graphs in Figure 4-11 shows selective Striebeck sweeps during friction performance 

tests of various set of bearings with the mirror shaft surface finish. Bearing 869 with 

PAI+MoS2 overlay showed the overall lowest friction coefficient. The low friction coefficient 

of bearing overlays with polymer matrix and solid lubricant can be attributed to the 

improved resistance of adsorbed oil film adhesion provided by the polymer matrix [7]. 

  

  

  
Figure 4-11: Striebeck sweeps obtained during friction performance tests with mirror shaft surface finish 

(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr + SiC (f) 890 – Ag + Bi 
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4.3.3. Friction performance for plateau surface finish of the shaft 

The graphs in Figure 4-12 shows selective Striebeck sweeps during friction performance 

tests of various set of bearings with the plateau shaft surface finish. Bearing 869 with 

PAI+MoS2 overlay showed the overall lowest friction coefficient. The low friction coefficient 

of bearing overlays with polymer matrix and solid lubricant can be attributed to the 

improved resistance of adsorbed oil film adhesion provided by the polymer matrix [7]. 

  

  

  
Figure 4-12: Striebeck sweeps obtained during friction performance tests with plateau shaft surface finish 

(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr + SiC (f) 890 – Ag + Bi  
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4.3.4. Shaft texture comparison  

The graphs in Figure 4-13 shows a comparison of the last Striebeck sweeps for the different 

shaft surface texture. It can be seen that there is positive, negative or no effect of the 

surface texture in the different lubrication regimes. Overall, bearing 869 with PAI and 

MoS2 overlay in combination with the plateau textured shaft lowered the friction coefficient 

even further by 3 % in boundary and mixed lubrication regimes. 

  

  

  

Figure 4-13: Final Striebeck sweep comparison with different shaft textures (plain, mirror and plateau) 
(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr + SiC (f) 890 – Ag + Bi  
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Table 10 summarizes the effect of shaft surface texture on friction performance relative to 

the existing surface finish. The numbers mentioned are derived as a percentage change of 

the average friction in the boundary and mixed lubrication regimes, at each point. In the 

hydrodynamic lubrication regime, all the bearings have the same friction coefficient as the 

surfaces are separated by an oil film and friction is determined by the lubricant properties 

and the surface texture does not play a role. 

 

Table 10: Summary of friction performance relative to existing shaft surface finish 

Bearing Mirror finish Plateau finish 

Plain bearing 21 %  9 % 

867 – Polymer 1 % 2 % 

868 – MoS2 23 %  15 % 

869 – MoS2 + PAI ~0 % 3 % 

870 – Gr + PAI + SiC ~0 % 15 %  

890 – Ag + Bi 15 % 3 % 

 

As shown, the plateau textured shaft has a better performance on four of six bearings 

relative to the existing finish. Referring to the surface roughness (Table 1), the plateau 

surface finish has higher values of valleys (Rvk) compared to the peaks (Rpk). 

The enhanced performance in boundary and mixed lubrication regime could be explained 

by the surface texture having greater valleys (Rvk) which helps in trapping the lubricant 

within the valleys and providing improved lubrication. 
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4.4. Bearing back temperature 

Figure 4-14 shows the bearing back temperatures recorded for different bearings during one 

Striebeck sweep varying from 3000 rpm to 10 rpm. The trend is consistent across all the 

friction performance and wear performance experiments with and without misalignment. 

The change in bearing back temperature is likely due to the heat generation, which is 

proportional to the sliding velocity and friction coefficient. Though the friction coefficient 

is a few magnitudes (5-10x) higher in boundary lubrication as compared to the 

hydrodynamic lubrication, where the relative sliding velocity is much higher (10 rpm to 

3000 rpm) than the decrease in friction coefficient, leading to higher bearing back 

temperature. 

The slight variation in temperature across bearing materials with various overlays is likely 

due to the difference in the observed friction coefficient, varying contact of thermocouple 

location measuring bearing back temperature and/or the difference in thermal 

conductivity, as the temperature is recorded at the backside of the bearing. In future, it is 

worthwhile to check the thermal conductivity to better understand the generated heat 

dissipation mechanism within the bearing and to the bearing holder or to the crankcase in 

case of a real engine. 

 
Figure 4-14: Variation of bearing back temperature across different bearings 
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5. Conclusion 
 

The modified twin-disc setup used to perform various experiments to evaluate friction and 

wear performance showed good repeatability and consistent results. This applies for both, 

with and without the misalignment test setup. 

 

• Bearing 869 (PAI + MoS2 overlay) and Bearing 870 (PAI + Gr + SiC overlay) showed 

the lowest overall bearing wear when subjected to 600 cycles of start-stop simulation 

wear test. 

• Bearing 869 showed the best friction performance both with and without misalignment 

• Bearing 869 combined with Plateau textured shaft further lowered the friction 

coefficient by 3 % in boundary and mixed lubrication regime.  

• The bearing back temperature increased around 4-5 °C at 3000 rpm compared to the 

bearing back temperature at 10 rpm for various bearings. 

 

Overall, for the given conditions with 2000 N load, 0W-20 engine oil, ~36 μm diametrical 

clearance, with and without edge contact conditions and during start-stop wear tests 

Bearing 869 with PAI + MoS2 overlay showed the best performance. 
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6. Future work 
 

Experimental lab testing is performed in this study for evaluation of friction and wear 

performance under normal and edge contact conditions. 

In future, the following investigations could be carried out to support the findings obtained 

in this study: 

• Evaluation of long duration performance of the tested journal bearings with various 

overlays and with different shaft surface textures to study the evolution of friction 

and wear. 

• Study the surface interaction variation between the bearings and the shaft surface 

without misalignment and with varying degrees of misalignment simulating edge 

contact conditions. 

• Testing with realistic loads under fired engine tests and real time conditions. 
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Appendix 
 

A.1. MATLAB Code to plot Striebeck sweeps 

clc; 

clear all; 

  

A = xlsread(filename); 

  

%% 

Load = 2000;     %(N) 

Temp = 80;       %(°C) 

Discr = 53.01/2; % mm 

  

Time=A(:,1); 

SpeedII = A(:,8)*Discr*2*pi/(1000*60); 

Rot = A(:,8); 

Torque = A(:,9); 

Temp = A(:,7); 

BBT = A(:,12); 

  

Fric = A(:,4); 

Fric2=Fric; 

Time2=Time; 

k=0; 

  

Wait = 

[2033,2418,2803,3188,3573,3958,4343,4728,5113,5498,5883,6268,6653,7038,7423,7808,819

3,8578,8963,9348]; 

Times = [0,29,23,28,25,22,22,19,17,17,15,16,16,17]; 

Steps = length(Times); 

Repeats = length(Wait); 

PlotSer = length(Times); 

InVard = 10; 

  

%LOOP 

Tid=0; 

K=0; 

l=0; 

S=0; 

  

for i = 1:Repeats(1) 

  

    Tid2 = 0; 

     

    for j = 1:Steps(1) 

        Tid2 = Times(j)+Tid2; 

        PointsA(i,j) = Wait(i)+Tid2; 

        l = i*Steps-(Steps-1); 

     

        for k=1:InVard(1) 

            Vekt(j+l-1,k)=PointsA(i,j)+k; 

        end 

    end 

     

    Vekt(((Steps*(i-1)+1):(Steps*(i-1)+14)),:) = flipud(Vekt(((Steps*(i-

1)+1):(Steps*(i-1)+14)),:)); 

     

end 

  

F = Fric(Vekt); 

MFricE = mean(F,2); 

  

E = SpeedII(Vekt)*(-1); 

MEntrain = mean(E,2); 
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H = Rot(Vekt)*(-1); 

Hmean = mean(H,2); 

  

T = Temp(Vekt); 

Tmean = mean(T,2); 

  

BRGT = BBT(Vekt); 

BBTmean = mean(BRGT,2); 

  

Hersey = Hmean*0.0013*802*3.14*0.05301/(60*Load); 

  

S = Time(Vekt); 

  

Rot_2 = Rot(Vekt); %rotational speed 

 

%Plots %Speed-Check 

  

for i = 1:20 

    fh=figure(i); 

    ah = axes('parent',fh); 

    plot (S',E'); 

    set(ah,'xlim',[Wait(i),Wait(i)+280]); 

end 

  

%Sweeps 

ah=figure(100); 

ah = axes('parent',ah); 

colorVec = hsv(10); 

  

ysvep1 = MFricE(1:14); 

semilogx(Hersey(1:14),ysvep1,'-b*','LineWidth',2); 

  

hold on; 

ysvep2 = MFricE(57:70); 

semilogx(Hersey(57:70),ysvep2, '-r*','LineWidth',2); 

  

hold on; 

ysvep3 = MFricE(141:154); 

semilogx(Hersey(141:154),ysvep3, '-g*','LineWidth',2); 

  

hold on; 

ysvep4 = MFricE(211:224); 

semilogx(Hersey(211:224),ysvep4, '-c*','LineWidth',2); 

  

hold on; 

ysvep5 = MFricE(253:266); 

semilogx(Hersey(253:266),ysvep5, '-m*','LineWidth',2); 

  

xlabel('\muN/P (viscosity*speed/load)','FontSize',13); ylabel('Friction 

coefficient','FontSize',13); 

legend('1st sweep','5th sweep','10th sweep','15th sweep','20th sweep'); 

set(gca,'FontSize',13) 

  

axes('position',[.55 .55 .32 .32]); 

  

x = size(Tmean,1); 

x1 = 1:x; 

  

box on 

plot(x1,Tmean,'b-',x1,BBTmean,'r-','LineWidth',3); 

xlabel('Time (min)','FontSize',13); ylabel('Temperature (°C)','FontSize',13); 

legend('Oil Temperature','Bearing Back temperature'); 

set(gca,'FontSize',13) 
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A.2. Repeatability check 
 

To check the repeatability of the tests and the reliability of the twin-disc equipment,  

3 new set of shafts and plain bearings were chosen. The bearings were subjected to 

standard test parameters for 20 Striebeck sweeps. From the Figure A-1, the repeatable 

performance of tests is shown. The percentage is calculated by taking the ratio of the 

maximum difference to the absolute value at that particular speed. At initial sweeps, the 

variation can be due to different initial running-in behaviour and adaptability. Whereas, 

at the final sweep, the variability is in an acceptable range, around 2%. 

 

 

Figure A-1: Striebeck sweeps for repeatability check  
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A.3. Individual friction performance graphs with misalignment 

  

  

  

Figure: Striebeck sweeps obtained during friction performance tests with misalignment 
(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr +SiC (f) 890 – Ag + Bi 
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A.4. Individual friction graphs during wear performance tests  

with misalignment 

  

  

  

Figure: Friction coefficient graphs obtained during wear test performance with misalignment 
(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr +SiC (f) 890 – Ag + Bi 
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A.5. Surface profiles before & after wear test under misalignment 

Inside and outside profile of the bearing at mid-section 

All the bearing profile measurements are done under free state of the bearing. 

 

 

 

Figure: Inside and outside of the bearing profiles at the mid-section before and after wear test 
(left-right) (a) plain bearing (b) 867 - Polymer (c) 868 - MoS2 (d) 869 - PAI + MoS2 (e) 870 – PAI + Gr +SiC (f) 890 – Ag + Bi 
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Shaft profiles before and after wear test at 3 locations 

 

Figure: (Left) Shaft profile before wear test (Right) Shaft profile after wear test 

 


