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Sammanfattning 

På grund av skärpta miljökrav för tunga lastbilar och bussar ökar kraven på motorns 

komponenter. En av dessa komponenter är radialglidlager som används på många platser i 

motorn. Implementering av start-stoppsystem i en lastbilsmotor leder till att vevaxellagren slits 

ut i förtid. 

Ett radialglidlager är ett glidlager med ett kontant tillflöde av olja. När axeln börjar rotera skapas 

det en oljefilm mellan lagerytan och axeln. När rotationshastigheten är tillräckligt hög bär 

oljefilmen lasten och separerar axeln och lagerytan. Då har det bildats en fullfilm. Under start 

och stopp passerar lagret genom smörjregimerna gränsskiktssmörjning och blandsmörjning. 

Ökningen av start och stopp leder till en stor ökning av tiden som lagret upplever gränsskikts- 

och blandsmörjning. Under dessa regimer är axeln och lagerytan i kontakt vilket leder till 

nötning. 

Detta examensarbete har jämfört två nya material från Höganäs AB med ett existerande lager 

som referens. De två nya materialen påsvetsades på lagerskålar och skickades till Scania för att 

slipas och testas. Tanken var att använda en start-stopprigg på KTH som simulerar start-

stoppcykler. Till att börja med kördes referenslagren i riggen, men när lagerskålarna med de nya 

materialen levererades visade det sig att de inte passade i testriggen. Detta innebar att en ny 

testmetod behövdes tas fram med kort varsel och valet föll på en reciprocerande tribometer på 

Scania. 

Tribometern var tvungen att modifieras för att proverna skulle passa. Fem test med varje material 

utfördes. Varje test tog 60 minuter, förutom ett långtidstest som kördes under 600 minuter. 

Resultaten visade att materialet kallat ”S”, vilket inkorporerade ett fast smörjmedel, hade en 

friktionskoefficient som liknade referensmaterialets, men producerade mindre nötning och 

klarade av en högre last. 

Examensarbetet har också kunnat påvisa att start-stoppriggen på KTH fungerar väl och kan 

leverera konsekventa resultat. 

Nyckelord: Glidlager, nötning, start stopp, fullfilmssmörjning
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Abstract 

Increasing demands for lower emissions from heavy trucks and buses creates new demands on 

the components in the engine. One such component is the journal bearing which is used at many 

positions in the engine. Implementing a start-stop system in a truck engine leads to that the 

crankshaft journal bearing gets worn out too quickly. 

A journal bearing is a sliding bearing with a constant flow of oil. When the journal starts rotating 

an oil film is formed between the bearing and the journal, separating the journal from the bearing 

surface when the rotational speed is high enough. When this happens a hydrodynamic oil film is 

formed. During start and stop the bearing and journal passes through boundary and mixed 

lubrication regimes. The increase in starts and stops leads to a vast increase in the time that the 

bearing is experiencing boundary and mixed lubrication. During these regimes the journal comes 

in contact with the bearing surface and eventually leads to wear. 

This thesis has compared two new materials provided by Höganäs AB with an existing bearing 

as a reference material. The new materials were laser cladded onto bearing shells and sent to 

Scania for grinding and testing. The thought was to use a start-stop test rig at KTH that simulates 

start-stop cycles. The reference bearings were first run in the test rig, but when the shells with the 

new materials arrived it turned out that they would not fit in the test rig. This created the need for 

a new test method on a short notice and a reciprocating tribometer at Scania was chosen. 

The tribometer underwent a number of modifications to be able to fit the samples. Five tests with 

each new material and the reference material were carried out. The tests ran for 60 minutes 

except for a long term test that ran for 600 minutes. The results showed that the material 

designated “S”, which had a solid lubricant, had a coefficient of friction similar to the reference 

material, but produced less wear and could handle a higher load. 

The thesis has also proved that the start-stop test rig at KTH works well and can deliver reliable 

results. 

Keywords: Sliding bearing, wear, start-stop, hydrodynamic lubrication 
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NOMENCLATURE 

Here are the Notations, abbreviations and software that are used in this Master thesis. 

Notations 

Symbol Description 

C Radial clearance between shaft and housing [m] 

c Diametrical clearance [m] 

D Diameter [m] 

d Overlapping wear depth [m]  

F Load [N] 

Ff Friction force [N] 

F0 Dimensionless load [-] 

L Bearing length [m] 

Mf Friction torque [Nm] 

N Speed of the shaft [rev/s] 

P Pressure (load per unit of projected bearing area) [Pa] 

R Radius of journal [m] 

Rq Root mean square roughness [m] 

S Sommerfeld number [-] 

u Dynamic viscosity [Pa·s] 

V Wear volume [m
3
] 

v Peripheral speed [m/s] 

ε Eccentricity ratio [-] 

µ Friction coefficient [-] 

ν Kinematic viscosity [m
2
/s] 

η Dynamic viscosity [Ns/m
2
] 

ρ Density [kg/m
3
] 

Abbreviations 

KTH Royal Institute of Technology (Kungliga Tekniska Högskolan) 

MSc Master of Science 

CMM Coordinate Measuring Machine 

SEM Scanning Electron Microscope 

HAZ Heat Affected Zone 

RT Reciprocating Tribometer 
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Software 

MATLAB 

LabVIEW 
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 1  INTRODUCTION 

This chapter describes the background, purpose, limitations and method of the thesis.   

1.1 Background 

This thesis project is a collaboration between Scania CV AB, Höganäs AB and KTH. To 

decrease the environmental impact of heavy vehicles there is a need to implement hybrid 

drivelines. This means that one or more electric motors are supported by a traditional 

combustion engine. Hybridization leads to a large increase in the number of starts and stops of 

the combustion engine. For a city bus this means that the engine starts and stops hundreds of 

times during a normal day. 

Engines of today use traditional hydrodynamic journal bearings e.g. for the crankshaft. These 

bearings usually have a contact surface made of materials containing lead. A more detailed 

description of the journal bearing can be found in chapter two. 

In cars a start-stop system can be implemented without concerns about the durability of the 

journal bearings. However, in trucks and buses the forces acting on the bearings are much 

greater and this results in a significant reduction of the journal bearing life, when utilising a 

start-stop system. According to Scania (Hammerström, 2015) the crankshaft bearing of today 

cannot manage the required lifetime when exposed to a start-stop engine cycle. This means 

that new bearing materials with increased wear resistance have to be found. The requirement 

is that the driveline of a city bus has to withstand one million start-stop during its lifetime, 

meaning that the bearings also have to handle this. It is also desirable to find materials that are 

free from lead. The reason for using lead in the contact surface of bearings is due to its high 

embeddability (Sölvason, 2015), which is a measure of how good a material is at embedding 

particles. High embeddability means that the material is good at implanting particles which is 

desirable in a bearing. Particles floating around in the oil can damage the journal.  

The topic is highly interesting and very present in today’s development of new bearings with 

higher wear resistance and increased lifetime. Scania has not performed this type of testing 

and analysis of new materials earlier and the outcome of the project could have a potential 

impact on future technology development. 

1.2 Purpose 

Scania would like to evaluate new nearing materials for sliding bearings in a combustion 

engine. The purpose of this thesis work is to test new possible materials for sliding bearings 

and compare the results with results from tests with the existing bearing material. The testing 

shall consist of wear and friction measurements. It shall also be investigated how well the 

materials handle higher loads and what effect this has on the wear. The purpose is also to 

evaluate the start-stop test rig and prove that it can produce repeatable wear during conditions 

resembling those of a truck engine. 

1.3 Delimitations 

The main limitation of this project is time. The project is limited to 800 hours, equal to 20 

weeks. The time limitation mainly affects the number of samples that are tested and analysed. 

Another limitation is the number of materials and amount of samples that Höganäs can 

provide. The amount of testing that can be performed depends on how many samples of each 
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material that are available. The goal is three materials and ten samples of each material. The 

bearings used as a reference are the same bearings found in the balance shaft module of the 

Scania DL5 engine. 

1.4 Method 

The project started with a planning phase. During this phase the structure and definition of the 

project was developed. A time schedule was constructed as a Gantt chart and updated along 

the way. A risk assessment was also performed, where all possible risks were noted through 

brainstorming. The risks and their consequences were assessed in a table and action plans 

developed for the risks with highest likeliness or most severe consequence. 

During the planning phase the background study began with literature search and discussions 

with persons involved in the development of the test rig or in the field of sliding bearings. It 

also involved getting to know the test rig and performing smaller test runs. The background 

study continued after the planning phase, which ended with a planning seminar. This was the 

start of the implementation phase. 

The implementation phase consisted of test runs in the test rig, both with the existing material 

and the new materials. The tested samples were then taken to Scania where measurements and 

analysis of the wear were performed. It also included writing of the report and a visit to 

Höganäs. 
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2  FRAME OF REFERENCE 

In this chapter the existing knowledge and previous research on the subject is summarised. 

The reference frame presents the information necessary for the research. 

2.1 Journal bearings 

Sliding bearings are very common in today’s society due to their high reliability and low cost. 

In their simplest form it is only a bored hole that constrains the movement of a journal (shaft) 

and at the same time easing its rotation. This is called a journal bearing and it can be 

lubricated with grease, oil or using a filler material (e.g. graphite and PTFE). Filler materials 

are used in plastic bearings to generate a dry lubricating film, which increases the material 

compatibility (Scott, 2015). As long as the loads and speeds are low, these bearings are 

proven to work well and at a low cost. With higher loads and/or speeds the need for more 

efficient lubrication greatly increases. A solution to this is the hydrodynamic journal bearing, 

which is the kind studied in this project.  

Hydrodynamic lubrication can be explained by referring to aquaplaning. When there is a lot 

of water on the road, the water gets forced into the area of contact between tire and road. 

When the pressure from the water gets high enough the contact is lost. The difference 

between aquaplaning and hydrodynamic lubrication is that aquaplaning depends on the speed, 

while hydrodynamic lubrication depends on the load. For the hydrodynamic regime to exist, 

three requirements have to be fulfilled. The first requirement is that the surfaces have to 

converge, i.e. they have to create a wedge. Secondly, there has to be a relative motion 

between the surfaces. Thirdly, a viscous fluid has to be present (Scott, 2015). 

The general function of a hydrodynamic journal bearing is presented in Figure 1.  

 

 

 

Figure 1. The concept of a hydrodynamic journal bearing. The picture to the left shows the bearing at rest. In the 

picture in the middle the bearing is at start up and to the right it has reached steady state. 

If the journal starts to rotate in an anti-clockwise direction it will at start up move to the left. 

With increasing speed the oil will very soon create a “cushion” which carries the load. When 

the bearing has reached this steady state the journal will be located to the right instead 

(Khonsari and Booser, 2008, p. 201 and 205). This type of bearing requires a constant flow of 

oil, but the lubrication makes it possible to reach friction values as low as 0.001-0.008. At 

start up the friction is significantly higher, 0.1-0.25 (Khonsari and Booser, 2008, p. 255). 

2.1.1 Lubrication regimes 

When speaking about lubrication in bearings there are four types of lubrication. These types 

are called regimes and they are (Wang and Chung, 2013, p. 2110-2111): 

Sleeve (backing 
metal) 

Journal 

Bearing material 

Oil 
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 Boundary lubrication – adsorption of some oil molecules by the two surfaces creates a 

thin fluid film that allows a small separation of the surfaces for short periods of time. 

However, the surfaces are still said to be in contact since the separation is not large 

enough to prevent collision of the asperities. High friction and low velocity. 

 Mixed lubrication – the separation is greater due to the hydrodynamic effect which 

builds up a larger fluid film. The higher asperities are still in contact. The friction drops 

dramatically as the velocity increases. 

 Hydrodynamic lubrication – the formation of a full fluid film completely separates the 

surfaces and carries the load. The conformity of the surfaces creates a wedge and the 

increase in speed raises the pressure of the oil flowing through, separating the surfaces. 

 Elasto-hydrodynamic lubrication – a regime present when the contact surfaces are non-

conformal. Much like the hydrodynamic regime, but instead of a wedge there is a nearly 

parallel gap between the surfaces that the oil flows through.   

The first to document and present the regimes was Richard Stribeck, a German scientist. He 

presented the regimes as the curve given by plotting friction versus film thickness (Frene et 

al., 1997, p. 23). Today it is more common to use the Sommerfeld number instead of the film 

thickness. A typical Stribeck curve is shown in Figure 2. The Sommerfeld number is named 

after Arnold Sommerfeld, a German physicist, and is an important parameter when designing 

fluid bearings. The Sommerfeld number is defined in equation (1) (Khonsari and Booser, 

2008, p. 210). 

 

Figure 2. Illustration of lubrication regimes, a so called Stribeck curve. 

 
𝑆 = (

𝑅

𝐶
)
2 𝑢𝑁

𝑃
 (1) 

As mentioned earlier the film thickness is a very important parameter in a hydrodynamic 

journal bearing. As soon as the thickness is too small, the asperities of the two surfaces will 

collide and the friction and wear increase. On the other hand, when a stable film is formed, it 

can carry a very high load with minimum friction. 
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By using the equations below the minimum film thickness can be calculated for a specific 

load and speed. This is useful to determine whether the bearing can carry the required load or 

if the rotational speed is too low. A MATLAB code that utilises equations (2) to (6) can be 

found in Appendix E (Institutionen för maskinkonstruktion, 2008, p. 120). The dynamic 

viscosity is given by equation 2. 

 𝜂 = 𝜈 · 𝜌 (2) 

 

𝐹0 =

𝐹
𝐿

𝑣 · 𝜂
· (
𝑐

𝐷
)
2

 (3) 

 

 
𝜀 = 0.2 · ln (

𝐹0
0.3

· (1 +
𝐷2

𝐿2
)) (4) 

 ℎ0 = (1 − 𝜀) ·
𝑐

2
 (5) 

When the minimum film thickness, h0, is known, it is possible to determine the likeliness of 

hydrodynamic lubrication being present. It is done by calculating the dimensionless film 

parameter, Λ, see equation 6. 

 
𝛬 =

ℎ0

√𝑅𝑞1
2 + 𝑅𝑞2

2

 
(6) 

, where Rq  is the root mean square roughness. 

It is said that a fully developed hydrodynamic film is present when Λ reaches approximately 

3-4 (Tallian et al., 1965, p. 414). 

To get an indication whether the measured friction torque and friction coefficient correspond 

with the theoretical values presented earlier equation (7) to (9) are used (Someya, 1989, p. 4). 

The variables are illustrated in Figure 3. 

 𝐹𝑓 = 𝐹 · 𝜇 (7) 

 𝑀𝑓 = 𝐹𝑓 · 𝑅 (8) 

 
𝜇 =

𝑀𝑓

𝑅 · 𝐹
 (9) 
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Figure 3. Illustration of forces acting on the journal. 

2.1.2 Bearings used in the project 

As previously mentioned the bearings used in the project are the same kind as found in the 

balance shaft module of the Scania DL5 engine. They are of a type called bimetal half bearing 

and consist of a shell with a steel sleeve and an aluminium bearing material, see Figure 4. The 

steel backing is essential to ensure that the strength of the bearing is enough to provide a good 

back contact between the housing and bearing. The back contact is attained through a press fit 

(George and Brock, 2012, p. 3) When two shells are pressed together they form a journal 

bearing. 

 

Figure 4. Structure of a bimetal bearing (George and Brock, 2012, p. 3). 

In the bearings from the balance shaft of a Scania DL5 engine the intermediate layer is made 

of pure aluminium. The lining material is for instance tin. 

Due to that oil has to be transferred from one end of the balance shaft to the other there are 

two types of bearing shells. At the end where the oil is supplied the shells have a hole and a 

groove in them. This allows for the oil to be delivered through the bearing housing and into 

the clearance between the shaft and the bearing. Since the balance shaft has a channel in it 

with holes at each end the oil can be transported in the shaft and distributed to the other 

bearings. Therefore, the bearing shells in the other end do not need any holes or grooves. The 

two types of shells are shown in Figure 5. 
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Figure 5. The two types of bearing shells. 

2.2 Start-stop test rig 

One of the test rigs used in this project was built as an MSc project during the spring of 2014. 

It is owned by Scania and situated at KTH. The test rig provides the possibility of performing 

a high number of start-stop cycles with varying load (0-5000 N), oil temperature and pressure 

and duty cycles. Parameters recorded are friction torque, speed, time, load, oil pressure and oil 

temperature. The overall design of the test rig is shown in Figure 6 and Figure 7. 
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Figure 6. The journal bearing test rig (Sölvason and Gralde, 2014, front page). 

 

Loading mechanism 

Bearing housing (hidden 
by a splash cover) 
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Figure 7. The test rig without the splash cover.  

The test rig consists of a servo motor that powers a shaft through a gearbox. The shaft is held 

by two support bearings. A sleeve, see Figure 8, is mounted at the end of the shaft. The sleeve 

acts as the journal in the bearing and makes it possible to alter the material and surface 

parameters. Oil is supplied to the bearing through an oil system driven by an electric pump. 

Sensors in the oil system records temperature and pressure.  



10 

 

 

Figure 8. The sleeve. 

The bearing shells are positioned in the housing, shown in Figure 9, and connected to the 

loading mechanism. During this project the upper bearing shell is of the type with hole and 

groove and the lower bearing shell is of the type without hole and groove. 

 

Figure 9. The bearing housing with bearing shells (Sölvason and Gralde, 2014, p. 22). 
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Figure 10. The bearing housing mounted in the test rig.  

The loading mechanism applies a force on the bearing housing through a lever arm which is 

tightened by a spring resulting in the bearing housing being pulled upwards. In this way the 

bearing is loaded in the same way as if the load is applied on the shaft. This means that the 

bearing is loaded in the radial direction of the shaft and the lower bearing shell will 

experience the most wear. The wear on the upper shell is negligible and this shell can be used 

for several tests and will not be measured or analysed.  

Due to unexpected heat losses it is not possible to get a higher oil temperature than 72 °C at a 

pressure of 4.2 bar. At lower pressures the maximum temperature is decreased even further 

(Sölvason and Gralde, 2014, p. 63). 

2.3 Reciprocating tribometer 

The other test rig used in this project was a reciprocating tribometer, RT. It is a machine that 

produces wear and measures friction. It uses an oscillating movement where a pin or a ball 

moves across a plate. Both the plate and the pin or ball can be the sample item. It is possible 

to lubricate the contact, both by drip lubrication and oil bath. The variable parameters are 

normal force, frequency, amplitude, temperature and time (Thibblin, 2009, p. 2-3). The RT 

located at Scania is a Cameron-Plint TE77 and it is illustrated in Figure 11.  
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Figure 11. The RT located at Scania, a Cameron-Plint TE77. The red arrow shows the testing area. 

The RT at Scania can apply a load of 1000 N and the friction force measuring has a resolution 

of 0.001 N. It consists of an electric motor that powers an arm through a gearbox which 

produces an oscillating movement. A closer look at what a test arrangement can look like is 

shown in Figure 12. 

 

Figure 12. Close up of a typical setup in the RT. In this case for testing piston rings against a cylinder liner. The 

load is applied through the silver coloured bracket (Thibblin, 2009, p. 3). 

The data is acquired and presented on a laptop through a software called LabVIEW. The 

friction data is also displayed directly on a monitor at the control panel. 
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2.4 Laser cladding 

Laser cladding is a multidisciplinary technology that combines laser technology, computer-

aided design and manufacturing, sensors, robotics and powder metallurgy. The technique uses 

a laser as a heat source to deposit a thin layer of a specific material onto a substrate. The 

material is deposited on the substrate by one of the following methods: powder injection, pre-

placed powder on the substrate, paste feeding or wire feeding. The methods are also shown in 

Figure 13. It has turned out that laser cladding by powder injection is the most effective 

(Toyserkani et al., 2005, p. 17) and it is the method used in this project. 

 

Figure 13. Different laser cladding methods. a) pre-placed powder, b) paste feeding, c) wire feeding and d) 

powder injection (Toyserkani et al., 2005, p. 16). 

Using powder injection means that the laser beam melts the powder particles and a thin layer 

of the moving substrate, depositing a layer of the powder particles on the surface of the 

substrate. A large variety of materials can be deposited in this way and the thickness of the 

cladded layer ranges from 0.05 to 2 mm. The width can be as narrow as 0.4 mm (Toyserkani 

et al., 2005, p. 1). 

There are a number of advantages with laser cladding compared to other surface material 

processing methods (Toyserkani et al., 2005, p. 14-15): 

 Reduced dilution – low mixing percentage of the substrate into the clad region 

 Improved wear resistance 

 Reduction in thermal distortion 

 Reduction in porosity 

 Improved process-control 

 Reduced time and cost for post-cladding machining 

A very important advantage with laser cladding is the reduction in dilution. In regular welding 

the dilution ranges from roughly 10 to above 50% depending on the method used. For laser 

cladding the levels are instead around 5 %. This means that the applied powder contains low 

amounts of the substrate. The dilution can be decreased further by applying two or more 

layers. 



14 

 

Another important advantage is the small size of the heat affected zone, HAZ. Since the laser 

beam can be very concentrated only a very small portion of the substrate is being heated. The 

HAZ is therefore smaller than for regular welding which leaves a greater part of the substrate 

unaffected. Heating the substrate can alter the structure of it and decrease e.g. the strength.  

2.5 Surface texture and roughness 

A surface may seem flat and smooth, but when it is magnified it turns out that the surface is 

full of peaks and valleys. It is almost impossible to create a perfectly smooth surface, but the 

peaks and valleys can be made as small as possible. During manufacturing different methods 

create different surface textures and the manufacturing cost depends partially on what texture 

and level of roughness is required (Degarmo et al., 2003, p. 223, 226-227).  

Surface texture defines the nature of a surface through three characteristics; lay, surface 

roughness and waviness. Lay defines the direction of the prime surface pattern, a pattern that 

usually is set by the manufacturing method. Surface roughness is more often referred to as 

roughness or surface finish. It is a measure of the finely spaced irregularities on the surface. 

Waviness measures the irregularities with a larger spacing than the ones measured in 

roughness (Degarmo et al., 2003, p. 223). 

Surface texture can be measured using both contact and non-contact methods. Using a contact 

method means that a profilometer is used to measure the texture. It is done by dragging a 

stylus over the surface. Non-contact methods are e.g. electron microscopy, interferometry and 

confocal microscopy (Degarmo et al., 2003, p. 223-224). 

When using microscopy for studying surfaces it is sometimes convenient to make a casting of 

the relevant surface. This is suitable for larger components that will not fit in the microscope 

or components that cannot be removed. For this type of examination a casting mass is used. 

The surface of interest is casted and the mould can then be put into the microscope. When the 

picture is inverted the properties of the surface can be studied. Creating a mould of the surface 

is also a practical way of storing the information. Instead of measuring the whole surface and 

storing the data, generating large data amounts requiring big storage space, all information is 

stored in just one mould.  

The most common and relevant roughness parameters are presented in Figure 14 to Figure 17 

and Table 1.  

 

Figure 14. Graph showing the definition of the Ra value (Jenoptik, 2008, p. 6). 
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Figure 15. Graph showing the definition of Rk, Rpk and Rvk (Jenoptik, 2008, p. 9). 

 

 

Figure 16. Graph showing the definition of Rz and Rt (Jenoptik, 2008, p. 6). 

 

Figure 17. Graph showing the definition of Rmr (Jenoptik, 2008, p. 9). 
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Table 1. Roughness parameters (Jenoptik, 2008, p. 6-9). 

Symbol Name Description 

Ra Arithmetical mean deviation Average of z 

Rq Root mean square roughness Standard deviation of z 

Rv Maximum depth of valleys Minimum z 

Rp Maximum height of peaks Maximum z 

Rt Total height of profile Sum of the highest peak and deepest valley 

Rmr Material ratio of the profile 
The ratio between the total material length for a 

section height, c, and the evaluation length. 

Rz Maximum height of profile Average value of the Rzi values 

Rk Core roughness depth 
A measure of the core roughness of the surface, 

with the predominant peaks and valleys removed. 

Rpk Reduced peak height Mean height of the peaks not being part of the core 

Rvk Reduced valley depth Mean depth of the valleys not being part of the core 

When examining a surface of a component it is also relevant to study the surface of the part 

that the component has been in contact with. The reason is that it makes it easier to trace e.g. 

particles or scratches and see where they have come from. This means that both the surface of 

the bearing shells and the surface of the sleeve is examined.  

2.6 Measuring bearing wear 

To measure the wear of a bearing shell, a method has been developed by Christer Spiegelberg 

at Scania (Spiegelberg, 2013). The method is to use a coordinate measuring machine, CMM, 

that traces the front and backside of the bearing shell, in the radial direction, see Figure 18 and 

Figure 19. A suitable number of traces, with different axial positions, are made and the data 

from each trace is stored in an IGES-file. Usually four or five traces are used. Measurements 

are made before and after the bearing is subjected to wear. 

 

Figure 18. Illustration of traces that the CMM follows (Spiegelberg, 2013, slide 4). 
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Figure 19. The figure shows how the coordinate system and shell angle are defined for the measuring of the 

bearing wear (Spiegelberg, 2013, slide 5). 

A MATLAB program then reads the files and evaluates the wear by calculating the difference 

in thickness between the worn and unworn shell. The evaluation results in a calculated wear 

height along each trace, the wear volume, V, and the overlapping wear depth, d, see Figure 20. 

The latter is the depth of the overlapping volume that would be created if an ideal journal 

could be pushed into the bearing shell without the journal being deformed. 

 

Figure 20. Wear volume and overlapping wear depth. 

The results are both plotted and printed in the MATLAB command window. An example of 

the plotting is shown in Figure 21 and Figure 22. 

Journal radius, R 

Wear volume, V 

Overlapping 
wear depth, d 
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Figure 21. Example of wear height plot. Each line represents a trace along the inside of the bearing shell. The 

wear height is plotted as a function of the shell angle. 

 

 

Figure 22. Example of worn volume plot.  

The method has a precision of +/-0.5 mm
3
 for the wear volume and +/-0.2 µm for the 

overlapping wear depth. However, it is worth noting that the volume calculation is not the 

actual volume, but a calculated volume. Neither are surface artefacts between the measured 

traces captured (Spiegelberg, 2013). 



19 

 

2.7 Scanning electron microscope, SEM 

The SEM is of great importance to scientific research. The reason is its high resolution 

compared to the light microscope, the SEM has more than a thousand times higher resolution. 

This is one of the reasons why it is possible to analyse microstructure morphology and 

chemical composition with a SEM (Wang and Petrova, 2012, p. 103).  

The principle of a SEM was developed during the 1930s and meant replacing the light source 

in the light microscope with a high-energy electron beam. One of the first SEM was 

constructed in 1948 and had a resolution of 50 nm. The performance has increased since then 

and today it is possible to achieve a resolution of less than 1 nm and a magnification of 

500 000 times (Wang and Petrova, 2012, p. 104). Design and function of a SEM is presented 

in Figure 23. 

 

Figure 23. Design of a SEM (Atteberry, 2009, p. 3). 

The basic principle of a SEM is that the electron gun at the top emits a beam of electrons 

towards the anode. Since there is a hole in the anode the beam continues downwards and 

passes through lenses, which are magnets focusing the beam, and finally hits the sample. 

Different types of detectors record the signals produced by the interaction between the 

electrons and the sample. The three most common detectors are secondary, backscatter and x-

ray detector. 

 The secondary detector detects secondary electrons, which have a low energy. Since 

they have a low energy they originate from very close to the surface of the sample, as 

close as within a couple of nanometres. 

 The backscatter detector is used to detect the high energy electrons from the electron 

beam that have been reflected by the sample. Due to that heavy atoms, with a high 

atomic number, reflects electrons more strongly than light atoms, the heavier atoms 

appear with a greater brightness in the picture. The backscatter detector is therefore 

often used to detect the contrast between areas of different chemical structure.   
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 The x-ray detector can identify the x-rays created by the interaction between the 

electrons and the sample. With this detector it is possible to detect what elements that 

are present in an area. 

The signals are processed by a computer and presented as an image. By increasing the 

strength of the electron beam the electrons will penetrate deeper into the sample, thereby 

creating the possibility of altering which depth of the sample that is shown in the image. 

Everything is kept in a vacuum chamber to prevent the electrons from colliding with any 

particles in the air (Wang and Petrova, 2012, p. 111). 
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3  METHODOLOGY 

This chapter describes the working process. The methodology refers to the structured process 

that the researcher uses to reach the goals of the project. 

3.1 Test procedure 

This section describes the test procedure of the start-stop test rig and the reciprocating 

tribometer. 

3.1.1 Start-stop test rig 

To provide a basis for the development of the test procedure a number of test runs were 

carried out. This was to get to know the test rig and evaluate how the oil temperature and 

pressure settings conformed to the actual values and how they were affected during a run. It 

was also relevant to find out for how long a test had to run before a repeatable wear was 

achieved. Simultaneously discussions were held to decide what to focus on and which test 

cycle that was most suitable. The MSc students who built the test rig have previously proven 

that the repeatability of it is good (Sölvason and Gralde, 2014, p. 63). However, at the end of 

their evaluation one of the support bearings broke and it was therefore necessary to once again 

prove the repeatability. The test cycle decided on is presented in Table 2 and Figure 24. This 

test cycle is made to resemble a live truck engine as closely as possible. 

Table 2. Test cycle. 

Oil temperature [°C] 60 

Oil pressure [bar] 0.9 

Load [N] 5000 

Low speed [rpm] 0 

High speed [rpm] 700 

Time interval at low speed [s] 1.8 

Acceleration to high speed [s] 0.4 

Time interval at high speed [s] 1.8 

Deceleration to low speed [s] 0.4 

Number of cycles [-] 3000 

Total test time [h] 3.67 
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Figure 24. Visual representation of a test cycle. 

The reason for choosing an oil temperature of 60 °C is that the heat losses in the test rig are 

too high, as explained in the previous chapter. A more realistic scenario is to run the tests at 

90 °C, but this is not possible with the current test rig design. 

Due to that the test rig lacks an automated control of the oil pressure, the speed of the oil 

pump has to be manually increased during the tests. As the oil heats up its viscosity decreases 

and a higher pump speed is required to maintain the desired pressure.  

The normal oil pressure in a truck engine is usually 1.8 bar. When the engine stops the 

pressure drops to close to zero almost immediately and when it starts there is a small time 

period before the pressure has built up. Since the oil pressure in the test rig is kept constant a 

pressure level of 0.9 bar (50 % of the normal pressure) is used to simulate the lack of pressure 

at start and stop. 

When it was proved that the test rig could produce wear and a suitable test procedure had 

been developed the wear tests with the reference material commenced. A total of ten tests 

were performed. To produce samples with new materials a number of reference bearings were 

sent to the workshop at Scania. The workshop milled away the bearing material, leaving only 

the steel substrate. These substrates were then sent to Höganäs who in turn sent them to a 

company in Germany that performed the laser cladding with two materials, denoted “S” and 

“U”. Material “S” is nickel based with a solid lubricant and material “U” is nickel based but 

with a greater hardness. 

3.1.2 Reciprocating tribometer 

When the samples with the new materials arrived from Germany, via Höganäs, they were first 

sent to the workshop for grinding to acquire the correct dimensions. The plan was then to 

subject them to the same wear tests as the reference material. However, when the samples 

with the new material arrived to the workshop it turned out that the shrinkage caused by the 

laser cladding process was too big. The shrinkage occurred due to that the thin substrate 

became very warm during the cladding process. During cool down the shell “folded” itself, 

making the diameter smaller. The result was that the samples were unable to fit in the fixture 

and thus could not be grinded properly. Thereby it was not possible to subject the samples to 

the intended wear tests. 

An alternative plan was developed that instead of using the test rig at KTH incorporated a 

reciprocating tribometer at Scania. The samples with the new materials were cut into strips, 

approximately 10 mm wide, and manually grinded and polished until a flat surface along the 

centre of the strip was acquired. By modifying a machine vice the strips from the samples 

could be fitted in the RT and tested using the ball from a ball bearing. This creates a point 
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contact instead of a line contact, but no other option was available. A small amount of oil was 

placed on the strips to ensure a lubricated contact. The test ran for 60 minutes with different 

loads, an amplitude of 12.9 mm and a frequency of 9 Hz. One long-term test with each 

material was also performed. 

In addition to the strips with the new materials, five strips with the reference material were 

also created. The reason was to have reference data to compare the new materials with.  

Four of the samples with the reference material for the start-stop test rig and all of the samples 

with the new materials and reference material for the tribometer were cleaned using ultrasonic 

cleaning and weighed before and after the tests. It would of course have been desirable if all 

the samples with the reference material had been weighted but unfortunately this was not the 

case. 

3.1.3 Repeatability of the start-stop test rig 

To ensure the repeatability of the test rig a number of test runs were performed. They aimed 

primarily on establishing that the test rig could produce wear within a reasonable time span 

and to gain knowledge of what settings to use. Samples were measured at Scania to ensure 

that sufficient wear had been produced. 

3.1.4 Wear tests in the start-stop test rig 

A test begins with the mounting of the bearing and sleeve in the bearing housing. The housing 

is then placed onto the shaft and connected to the loading mechanism through a load cell. The 

sleeve is secured on the shaft with a key and a locking nut. Then the oil supply is connected 

and the spring in the loading mechanism is tightened to apply a force of 5000 N on the 

housing. Next, the friction sensor is connected to the housing and the splash cover put in 

place. When the door to the test cell is closed the software can be initialised and the heating of 

the oil activated. 

The oil is heated for 40 minutes without any circulation by the oil pump. Thereafter the pump 

speed is set to 10 % and the oil is circulated for 20 min. The heating is still activated and will 

be so until the test is finished. The test run is then started and during the majority of the test 

run the speed of the oil pump is adjusted to maintain the correct oil pressure. When the test 

run is finished, the preparation steps are repeated, but in the opposite way, and the bearing 

dismantled. In total each wear test takes five hours and 40 minutes to complete, see Table 3.  

Table 3. Overview of the time consumption for one test run. 

Activity Duration [h:min] 

Preparation (inspection, sample preparation, mounting) 0:30 

Heating  0:40 

Heating with oil circulating 0:20 

Test run 3:40 

Termination (dismantling, inspection) 0:30 

Total time 5:40 

3.2 Measurements and inspections 

Both during and after testing different measurements and inspections are carried out. These 

are presented in the following paragraphs.  
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3.2.1 Friction, load, temperature and pressure 

The friction torque is measured through a sensor and recorded by the software. A MATLAB 

program is used to process the data from the tests and plot the torque and force. The same 

applies to the load on the bearing and the temperature and pressure of the oil. 

Since the samples with the new materials could not be subjected to the same wear test as the 

shells with the reference material, there is a difference in the acquired data. From the 

tribometer friction force and load is obtained, but not the pressure and temperature of the oil. 

This is because of the lack of an oil system.  

3.2.2 Wear 

The wear of the bearing is measured according to the method described in the previous 

chapter. All the measuring of wear is performed by the measuring lab at Scania using a CMM. 

The traces measured are at distances z = -3, -7, -11, -16 and -20 mm. Weighing of the samples 

is conducted as a complement to the measurements and also gives a measure of the wear. The 

wear is also inspected visually using a SEM. The samples are cleaned using ultrasonic 

cleaning before all weighing and measuring. The samples with the new materials are only 

weighed since it was not possible to subject them to the method for measuring wear. 

3.2.3 Surface 

As mentioned previously the surfaces of the samples are inspected in the SEM. To get a better 

understanding of the topography a confocal microscope is used. All the samples are cut into 

smaller pieces to get a better view and processed in the two microscopes. The pictures are 

compared to find any characterizing properties or irregularities.  By making a mould of a 

portion of the surface of the sleeves, using casting mass and when all the tests are done, the 

surfaces can also be inspected in the confocal microscope and SEM. Since the samples with 

the new materials could not be used in the test rig, only the sleeve from the reference tests was 

moulded. 

3.3 Improvements to the start-stop test rig and 
reciprocating tribometer 

In the beginning of the project some modifications were made to the start-stop test rig. The 

first thing was to drill a hole in the bottom of the electric cabinet. This was to make it possible 

to close the door to the cabinet. Previously a network cable had prevented the door from 

closing, but now the cable could be inserted through the hole instead. Secondly an increase in 

the isolation of the oil system was added. It meant isolating the flexible hose transporting the 

oil to the bearing house and some uninsulated couplings. The reason for the increase in 

isolation was to minimize the heat loss in the oil. Thirdly a guide hole in the loading 

mechanism was given a larger diameter to prevent the threaded rod from getting stuck. This 

made it easier to calibrate the loading mechanism. 

When it was time to use the RT it turned out that the current setup was not suitable to fit the 

test samples. A machine vice was modified and fitted to the foundation of the RT’s test area 

by a metal plate. The modified test setup is shown in Figure 25 and Figure 26. 
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Figure 25. Test sample mounted in the vice, but without the loading mechanism. The red arrow shows the test 

sample. 

 

 

Figure 26. Test sample mounted in the vice and the loading mechanism in position. The red arrow shows the test 

sample. 

The RT also needed to undergo a risk assessment due to that it had not been used in a long 

time. This assessment revealed three main concerns that had to be addressed; installation of a 

residual current device, stickers warning of hot surfaces and a cover that protects the user 

from coming into contact with the outgoing shaft from the electric motor. These concerns 

were corrected before the testing started. Figure 27 shows the RT after the concerns had been 

corrected. 
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Figure 27. The RT after all modifications have been made. The red arrow shows the test area. 

3.4 Visit to Höganäs 

In the middle of the project a visit to Höganäs took place. It was a study visit to learn more 

about the company and their products. It was also to gain more knowledge about laser 

cladding since Höganäs have laser cladding equipment. The visit lasted for four days and 

involved both practical and theoretical activities. 
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4  RESULTS  

This chapter presents the results acquired through the methods described in the previous 

chapter. The results are compiled, analysed and compared with the theory presented in the 

frame of reference chapter. 

4.1 Friction measurements 

The paragraphs below handle the results from the friction measurements. The complied 

results, together with the scatter, are shown in Figure 28. 

 

Figure 28. Diagram showing the average friction values for each material together with the scatter. Material “S” 

shows the smallest scatter and thereby the most consistent friction value. 

4.1.1 Reference material samples 

The friction values given by the reciprocating tribometer are shown in Table 4.  

Table 4. Registered friction coefficient by the tribometer for the reference material. 

Sample Load [N] Duration [min] Friction coeff. [-] 

81 100 60 0.023 

82 45 60 0.011 

83 70 60 0.023 

84 110 60 0.033 

85 50 600 0.024 

Average - - 0.023 

The values in the table above correspond quite well with the values presented in chapter 2.1. 

A journal bearing has a friction coefficient of 0.1-0.25 at start up and down to 0.001 at steady 

state. In the friction test performed with the RT the ball sliding over the sample does not reach 

high enough sliding speeds to achieve full film lubrication. Instead the friction values indicate 

that the lubrication is in the area of mixed lubrication. Both sample 82 and 84 differ from the 

other three, but not to a large extent. 
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4.1.2 Material “S” samples 

The friction values given by the reciprocating tribometer are shown in Table 5.  

Table 5. Registered friction coefficient by the tribometer for material “S”. 

Sample Load [N] Duration [min] Friction coeff. [-] 

61 110 60 0.024 

62 250 60 0.028 

63 350 60 0.031 

64 50 600 0.025 

65 90 60 0.026 

Average - - 0.027 

The values above are quite similar to the values for the reference material. They are therefore 

realistic according to the same reasons as for the reference material. This is also supported by 

the fact that material “S” contains a solid lubricant, which should decrease the friction. The 

results are close to each other which indicates that the average value is representative. 

4.1.3 Material “U” samples 

The friction values given by the reciprocating tribometer are shown in Table 6.  

Table 6. Registered friction coefficient by the tribometer for material “U”. 

Sample Load [N] Duration [min] Friction coeff. [-] 

71 110 60 0.018 

72 150 60 0.061 

73 50 600 0.029 

74 90 60 0.026 

75 150 60 0.028 

Average - - 0.032 

The values for material “U” are a bit inconsistent in comparison to the other two materials. 

The average value is the highest of the materials. This is expected since this material is a 

metal without any lubricant or other lining material. The values are not extreme, except for 

sample number 72. The difference between sample 72 and 75 is vast, considering that they 

were run under the same conditions. This suggests that something interfered with the test of 

sample 72, especially since the other values are quite close to each other.  

Looking at the long term test runs show that the reference material produces the lowest 

friction and material “U” the highest, but the difference is small.  

4.2 Wear measurements 

In the following paragraphs the wear of the samples is presented. The wear is presented as the 

worn weight and the worn volume. The method for calculating the worn volume could not be 

applied to the samples run in the RT. These samples therefore lack this information. 

4.2.1 Reference material samples 

Figure shows a sample with the reference material after it has been subjected to the wear test 

in the RT. Table 8 presents the data from these tests.  
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Figure 29. Two samples with the reference material after test runs in the RT. Notice the “ploughing” traces. 

Table 7. The worn weight of each of the samples with the reference material. 

Sample number Load [N] Duration [min] Worn weight [g] 

81 100 60 0.0023 

82 45 60 0.0006 

83 70 60 0.0005 

84 110 60 0.0077 

85 50 600 0.0009 

Wear has taken place in all samples and it is clear that once the load increases above 70 N the 

wear increases. The long term test shows that as long as the load is kept at a fairly low level 

the wear is also kept at a minimum. Even though the wear is not extreme at higher loads the 

ploughing is quite severe. This means that there is a risk of the lining material being pushed 

away and the fictional journal reaching the aluminium bearing material too quickly. 

Figure 30 and Figure 31 show a reference bearing shell before and after a wear test in the 

start-stop test rig. The worn area can clearly be seen. Table 8 shows the data from the wear 

tests.  
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Figure 30. A reference bearing shell before a wear test. 

 

Figure 31. A reference bearing shell after a wear test. 

Table 8. The maximum wear height, worn volume and worn weight of each of the reference samples. 

Sample number Max. wear height [mm] Worn volume [mm
3
] Worn weight [g] 

50 0.032 18.2 - 

51 0.015 5.4 - 

52 0.008 3.2 - 

53 0.014 5.1 - 

54 0.012 5.9 - 

55 0.012 3.5 - 

56 0.015 4.1 0.002 

57 0.018 16.1 0.0055 

58 0.024 21.5 0.0073 

59 0.013 13.2 0.0046 

Average 0.016 9.6 0.0048 

It is obvious that a quite noticeable wear has occurred for all samples. Both the worn volume 

and the worn weight confirms wear. The worn volume ranges from 3.2 mm
3
 to 21.5 mm

3
 and 

it probably has to do with differences in the conditions surrounding the tests. The worn weight 

is however consequential.  

4.2.2 Material “S” samples 

Figure 32 shows a bearing shell laser cladded with material “S” and Figure 33 shows a cut 

and grinded piece from the same shell. Figure 34 shows a sample with material “S” after a test 

run in the RT. Table 9 presents the data from the tests in the RT. 
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Figure 32. Bearing shell laser cladded with material "S". 

 

 

Figure 33. Sample from the shell above, grinded until flat. Notice the pores. 

 

Figure 34. Sample with material “S” after a test run. Notice the smooth trace. 

Table 9. The worn weight and test conditions of each of the samples with material “S”. 

Sample number Load [N] Duration [min] Worn weight [g] 

61 110 60 0.0003 

62 250 60 0.0017 

63 350 60 0.0016 

64 50 600 0 

65 200 60 0.0002 
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The wear is kept at a very low level until the load is increased above 200 N. Material “S” 

works very well at lower loads, which is shown by the long term test. The wear is kept at a 

quite low level even at higher loads. 

4.2.3 Material “U” samples 

Figure 35 shows a bearing shell laser cladded with material “U” and Figure 36 shows a cut 

and grinded piece from the same shell. Figure 37 shows a sample with material “U” after a 

test run in the RT. Table 10 presents the data from the tests in the RT. 

 

Figure 35. Bearing shell laser cladded with material "U". 

 

Figure 36. Sample from the shell above, grinded until flat. Notice the pores. 

 

Figure 37. Sample with material “U” after a test run. Notice the rough trace. 
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Table 10. The worn weight and test conditions of each of the samples with material “U”. 

Sample number Load [N] Duration [min] Worn weight [g] 

71 110 60 0.0044 

72 150 60 0.024 

73 50 600 0.0005 

74 90 60 0.0001 

75 150 60 0.047 

Material “U” has a low level of wear until the load increases above 90 N. The wear then 

escalates quickly and reaches a high level at a load of 150 N. During the long term test the 

material handles quite well.  

4.3 Surface analysis 

The coming paragraphs presents the results from the surface analysis of the samples. The 

samples were analysed before and after the wear tests. 

4.3.1 Reference material samples 

Figure 38 and Figure 39 are pictures of a new and untested bearing shell with the reference 

material. The magnification is 100 in the first picture and 1200 in the second one. The power 

of the electron beam is 3 kV for the first picture and 20 kV for the second one. 

 

Figure 38. SEM picture of an untested bearing shell with the reference material, magnification 100. It is a fairly 

rough surface with longitudinal tracks. 
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Figure 39. SEM picture of an untested bearing shell with the reference material, magnification 1200. The 

roughness of the surface and the longitudinal tracks (yellow arrow) are very clear in this picture. The white 

islands (red arrow) are lining material. The diagonal tracks derive from small scratches that have occurred during 

transport and preparation of the sample.  

The figures below, Figure 40 and Figure 41, show an x-ray analysis of the surface in Figure 

39 above. The analysis is done along a randomly drawn line. The first picture displays a 

spectrum of the detected elements and the second picture how the spectrum propagates along 

the line scan. Aluminium and tin are the most frequent elements which is expected due to the 

composition of the intermediate bonding layer and lining material. 
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Figure 40. X-ray spectrum of a line scan of the untested reference sample. Aluminium is by far the most frequent 

element and tin the second most. Tin has particularly high concentrations where the aluminium has lower 

concentrations, which is expected. 

 

Figure 41. Picture showing the line scan and the x-ray spectrum along the scan. The colours correspond to the 

same materials as in the previous figure. In this picture it is clear that the white islands mainly consist of tin (red 

arrows).  

Figure 42 and Figure 43 below show typical SEM pictures of samples with the reference 

material after a test run in the RT. The magnification is 100 and the power of the electron 
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beam is 3 kV in the first figure and 1200 and 20 kV in the second figure. The “waves” in the 

first picture are not visible when increasing the power of the electron beam, which makes the 

electrons penetrate deeper into the material. This means that the “waves” are very superficial 

and most likely are remains from the oil film. Comparing Figure 38 and Figure 39 with Figure 

42 and Figure 43 clearly shows how the surface has been affected by the ball. The 

longitudinal tracks and the lining material (white islands) have been smeared. 

 

Figure 42. Picture from a SEM of sample 81. Notice the difference between the worn (red square) and unworn 

(yellow square) surfaces. The “waves” are traces of oil and the dots are embedded particles or residues from 

particles. 
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Figure 43. A picture of the same area as the figure above, but with a magnification of 1200. The lining material 

(white areas) is smeared out and the longitudinal tracks from Figure 39 are gone. 

In Appendix A the SEM pictures from the test runs in the start-stop test rig are collected. 

Comparing the pictures in Appendix A with Figure 38 and Figure 39 clearly shows how the 

surfaces have been worn. Instead of longitudinal tracks there are horizontal tracks and the 

lining material (white islands) has been smeared. Comparing the same pictures with Figure 42 

shows that the “waves” present in some pictures are superficial and most likely are remains 

from the oil film. The x-ray analysis along line scans from some samples are gathered in 

Appendix B. 

4.3.2 Material “S” samples 

Figure 44 shows a picture from the SEM of an untested sample with material “S”. The 

magnification is 1200 and the power of the electron beam is 20 kV. 
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Figure 44. The same area as in the figure above, but with a magnification of 1200. The scratches are from the 

grinding and the darker islands (red arrow) are the solid lubricant. 

Figure 45 and Figure 46 show the spectrum of the x-ray analysis of the surface in Figure 44. 

The first picture displays a spectrum of the detected elements and the second picture how the 

spectrum propagates along the line scan. 

 

Figure 45. X-ray spectrum of a line scan of an untested sample with material “S”. This suggests that the solid 

lubricant consists mainly of sulphur and manganese. 
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Figure 46. Picture showing the line scan and the x-ray spectrum along the scan. The colours correspond to the 

same materials as in the previous figure. 

An example of what a sample looks like after a test run is shown in Figure 47 and Figure 48. 

The magnification is 100 in the first figure and 1200 in the second one. The power is 20 kV in 

both pictures. The worn surface is smooth and without any scratches and few indents. It 

seems like the solid lubricant has been spread over the surface and all the marks from the 

grinding are gone. 
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Figure 47. Picture of the trace from the ball. Notice the relatively smooth transition between the worn area (red 

square) and the unworn area (yellow square). 

 

Figure 48. A magnified picture of the figure above. The surface is smooth and without scratches.  

More pictures are found in Appendix C. 
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4.3.3 Material “U” samples 

Figure 49 shows a picture from the SEM of an untested sample with material “U”. The 

magnification is 1200 and the power of the electron beam is 20 kV.  

 

Figure 49. The same area as in the figure above, but with a magnification of 1200. The scratches are from the 

grinding and there is a quite high level of porosity (dark dots). 

Figure 50 and Figure 51 show the spectrum of the x-ray analysis of the surface in Figure 49. 

The first picture displays a spectrum of the detected elements and the second picture how the 

spectrum propagates along the line scan. 
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Figure 50. X-ray spectrum of a line scan of an untested sample with material “U”. This shows that the material 

mainly consists of iron, chromium and nickel.  

 

Figure 51. Picture showing the line scan and the x-ray spectrum along the scan. The colours correspond to the 

same materials as in the previous figure. 

An example of what a sample looks like after a test run is shown in Figure 52 and Figure 53. 

The magnification is 100 in the first figure and 1200 in the second one. The power is 20 kV in 

both pictures. The worn surface is rough and the trace is made of longitudinal scratches. 

Figure 53 shows large porosity. 
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Figure 52. Picture of the trace from the ball. Notice the straight lines forming the trace. 

 

Figure 53. A magnified picture of the figure above. Notice the high level of porosity and irregularity of the depth 

of the scratches.  

More pictures are found in Appendix D. 
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4.4 Hardness 

Table 11 shows the measured hardness of the three materials. The hardness is measured at 

Scania using a Vickers hardness tester. 

Table 11. Hardness measurements of the three materials. 

Material Hardness [HV] 

Reference 41 

“S” 262 

“U” 353 

There is a significant difference between the new materials and the reference material. This 

was expected since the reference material is based on aluminium, a soft metal, and the new 

materials are based on nickel, a hard metal.  

4.5 Film thickness 

By using the equations from paragraph 2.1.1 through the MATLAB program, the minimum 

film thickness and film parameter were calculated. The results are plotted as a function of the 

journal speed, see Figure 54 and Figure 55. The conditions apply to the reference bearing. 

 

Figure 54. The minimum film thickness for different rotational speeds.  

 



45 

 

 

Figure 55. The film parameter for different rotational speeds. A value above 3 is reached just over 4 rev/s. 

As can be seen in the graphs above the film parameter indicates that a hydrodynamic film is 

formed at a rotational speed greater than 4 rev/s. At this point the film thickness is about 2 

µm. These values are calculated for an oil temperature of 60 °C. Increasing the temperature to 

100 °C lowers the viscosity of the oil leading to worse load carrying capability. It will 

therefore require greater speeds to reach hydrodynamic lubrication. 
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5  DISCUSSION AND CONCLUSIONS 

This chapter presents the discussion of the results and the conclusions drawn during the work 

with this MSc thesis. The conclusions are based on the analysis of the results. 

5.1 Discussion 

Due to the trouble with the delivery and manufacturing of the samples with the new materials 

this thesis is not able to present results that are as exhaustively as was first planned. When it 

was discovered that it was going to be impossible to test the new materials as planned, there 

was not much time left to establish a new test method. It took valuable time to prepare the RT 

at Scania and the test runs had to be fairly short to save time. It turned out that the tribometer 

had not been used for a long time and therefore it was not calibrated. The values given by the 

tribometer may therefore differ a bit, but the produced data seem to be reasonable and the 

repeatability good. The RT is definitely a good test rig to use as a complement to the start-

stop test rig or a “block on ring”-machine. 

A very important part of designing a hydrodynamic journal bearing is the ability of preventing 

the journal from being worn. It is always easier, and thereby cheaper, to change the bearing 

instead of the journal. However, changing the bearing too often would be both impractical and 

expensive. From the results presented in this thesis material “S” could be very suitable as a 

bearing material. 

Material “S” shows similar friction results as the reference material, but less wear. The 

biggest advantage of material “S” seems to be that it handles higher loads well. The problem 

with the existing material is that it cannot handle higher loads. The reference material is 

simply too soft. Material “S” combines a harder material with a solid lubricant which is 

released in the initial deformation. Since the lubricant is present throughout the material there 

will always be lubricant present during the deformation and wear of the material. 

The problem with material “U” is that it is simply too hard. The high hardness and lack of 

solid lubricant means that the journal, in this case the ball, gets worn and the worn particles 

creates high abrasive wear on both the material and journal.  

A combination of material “S” and “U” might be an option for future studies, but material “S” 

in its present form is more likely to be a candidate to work further with. There is however one 

concern regarding the difference in hardness between the new materials and the reference 

material. A greater hardness most likely affects the embeddability negatively. If the 

embeddability is reduced, it may result in an increase in wear in the long run. 

The porosity in both of the new materials may not be an issue. A certain level of porosity may 

decrease the wear since they would work as small cavities for storing the oil. In this way a 

good lubrication may be reached more rapidly. The problem arises if the pores instead start to 

release particles into the oil film. 

It is important to note that the results produced in this thesis are very limited. Much more 

testing needs to be performed to assure that the results presented are close to the reality. 

Especially testing in the start-stop test rig is very relevant. 

As mentioned earlier it was a big disappointment to find out that the new materials could not 

be used in the start-stop test rig. This meant that there was not time to perform enough testing 

and analysing. More testing with the RT should have been performed and also a more 

extensive analysis of the samples after the tests. 
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The experience from the start-stop test rig is very positive and it has good potential in future 

testing. There are some modifications that needs to be carried out, but in general it works 

well. 

Even though everything did not proceed as planned, it has been an educational work tying this 

thesis together, especially at the end. Results have been produced making it possible to rank 

the materials. Many challenges have come up, but it has been fun solving them as quickly as 

possible. 

5.2 Conclusions 

 Material “S” can handle the highest load, with roughly the same coefficient of friction 

as the reference material. 

 Material “U” has too high hardness and leads to large wear at higher loads. 

 The greater hardness of the new materials probably affects the embeddability 

negatively. 

 It is confirmed that the reference material cannot handle higher loads. 

 More testing needs to be performed, preferably in the start-stop test rig. 

 The RT is a fairly easy and fast way of measuring friction. 

 The start-stop test rig works well and has good repeatability. 
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6  FUTURE WORK 

In this chapter the future work regarding the project in general and the start-stop test rig in 

specific is presented.  

6.1 General 

 Work out a way to apply the new materials on the bearing shells without the large 

shrinkage. Could powder welding be an option? 

 Perform tests with the reference material in a “block on ring”-test rig, both continuous 

and start-stop cycles. In this way it is possible to compare and evaluate the start-stop 

test rig versus the “block on ring”-test rig.  

 Examine the samples using a confocal microscope to get a more extensive 

understanding of the wear. 

 Perform more wear tests with the two materials, especially material “S”. 

 Use the start-stop test rig to perform tests with different additives in the oil. The 

reference bearings can be used for these tests. 

6.2 Start-stop test rig 

 Implementation of an automated control system for oil temperature and –pressure to 

improve the user friendliness.  

 Make it possible to turn on the oil heating even though the test cell is open to minimise 

the time consumption of a test. 

 Improve isolation and the heating capability to be able to run tests with higher oil 

temperatures. 

 Install sensors to measure the pressure drop over the oil filter to get an indication of 

when it is time to change filter. 

 Implement a backup system of the data stored in the test rig computer. 
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APPENDIX A: SEM PICTURES OF SAMPLES FROM 
THE START-STOP TEST RIG 

SEM pictures of sample 50-59 

Magnification x100, power 3 kV 
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Magnification x100, power 20 kV 
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Magnification x1200, power 20 kV 
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APPENDIX B: SEM X-RAY ANALYSIS 

Sample 50 
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Sample 55 
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Sample 56 
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Sample 59 
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APPENDIX C: SEM PICTURES AND X-RAY ANALYSIS 
OF MATERIAL “S” 

Untested sample, mag 100, 20 kV 

 

 

X-ray of a tested sample 
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APPENDIX D: SEM PICTURES AND X-RAY ANALYSIS 
OF MATERIAL “U” 

Untested sample, mag 100, 20 kV 

 

 

X-ray of a tested sample 
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APPENDIX E: MATLAB CODE 

Calculating film thickness and film parameter 
%% Calculation of film parameters 
% Johan Salomon 2015 

  
clc 
clear all 
%% Data 
F = 5000; %[N] 
N = [10/60 50/60 100/60, 200/60, 300/60, 400/60, 500/60, 600/60, 

700/60] %[rev/s] 
w = 2*pi.*N; % [rad/s] 
ny100 = 10.7e-6; % SAE 10W-30 at 100 deg C [m2/s] 
ny60 = 29e-6; %SAE 10W-30 at 60 deg C [m2/s] 
dens = 865; % [kg/m^3] 
eta100 = ny100*dens; % [Ns/m2] 
eta60 = ny60*dens; % [Ns/m2] 
cp = 1901; % Specific heat [J/kgC] 
dt0 = 20; 
Q0 = 0.72; 
r = (40/2)*10^-3; % Bearing radius [m] 
v = r.*w; % Peripheral speed [m/s] 
L = 21e-3; % Width of the bearing [m] 
d = r*2; % Diameter [m] 
c = 10e-6; % Diametrical clearance [m] 
Rq1=0.5e-6; % Root mean square roughness  
Rq2=0.5e-6; % Root mean square roughness 
F100 = (F/L)./(v.*eta100).*(c/d)^2; % Dimensionless load 
F60 = (F/L)./(v.*eta60).*(c/d)^2; % Dimensionless load 
S100 = (r/c)^2.*eta100.*N./(F./(d.*L)); % Sommerfeld number 
S60 = (r/c)^2.*eta60.*N./(F./(d.*L)); % Sommerfeld number 
ld = L/d; 
epsy100 = 0.2.*log(F100./0.3.*(1+(d^2/L^2))); % Eccentricity ratio 
epsy60 = 0.2.*log(F60./0.3.*(1+(d^2/L^2))); % Eccentricity ratio 
Ff100 = eta100*pi*L*d.*v./(c/2); % Frictional force 
Ff60 = eta60*pi*L*d.*v./(c/2); % Frictional force 

  
%% Calculations 
Q = Q0.*v.*L.*c./2; % Side leakage 
e100 = epsy100.*c./2; % Eccentricity [m] 
e60 = epsy60.*c./2; % Eccentricity [m] 
my100 = Ff100./F % Friction 
my60 = Ff60./F % Friction 
h0100 = (1-epsy100).*c./2 % Minimum film thickness [m] 
h060 = (1-epsy60).*c./2 % Minimum film thickness [m] 
lambda100=h0100./sqrt(Rq1^2+Rq2^2) % Film parameter 
lambda60=h060./sqrt(Rq1^2+Rq2^2) % Film parameter 

  
figure(1);clf 
plot(N,h0100) 
xlabel('Speed [rev/s]') 
ylabel('Thickness [m]') 
title('Minimum film thickness for 100 deg C') 

  
figure(2);clf 
plot(N,h060) 
xlabel('Speed [rev/s]') 
ylabel('Thickness [m]') 
title('Minimum film thickness for 60 deg C') 
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figure(3);clf 
plot(N,lambda100) 
xlabel('Speed [rev/s]') 
ylabel('Film parameter [-]') 
title('Film parameter for 100 deg C') 

  
figure(4);clf 
plot(N,lambda60) 
xlabel('Speed [rev/s]') 
ylabel('Film parameter [-]') 
title('Film parameter for 60 deg C') 

 


