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Abstract 
Wear transitions in the wheel–rail contact are of increasing interest since the general 
trend in railway traffic is toward increased velocities and axle loads. Curving increases the 
risk of flanging, causing the contact to change from an almost pure rolling wheel tread–
rail head contact to more of a sliding wheel flange–rail gauge contact on the high rail in 
curves.  
Under wheel flange–rail gauge contact conditions, wear transitions to severe or 
catastrophic wear will occur if the contact is improperly lubricated. Such a transition is 
the most undesirable transition in the wheel–rail contact, as it represents a very expensive 
operating condition for railway companies. The contact conditions responsible for this 
transition are very severe as regards sliding velocity and contact pressure, and thus place 
high demands on both the lubricant and the wheel and rail materials. 
The focus of this thesis is on the transitions between different wear regimes in a wheel–
rail contact. Wear is discussed both in traditional tribological terms and in terms of the 
categories used in the railway business, namely mild, severe and catastrophic wear. Most 
of the work was experimental and was performed at the Royal Institute of Technology 
(KTH), Department of Machine Design. 
The effects of contact pressure, sliding velocity, and type of lubricant have been 
investigated, producing results that resemble those of other studies presented in the 
literature. The absence of research relating to the wheel flange–rail gauge contact is 
addressed, and it is concluded that a lubricant film must be present on rails in curves to 
prevent severe or catastrophic wear. The formulation of this lubricant can further 
increase its wear- and seizure-preventing properties. To obtain a deeper understanding of 
wear transitions, methods such as airborne particle measurement and electron 
microscopy have been used. 
Paper A presents the test methodology used to detect seizure and discusses the wear-
reducing influence of free carbon in highly loaded contacts.  
Paper B presents the testing of seizure-initiating conditions for a range of 
environmentally adapted lubricants applied to wheel and rail materials; a transient pin-on-
disc test methodology was used for the testing.  
Paper C presents the use of pin-on-disc methodology to study the wear-reducing effects 
of a wide range of lubricants. The best performing lubricant was a mineral oil containing 
EP and AW additives. 
Paper D relates wear rates and transitions to airborne particles generated by an 
experimentally simulated wheel–rail contact. The airborne particles generated varied in 
size distribution and amount with wear rate and mechanism. 
Paper E relates additional analysis techniques, such as FIB sectioning, ESCA analysis, 
airborne particle measurements, and SEM imaging of airborne wear particles, to the 
contact temperature.  
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1 Introduction 

The work presented here was part of the activities of the Railway Group at KTH, and 
was performed at the Department of Machine Design at the Royal Institute of 
Technology (KTH). The partners in the Railway Group are KTH, the Swedish National 
Rail Administation (Banverket), Bombardier Transportation, Stockholm Public 
Transport (SL), the Association of Swedish Train Operators, and Interfleet. 

This thesis focuses on the transitions between different states of wear in a wheel–rail 
contact. In the railway business, three different wear regimes have been defined, i.e., 
mild, severe, and catastrophic wear, which are related to the wear rate. The terms “wear 
regime” and “wear mechanism” will be used when discussing wear, one referring to the 
amount of wear and the other to the type of wear. The research was mostly experimental 
and was performed at the Royal Institute of Technology (KTH), Department of Machine 
Design. Briefly stated, the overall goal was to investigate the effects of contact pressure, 
lubricant, and sliding velocity on wear transitions. An enhanced understanding of wear 
transitions could improve the wear maps used to predict the wear of wheel and rail 
profiles.  

The wheel–rail contact is a rolling and sliding contact, which can be divided into stick (no 
slip) and slip regions [1]. The sliding component of the contact is related to the tractive 
forces, creep, and geometry of the contact. The slip rate increases when travelling around 
curves, braking, and accelerating. The wheel–rail contact is generally divided into two 
types of contacts, wheel tread–rail head contact along straight track and wheel flange–rail 
gauge contact along the high rail around curves.  

 
Fig. 1. Schematic of two contact types typical of a wheel–rail contact: left, a wheel tread–rail head contact; 
right, a wheel flange–rail gauge contact.  

The wear and form changes of wheel and rail profiles have been studied by the Railway 
Group at KTH, [2]–[3]. Olofsson and Telliskivi found that a change in wear regime 
occurred when transitioning from a wheel tread–rail head contact along straight track to 
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a wheel flange–rail gauge corner contact around curves [2]. Jendel [4] undertook 
parametric studies using the GENSYS software package and classified wear rates under 
different contact conditions in terms of sliding velocity and contact pressure. The two 
typical contact conditions that are important when analyzing the wheel–rail contact are 
depicted in Figure 1. 

The wheel–rail contact is rather complex as its contact geometry constantly changes. The 
wheel tread–rail head contact is most representative during travel along straight track 
while the wheel flange–gauge corner contact is more common during travel around 
narrow curves on the high rail. The change from a wheel tread–rail head contact to a 
wheel flange–rail gauge contact usually implies a higher slip component, which can be 
related to a higher sliding velocity. The experimental work in this thesis examines this 
change in contact conditions by experimentally simulating the sliding part of a wheel–rail 
contact.  

For the different running conditions of the wheel–rail contact, the influences of the input 
tribological parameters, such as lubrication, surface topography, and temperature, have 
been studied. Previously collected wear data are not, however, representative of the 
wheel flange–rail gauge contact [5]; the operating conditions representative of this 
contact type have been addressed and analysed in the appended papers and in this thesis. 

This thesis relates the results of field studies and simulations with the experimental 
results of pin-on-disc testing and from a transient pin-on-disc test rig. The wheel and rail 
materials used as test specimens were cut using a water-jet cutting device from pieces of 
real wheel and rail, to best replicate real contact conditions. 

Paper A presents the test methodology for detecting seizure and discusses the wear-
reducing influence of free carbon in highly loaded contacts as well as the dependence on 
the surface manufacturing process. 

In paper B, the seizure-initiating conditions for a range of environmentally adapted 
lubricants applied to wheel and rail materials were tested using transient pin-on-disc test 
methodology.  

Paper C shifted the focus to the wear rates of wheel and rail materials occurring with a 
selection of environmentally adapted oils, mineral oils, and greases. The behaviour of this 
wide range of lubricants was analysed using traditional pin-on-disc methodology. 

Paper D relates wear rates and transitions to the airborne particles generated by an 
experimentally simulated wheel–rail contact. The airborne particles generated varied in 
size distribution and amount with wear rate and mechanism. 

In paper E, additional analysis techniques, such as FIB sectioning, ESCA analysis, 
airborne particle measurements, and SEM imaging of airborne wear particles, are related 
to the contact temperature. An unlubricated wheel–rail contact experiences increased 
contact temperature, which may induce wear transition and a change of material 
properties in the contact patch. 
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2 Wheel–rail contact conditions  

Much work has gone into clarifying the different operating conditions in the two basic 
types of wheel–rail contacts and many relevant data have been compiled. Lewis and 
Olofsson’s [5] representation of the operating conditions in a wheel tread–rail head 
contact and a wheel flange–gauge corner contact is shown in Figure 2. 

 

Fig. 2. A sliding velocity−contact pressure chart representing the contact conditions in a wheel–rail 
contact. The elliptical areas indicate regions where wheel tread−rail head and wheel flange−rail gauge 
contacts typically occur [5]. 

As the contact changes from a wheel tread–rail head contact to a wheel–flange contact, 
both contact pressure and sliding velocity increase significantly, according to in-field 
studies of wheels running on both straight and curved tracks [2]. In extreme cases, such 
as the leading wheel pair in a narrow curve, heavy acceleration, or heavy braking, the 
sliding velocity can increase to levels above 1 m/s. 

The size of a wheel–rail contact will vary with position due to the shape of the contacting 
bodies. To calculate the size and shape of such a contact, several approximations must be 
made. One well-known and common technique is the Hertzian approach, which gives 
the size of the contact as well as the maximum contact pressure. Although this approach 
is fast and convenient, several attempts have been made to calculate the size and shape 
more accurately. Olofsson and Telliskivi [2] presented FE calculations for the contact 
patch and compared them with results obtained using the Hertzian approach. 

Telliskivi [6] has also presented a semi-Winkler method, while Enblom [7] has performed 
non-Hertzian calculations of the wheel–rail contact. Enblom clearly demonstrated that 
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the STRIPES method yields different stress and contact pressure distributions in the 
contact patch compared with those obtained using traditional Hertzian calculations.  

Björklund and Andersson [8] introduced both normal and tangential loading when they 
presented numerical calculations of contact patch properties. Their numerical method 
has been demonstrated to give accurate results. As well as by calculation, the wheel–rail 
contact patch was measured ultrasonically by Marshall et al. [9], who used this method to 
determine its size and shape. 

The contact between two moving surfaces can be divided into areas of stick and slip. 
Pure rolling contact is represented by the pure stick case. As the moving bodies begin to 
move relative to each other and due to tangential forces caused, for example, by braking 
or tractive forces, there will be areas of both stick and slip in the contact patch. If the 
tractive forces reach their saturation level, the stick region will be diminished and the 
state of full slip will be reached, corresponding to a pure sliding contact. The stick and 
slip parts of the contact can be described in terms of tractive force and creep. Figure 3 
presents a schematic of the relationship between traction and creep, depicted in terms of 
stick and slip, for a rolling and sliding contact [10]. 

 
Fig. 3. The relationship between traction and creep illustrated by stick and slip regions in the contact 
patch [10].  

In a wheel–flange contact, the contact geometry and especially the conicity of the wheel 
cause a large creep and a great amount of sliding. In this type of contact, there is always a 
large slip component when a tangential load is applied. The traction–creep curve can be 
significantly affected by the presence of a third-body layer in the wheel–rail contact [11]. 
Such a third body could be formed by water, humidity, leaves, wear debris, and 
lubrication [12]–[14]. Without a third body in the contact, the coefficient of friction will 



 5

be high; under such contact conditions, Alwahdi [15] reported that the wear rate will 
significantly increase if a slip component is introduced into the contact patch. 

The calculative techniques for simulating contact size and shape are implemented in 
programs used for analysing the dynamics of the overall behaviour of a railway vehicle. 
Generally, the contact size and shape vary considerably with the position and profile of 
the wheel and rail. In these simulations, proper values for the coefficient of friction, wear 
rate, and other system parameters are necessary for substantial results, implying the need 
for both experimental and field studies. The wear map of Jendel is currently often used 
for this purpose (see Figure 4). 

 
Fig. 4. Wear rate map produced by Jendel [4] used for computer simulation of wheel–rail wear. 

Current dynamic calculation methods give quite accurate values for contact pressure and 
sliding velocity. The next natural step in increasing the accuracy of wear simulations 
would be to calibrate the wear map to the preferred running conditions. 

2.1 Surface topography 
Surface topography affects the contact conditions in a wheel–rail contact as well as most 
machine elements in terms of friction, wear, and longevity. The surface topography of 
real wheel–rail specimens has been demonstrated to be quite variable due to the frequent 
use of rail grinding [16]. Grinding is done to preserve the appropriate profile of both 
wheels and rails. 

The surface topography of machine elements is measured using various devices, usually 
of either stylus or optical type. In the research reported in the papers appended to this 
thesis, a stylus device called a Form Talysurf (Taylor Hobson) was used to measure 2D 
surface roughness and make 3D measurements of surfaces. This equipment is traceable 
to national standards and has a stylus tip radius of 2 µm. The 2D surface topography of 
the contacting elements was evaluated in terms of the following parameters, defined in 
Thomas [17]: root-mean-square deviation of the surface (Rq), reduced peak height (Rpk), 
core roughness depth (Rk), and reduced valley height (Rvk). In addition to the Form 
Talysurf measurement device, a Rodenstock RM 600 laser profilometer, an optical focus 



 6

detection instrument, was used to make the three-dimensional surface roughness 
measurements presented in paper B. 

In the field, form measurements of wheel and rail profiles are often made using a 
Miniprof system [2]. This measurement setup uses the movement of a magnetic wheel to 
measure and analyse two angles. Profilometric measurements of real rail surfaces can also 
be made using rail surface replicas consisting of a two-component acrylate plastic model 
[2]. The accuracy of this technique is poor, however, so additional surface measurements 
of the replica are needed. 

It is important to remember that, when experimentally simulating a wheel–rail contact, 
the surface topography will vary throughout the testing. Viáfara et al. [18] presented 
experimental work in which the surface topography of the test specimens temporarily 
became rougher during the running-in process. An example of such an occasion when 
different surface roughnesses significantly affect contact conditions is found in the work 
presented in this thesis. Figure 5 depicts two test runs conducted under identical nominal 
contact conditions, one of which suffered severe wear throughout the run while the 
other experienced a wear transition during the running-in process to a milder state of 
wear. The difference can be seen in both the size of the wear scars and the topography of 
the contacting surfaces. 

 
Fig. 5. The wear scars for the test runs conducted with FN = 20 N and at a sliding velocity of 0.1 m/s. 
When comparing the wear scars, note the differences in shape and size that indicate that two wear 
mechanisms were active in the contacts. The measured extent of the disc surface was 6.5 × 10 mm. 



 7

 
Fig. 6. Schematic of a contact between a rough surface and a smooth sphere [19]. The nominal contact 
area is indicated by the hatched line; contact points form the real contact area within this. 

In rough surfaces, the surface topography changes the size of the real contact area. 
Björklund [19] compared the calculated Hertzian contact area and the real contact area, 
as depicted in Figure 6. As can be seen in the figure, surface roughness reduces the 
contact area relative to the smooth surface area. During the wear of wheel and rail 
materials, the topography can change in many ways, and two examples of quite different 
wear occurring under identical nominal contact conditions are presented in Figure 5. In 
the case displaying a larger wear scar, the surface topographies of both pin and disc are 
relatively rough, which will cause locally high contact pressures when the surfaces are in 
contact. For the second case, with a smaller wear scar, the surfaces are less rough than in 
the first case, possibly resulting in a larger real contact area and lower maximum contact 
pressures.  
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2.2 Lubrication 
Lubrication introduced into the contact patch will have a significant impact on system 
parameters such as friction and wear. The general effect of lubricant was studied on 
rolling and sliding bearings by Stribeck [20], who related the friction force to the sliding 
velocity using the so-called Stribeck curve. Since Stribeck’s publication, his curve has 
been divided into three different lubrication regimes. First is the boundary lubrication 
regime, which occurs at relatively low sliding velocities when the load is borne mainly by 
contact between the surface asperities of the contacting bodies. In the second regime, 
mixed lubrication, the load is carried by both the asperities and the buildup of 
hydrodynamic pressure in the lubricant. In the last regime, full-film lubrication, the 
contacting surfaces are completely separated by the lubricant film and the frictional force 
consists only of the shear stresses in the lubricant. These lubrication regimes and the 
Stribeck curve have been schematically presented by Söderberg [21], as presented in 
Figure 7.  

 
Fig. 7. Schematic of a Stribeck curve: BL, boundary lubrication; ML, mixed lubrication; FL, full-film 
lubrication) [21].  

Elastohydrodynamic lubrication (EHL) occurs when the surface deformation helps 
generate the lubricant film. Elastic deformation of the surfaces in the wheel–rail contact 
can improve the lubrication properties due to the increase in contact area. 

For railway applications, lubrication is applied to wheel flange−rail gauge contacts. Since 
this type of contact is heavily loaded, the contact is consistently operating in the 
boundary lubrication regime. To prevent seizure and high wear rates, the lubricant must 
meet stringent requirements. To improve the performance of the lubricant, various 
additives can be added, which are mainly of two types: anti-wear (AW) and extreme-
pressure (EP) additives. The formulation of these additives depends on the properties of 
the base oil, and ingredients such as sulphur and phosphate can be found when analyzing 
the content. 

Sliding velocity 

BL ML FL 
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In highly loaded contacts such as the wheel–rail contact, lubricants containing extreme-
pressure (EP) additives are often used to prevent seizure [22]. The role of additives in a 
lubricant is to form a chemically reacted surface layer on the contacting bodies. This 
protective layer can increase the wear resistance and prevent the occurrence of seizure. 
Dizdar suggests that pre-heating the oil-covered components can cause the formation of 
these chemically reacted surface layers before contact [23]. 

Adding a lubricant in wheel-rail contacts in which there is a significant sliding component 
tends to have a wear-reducing effect. This effect has been found in both laboratory 
environment [24]–[26] and in field studies [27]–[28]. Elkins [29] examined the positive 
effect of lubrication on wear, finding that a moderate amount of lubrication produced a 
relative improvement factor of 17 compared with dry rails, while low levels of lubrication 
produced an improvement factor of 5. Rieglert and Kassfeldt [30] examined the 
importance of high-performance lubricants by demonstrating that, in a boundary 
lubrication regime, a conventional mineral oil can reduce wear 3–6 times more than can a 
rapeseed/synthetic ester blend or pure synthetic ester  

For wheel–rail contacts, several devices have been constructed to lubricate the rail gauge 
corner of the rail. These devices are of three types: 

• mobile lubricators – specially designed railway vehicles that apply lubricant to the 
rail gauge corner 

• wayside lubricators – devices mounted next to the track that apply lubricant to 
the rail gauge corner  

• on-board lubricators – devices mounted on the rail vehicle itself that apply 
lubricant to the wheel flange; the lubricant is then transferred directly to wheel 
flange–gauge corner contact 

Experimentally, it is possible to apply a lubricant in many different ways. The present 
discussion of lubrication amount and interval will suggest different methods for applying 
the lubricant.  

The effectiveness of applied lubrication is limited; Nilsson [31] found that trackside 
lubrication significantly lowered the wear rate, but that its effectiveness declined 200 m 
after the last application. On-board lubrication systems were evaluated by Cantera [32], 
who demonstrated a 4.5-fold reduction in the flange wear rate on wheels equipped with 
an on-board lubrication device.  
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3 Material 

Around the world, there are various manufacturers of wheel and rail materials. Wheel 
and rail materials are quite similar in composition, differing slightly in the amounts of 
carbon, silica, and manganese in the steels used. It is widely known in tribology that pairs 
of similar metals can exhibit high adhesion and should generally be avoided in 
applications where they come into contact with each other [33], so changing one of these 
materials might reduce wheel and rail wear. However, there are other damage 
mechanisms to consider except wear when discussing the material properties, for 
example rolling contact fatigue and corrugation. 

Wear resistance is considered one of the most important characteristics of a rail steel. 
Pearlitic steel is the most widely used such steel, as the pearlitic microstructure resists 
wear and rolling contact fatigue [11]. Another important feature of wheel and rail 
materials is inclusions, which may cause cracking and high wear rates. In other types of 
materials, such as the nodular cast iron studied in paper A, carbon nodules are naturally 
embedded in the material. Railway wheels made of austempered ductile iron (ADI) 
containing graphite nodules were studied by Kuna et al.  [34] and Mädler [35], who found 
that this material combines the advantages of high wear resistance and high fatigue 
strength with the wear-reducing side effect of the graphite inclusions, which act as 
lubricants on the contact surfaces. The main disadvantage of austempered ductile iron is 
that its fracture toughness is lower than that of the steels regularly used in the wheel–rail 
contact. In some contexts, ductile iron is also called nodular cast iron. Mädler [35] 
reports that ADI has been used by the Finnish National Rail System (VR) for railway 
wheels. Its use reduced life-cycle costs, but also resulted in some wheel tread failures [36].  

In Sweden, the most common rail steel profile is UIC 60, which is produced with two 
grades, 900A and 1100A, both of which are pearlitic in structure. The main difference 
between these two grades is their hardness: 900A has a hardness of HV300 whereas 
1100A is slightly harder at HV375. Hardness affects the wear rate of wheel and rail 
materials, and Jaramillo et al. [26] presented experimental results in which increased test 
specimen hardness lowered the wear rate. In this thesis, the reference wheel material is 
R7 steel, which has a hardness of HV400 [2],[37] , while the reference rail material is UIC 
60 900A steel. Table 1 presents the chemical compositions of these materials. 

Table 1. The chemical compositions of the wheel and rail materials [5]. 

Chemical composition [wt%] C Si Mn P Ni Cr

UIC60 900A rail 0.6-0.8 0.15-0.5 0.8-1.3    

R7 wheel 0.52 0.4 0.8 0.035 0.3 0.3
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Using measurements made in the field and the experimental results of pin-on-disc and 
twin-disc testing, Lewis and Olofsson [11] found that the introduction of more modern 
rail materials has reduced the wear rate by up to an order of magnitude over the last 20 
years. This finding highlights the importance of high-performance wheel and rail steels. 

Coatings have been demonstrated to have a positive effect on product longevity under 
severe conditions. Hiensch et al. [38] and Ringsberg et al. [39] conducted theoretical, 
laboratory, and field studies of surface coatings on rails in highly loaded wheel–rail 
contacts and found reductions in rolling contact fatigue (RCF) damage and wear.  
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4 Experimental wear simulations 

In most types of contacts, especially in the rolling and sliding wheel–rail contact, wear 
occurs due to the sliding component of the contact. In the pin-on-disc and transient pin-
on-disc testing methods, the sliding component of the contact is experimentally 
simulated, giving test conditions that correspond more closely to a wheel flange–gauge 
corner contact than to a wheel tread–rail head contact as the sliding velocity increases 
(see Figure 2). 

4.1 Pin-on-disc machine 
A pin-on-disc tribometer was used to study the wear rate and frictional behaviour of a 
wheel–rail contact. This type of tribometer is assembled from a rotating disc and a 
stationary dead-weight-loaded pin. The sliding velocity is determined by the radius and 
angular velocity of the disc, while the contact pressure is determined by the radius of the 
spherical tip of the pin and the normal load. The setup used in this study was located in a 
climate chamber in which the temperature could be varied from 0 to 40°C and the 
relative humidity from 20 to 100% [10]. The coefficient of friction was calculated from 
the constant normal load and the tangential load, which were measured using a load cell. 
Figure 8 illustrates the pin-on-disc setup with the wheel and rail test specimens mounted 
in a configuration with a syringe used to apply lubrication to the contact.  

 

 
Fig. 8. A view of the pin-on-disc setup with wheel and rail test specimens. 

4.2 Seizure lathe test rig 
To study transient behaviour and the wear transition to seizure, test equipment called a 
seizure lathe test rig (SLTR) was used. The SLTR was developed by Andersson and 
Salas-Russo [40]–[41]and the hydraulic setup was upgraded by Dizdar and Andersson 
[42]. 
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This setup has much in common with the pin-on-disc setup, as both consist of a contact 
between a stationary pin and a rotating disc. The main difference from the previously 
mentioned pin-on-disc setup is in the test procedure and normal loading. The whole test 
procedure is performed for less than one revolution of the disc, generating wear scars 
corresponding to a single contact with the pin as well as recorded values for normal and 
tangential loads. For a test run, the sliding velocity is kept constant by choosing the 
appropriate angular velocity of the lathe and radius of the disc. During testing in the 
SLTR, the rotating disc is set to rotate and the pin is moved towards the disc until it 
comes into contact with the disc specimen. As a normal load of 25 N is registered, a 
linear load ramp with a specified maximum normal load is triggered. Before the disc has 
completed one full revolution, the ball is withdrawn from the disc. 

In the SLTR, the pin specimen with a spherical tip is directly connected to a servo–
hydraulic cylinder that controls the normal load. The configuration is depicted in the two 
bottom images in Figure 9. The servo–hydraulic cylinder and controller are usually used 
for the tensile testing of metals, but in this setup the servo–hydraulic cylinder generates a 
compressive (positive) load. 

 
Fig. 9. Three views of the SLTR setup. The bottom two images show the fixture for the pins. 

With a linearly increasing normal load, the transition between different wear mechanisms 
can be detected by identifying when the scoring marks on the disc correspond to the 
intended wear mechanism. Identification of this mode is best done using an optical 
microscope and topographical measurements after a completed test, using data for the 
coefficient of friction and the normal and tangential loads. 
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4.3 Airborne particle measurement setup 
For airborne particle measurements, the pin-on-disc machine was placed in a climate 
chamber, allowing test runs at different humidity and temperature levels. During testing, 
the cleanness of the air entering the chamber was controlled by pumping it through 
filters and measuring the particle concentration; see Figure 10 for a schematic of the 
setup. 

 
Fig. 10. Schematic of the test equipment. A: room air; B: fan; C: flow rate measurement; D: filter; E: 
flexible tube; F: clean air inlet, measurement point; G: closed chamber; H: pin-on-disc machine; I: pin 
sample; J: air outlet, measurement points; K: displacement gauge; L: dead weight; M: rotating disc 
sample; N: air inside chamber, well mixed. 

The setup for testing airborne particles works as follows: the fan (B) takes the air from 
the room (A) and passes it into the chamber (G) via a flow measurement system (C) and 
a filter (D), and then through the air inlet opening (F). The connections between the fan, 
measurement system, filter, and chamber are flexible tubes (E). All connections from the 
measurement system to the chamber are sealed to prevent leakage. A leak would not 
disturb the tests, since the air pressure inside the tubes is higher than outside, but it 
would result in incorrect measurements for the airflow rate through the chamber and 
thus influence the particle concentration measurements. The air in the chamber is well 
mixed (N) due to the complicated volume of the pin-on-disc machine (H) and the high 
air exchange rate. This mixing was verified by the smooth particle concentrations 
measured during the tests. The air in the chamber transports the generated particles to 
the air outlet (J), where sampling points for the particle measurements are situated.  

This setup was previously used by Olofsson [43]–[44] to study the airborne particles 
generated by an experimentally simulated wheel–rail contact. Airborne particles generated 
by the experimentally simulated contact are studied in this thesis. The particles collected 
on filters and counted using particle-measuring devices were divided into three size 
intervals, namely, coarse (1–10 µm), fine (0.1–1 µm), and ultrafine (<0.1 µm), following 
Olofsson et al. [43]. 
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5 Wheel–rail wear and wear transitions 

Wear in the wheel–rail contact is often categorized as mild, severe, or catastrophic, the 
same terms used in the railway business to categorize wear regimes. These categories 
were introduced by Bolton and Clayton [45] in 1984 and each include a variety of wear 
mechanisms corresponding to different wear rates. Zakharov [46] introduced an 
intermediate wear regime called heavy wear – a concept not used in this thesis. The wheel 
tread–rail head contact is often said to operate in the mild wear regime, while the tougher 
operating conditions in the wheel flange–rail gauge contact are more often said to 
experience severe or catastrophic wear.  

It is important to distinguish between a wear regime and a wear mechanism. In the field 
of tribology, several wear mechanisms have been identified, including adhesive, abrasive, 
oxidative, delamination, fatigue, and fretting wear. In the rolling and sliding wheel–rail 
contact, many such wear mechanisms are present.  

Considerable experimental and in-field results were compiled by Lewis et al. [5]; Figure 
11 presents some of these results referring to wear in the wheel–rail contact. 
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Fig. 11. Previously presented wear data points for wheel and rail materials in terms of contact conditions 
[5]. 

The amount of wear in a wheel–rail contact is several orders of magnitudes higher than 
in other types of contacts, such as the piston ring–cylinder contact in any type of engine.  

Wear maps are an effective way to summarize wear data collected in field or laboratory 
studies. The maps are constructed by plotting the wear rate as a function of the contact 
pressure and sliding velocity. The data can then be divided into different territories 
representing different wear regimes [47] produced by changes in contact pressure and 
sliding velocity. These wear maps clearly show the transitions between different wear 
regimes. Lim and Ashby [48] produced sliding wear maps in which up to seven different 
wear regimes were identified. Lewis and Olofsson. [5] also presented wear maps 
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produced from the experimental testing of wheel and rail material under unlubricated 
conditions. As can be seen in Figure 12, the results presented mostly apply to contact 
conditions representative of a wheel tread–rail head contact.  

 
Fig. 12. Wear regimes for wheel–rail contacts presented as functions of the sliding velocity and the contact 
pressure [5]. 

Compared with these wear maps, the experimental setup used in this thesis allows higher 
contact pressures, higher sliding velocities, and lubricant use. The results of the pin-on-
disc setup tests are presented in Figure 13. These test runs were performed under 
conditions representative of both straight and curved track with the addition of an 
environmentally adapted lubricant in the form of a grease. 

 
Fig. 13. A wear map of an environmentally adapted grease-lubricated wheel–rail contact. 
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As a reference level for the blue regions of Figure 13, the wear rate is at least 1000 times 
higher for an unlubricated wheel–rail contact at a sliding velocity of 0.05 m/s, with a 
normal load of 10 N, corresponding to a nominal contact pressure of approximately 1 
GPa, according to the results presented in the appended paper D. The main conclusions 
that can be drawn from the results presented in Figure 13 are that the wear rate will not 
change significantly until the contact pressure is increased to approximately 2 GPa. Due 
to lubricant use, this contradicts Jendel’s [4] results presented in Figure 4. The contact 
pressure at which the maximum wear rate is reported in Figure 13 is representative of the 
leading wheelset of a highly loaded vehicle travelling around a narrow curve. 

The wear mechanism active in the catastrophic wear regime is referred to by various 
names, including galling, scuffing, and seizure. The exact meaning of these terms can 
vary in different studies, implying the need for precise definitions each time they are 
used. In this thesis, seizure is indicated by the presence of heavy scoring marks across the 
whole contact patch. These scoring marks must be so deep that they penetrate the top 
oxide layer of either of the two contacting surfaces and result in wear of the bulk 
material. 

Lim et al. [48] developed an explanatory model of unlubricated mild and severe wear: 
mild wear consists of wear in the top oxide layer; the transition to severe wear occurs as 
this oxide layer breaks down and there is direct metal-to-metal contact between the 
surface asperities of the sliding bodies. It was found that high contact temperatures made 
this oxide layer thicker and more brittle when higher sliding velocities were used. In 
terms of the definition of seizure adopted in this thesis, the catastrophic wear regime can 
be the result of both thermal softening and the plastic ratcheting wear mechanism. An 
essential element of this definition is the performance of the protective chemireacted 
surface layer formed by lubricant additives and oxidation of the metal surface. If this 
layer loses its wear-reducing properties and contact conditions do not change, the contact 
will most certainly seize.  

In railway traffic, the transition from mild to severe wear is most likely to occur when the 
wheel–rail contact changes from a wheel tread–rail head contact to a wheel flange–rail 
gauge contact. This change increases the sliding component of the contact and, without 
proper lubrication, the mild oxidative wear will transform into more severe wear 
mechanisms due to cracking and wear of the bulk material. In the worst case, this triggers 
a transition from a severe to a catastrophic wear regime in which wear mechanisms such 
as seizure will play a role. This transition increases the wear rate by about two orders of 
magnitude. When a curve is unlubricated, the rail profile can display significant form 
changes due to wear and plastic deformation [2].  

5.1 Temperature effects 
The material characteristics of any metal are known to change with temperature. For 
wheel and rail materials, a rise in temperature can have a significant effect on the 
transition from mild to severe wear [11],[49]. The British Steel Makers Creep Committee 
demonstrated that a temperature increase to approximately 200–300°C caused a drop in 
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yield strength due to thermal softening in carbon manganese steels similar to rail steels 
[50]. 

When discussing contact temperature, it is important to distinguish between bulk, 
surface, and flash temperature. Flash temperature is the frictional heating in the 
immediate contact patch of the two contacting bodies and is of very short duration, 
hence the name. Frictional heating of the surface of the contact generates heat flow into 
the specimen of choice, thus increasing the bulk temperature of the material, unless the 
material itself maintains a higher initial temperature. If the flash temperature in the 
contact reaches above the austenitization temperature, this may induce a phase 
transformation of the microstructure of the top layer of the specimen. Analytical and 
numerical methods of calculating the temperatures in a wheel–rail contact have been 
developed, both based on full-scale calculations [51] and derived from experimental 
specimens [52]. Spiryagin et al. [53] have developed a temperature model of a real wheel–
rail contact; in their model, numerical calculations of the temperature of a wheel flange–
rail gauge contact indicated contact temperatures of 500–700°C, depending on load and 
velocity, for a slip of 5%. The surface temperatures identified in the above studies imply 
a change in material characteristics due to induced thermal stresses and thermal 
softening.  

Wear transitions can change with temperature due to a change of wear mechanism. 
Gåård et al. [54] found that the adhesive force increased with temperature in a metal-to-
metal contact, the onset of adhesive wear being triggered by shorter sliding distances as 
the temperature increased. 

Lewis and Dwyer-Joyce [55] adopted an energy approach to the relationship between 
wear rate and tractive force T times slip γ. The slip component represents the amount of 
sliding in the contact. Bolton and Clayton [45] demonstrated that under mild contact 
conditions, the wear rate is proportional to T γ. As the range of contact conditions 
increased and severe and catastrophic wear regimes were found, each wear regime was 
proportional to T γ, although general linearity could not be established throughout the 
testing. Lewis and Dwyer-Joyce’s results are depicted in Figure 14 [55]. According to this 
energy approach, thermal softening of the wheel and rail materials may cause the rapid 
increase in wear rate that occurs in the catastrophic wear regime. 
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Fig. 14. The contact temperature plotted in the same diagram as the transition from severe to catastrophic 
wear [55]. 

In this thesis, non-invasive measurement techniques, such as the use of a thermal camera 
and infrared measurement device, were evaluated in attempts to determine the contact 
temperature of the test specimens in the pin-on-disc setup. The results of these 
measurements were quite inconsistent due to measurement issues stemming from both 
specimen geometry and calibration. A more time-consuming but accurate measurement 
technique is the use of thermocouples. A thermocouple was inserted into the pin 
specimen used in the experimental setups by drilling a hole and placing the top end of 
the thermocouple 1 mm from the nominal mantle surface of the specimen. Figure 15 
presents a schematic of such a setup. To ensure high heat conductivity between the 
specimen and the thermocouple, the empty spaces around the thermocouple were 
packed with a silicon paste with specially developed, heat-conductive properties. 

 
Fig. 15. Schematic of pin specimen with inserted thermocouple. 

Figure 16 presents two measurements made with this methodology. Note the rapid 
temperature increase in the test run at the higher sliding velocity. 
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Fig. 16. Temperature measured with a thermocouple inserted into the pin specimen. The test runs were 
performed at sliding velocities of 1.8 m/s (the solid line) and 0.1 m/s (the hatched line); the normal load 
was 100 N and the tip radius of the pin was 5 mm. 

Measurements made with thermocouples will display a time delay, since the heat flux and 
temperature increase of the thermocouple itself are both time dependent. Still, the 
measurements presented in Figure 16 indicate a rapid increase in temperature over the 
first 30 meters of sliding in the case with a sliding velocity of 1.8 m/s. 

5.2 Plastic ratcheting 
In the wheel flange–gauge corner contact, the load is distributed over a small contact area 
subject to high contact stresses. The contact is repeatedly loaded above its elastic limit, 
resulting in plastic deformation. According to Johnson [56], an elastic–plastic material 
can respond to cyclic loading in three different ways. If there is no loading above the 
yield point of the structure, the response is perfectly elastic and reversible. If the loading 
is below the elastic shakedown limit, plastic deformation takes place on the first loading, 
causing strain hardening or deformed geometry, which finally results in a perfectly elastic 
response in the cyclic steady state. Finally, when the contact is loaded above the 
shakedown limit, plastic deformation takes place with each cyclic load, which can cause a 
plastic ratcheting wear mechanism or cyclic plasticity. Figure 17 presents a shakedown 
map of a rolling and sliding contact.  

The plastic ratcheting wear mechanism is based on the small plastic deformation 
increments that accumulate with each pass of the wheel [57]. Shakedown maps are also 
applicable to wheel–rail contacts and are amenable to FE calculations [58]. Olofsson and 
Telliskivi [2] found that steel grade influenced the amount of form change but that, 
regardless of the steel grade, lubrication significantly lowered the amount of plastic 
deformation. 
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Fig. 17. Shakedown map of repeated sliding of a rigid cylinder over an elastic–plastic half space [56]. 

Plastic ratcheting can cause plastic deformation on the edge of the high rail in curves. 
Olofsson and Telliskivi [2] performed in-field studies in which both wear and the plastic 
flow of the ratcheting process were found to cause lipping in the lower part of the rail 
gauge. Figure 18, taken from Nilsson [37], shows the form change occurring over two 
years in both the wheel and rail of a commuter train from a Stockholm local network. 

 

 
Fig. 18. Form change in both a wheel and rail from the Stockholm test case [37]. 
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6 Summary of appended papers 

Paper A presents the test methodology for detecting seizure and demonstrates the wear-
reducing influence of free carbon in a highly loaded contact. It was found that the 
graphite nodules in nodular cast iron can act as a solid lubricant, similar to results 
reported by Mädler [35]. The core of this paper is the design of the test methodology for 
detecting seizure that is used in paper B. It was also found that the surface 
manufacturing process greatly influences both wear and the transition to more severe 
wear mechanisms, as indicated by the significant difference in seizure-related load for 
each type of surface. For the material and lubricant combination used here, other 
parameters, such as sliding velocity, did not have as great an influence as did the surface 
manufacturing process  

When examining the wear data previously presented in Figure 11, one notes a lack of 
wear data representative of a wheel flange–rail gauge contact. With this lack in mind, the 
test plan for paper B was formulated to involve relatively high sliding velocities. The 
seizure-initiating loads at a selection of sliding velocities and at high contact pressures 
were studied. The results indicate that, with proper lubrication, seizure can be prevented 
despite very severe contact conditions. The delay in seizure onset was consistent 
throughout the experimental results, with only small scoring marks and a low coefficient 
of friction. As the amount of lubrication was low, i.e., in the boundary lubrication regime, 
seizure was initiated at relatively low loads. Visual inspection by optical microscopy and 
topographical measurement of the test specimens revealed that, as the coefficient of 
friction increased, the protective surface layer was removed, causing material transfer 
between the contacting bodies. Theoretically similar results were presented by Lim el al. 
[48]. The findings presented in paper B also suggest that the transition to catastrophic 
wear and seizure may be caused by thermal softening, as suggested by Lewis et al. [55], in 
view of the flash temperatures present in the contact. This hypothesis was strengthened 
by the colour change of the abraded material in some of the test runs. 

The study presented in paper C examines the effects of environmentally adapted oils, 
mineral oils, and greases on the wear rates of wheel and rail materials. Pin-on-disc 
methodology was used for analysing the lubricant performance. A wide range of 
lubricants developed for the wheel–rail contact was analysed, consisting of 
environmentally adapted oils, hydraulic oils, mineral oils, base oils, environmentally 
adapted greases, and mineral-based greases. The results indicate significant differences in 
performance between each type of lubricant, suggesting that improved performance may 
be possible if a high-performance lubricant is used. Some lubricants failed to perform as 
expected when the contact pressure was increased, resulting in a further classification of 
the lubricants. As in paper B, the amount of applied lubrication was investigated. It was 
found that test runs with copious lubrication produced lower wear, possibly because of 
more consistent transportation of additives to the contact patch. 
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The measurement of airborne particles was introduced in paper D, which found a 
correlation between wear rate and number of fine particles. As the contact pressure was 
increased further, wear transitions began to occur, evident throughout the test runs by 
the large variation in the number of airborne particles. In addition, under certain contact 
conditions, an increase in the number of ultrafine particles was evident. Finally, in test 
runs with added lubricant, almost no measurable airborne particles were produced, 
possibly because most of the wear particles were mixed with lubricant, preventing them 
from becoming airborne. Descartes et al. [59] found wear-generated particles in the same 
size interval as the airborne particles found in paper D in the lubricant after testing. The 
main result of the present study is the possibility of analyzing the wear situation more 
thoroughly by measuring the airborne particles generated by the contact. Using this 
methodology, it is possible to study the airborne particles originating solely from the 
contact patch, since the background scatter of other particles is completely eliminated by 
filtering. 

Paper E discusses the relationship between contact temperature and wear transitions. 
The research into airborne particles continued by studying the change in particle number 
in the ultrafine region as the contact temperature increased. As the sliding velocity 
increased, the temperature rose and a large number of ultrafine particles was generated. 
At sliding velocities representative of a traditional wheel tread–rail head contact, 
however, such particles were not found. The particles generated were sampled on filters 
to be studied using SEM methodology. The SEM study revealed that particle 
morphology changed with sliding velocity and that more ultrafine particles were visible in 
the high-sliding-velocity cases. Analysis using FIB methodology and ESCA analysis was 
also performed; these results indicated that microstructural changes occurred with 
increased wear severity and that different amounts of oxygen were bound to iron in the 
surface at different wear rates.  
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7 Discussion 

This thesis and the five appended papers discuss an experimental sliding contact that 
replicates real contact conditions. The results are repeatable for a variety of parameters, 
and the influence of tribological parameters is discussed. The transitions between 
different wear regimes are identified, and these are related to different material 
combinations, surface manufacturing processes, lubrication treatments, contact 
pressures, and sliding velocities. When compiling wear maps like those of Lewis and 
Olofsson [5] and Lim and Ashby [47], it is important to specify the operating conditions 
in order to obtain accurate results when later simulating and predicting wheel–rail wear. 

Under wheel flange–rail gauge contact conditions, wear transitions occur if the contact 
patch is improperly lubricated. There is room for considerable improvement in real 
railway applications, and “proper” lubrication generally means that a lubricant film is 
present in the contact patch, preventing “dry” metal-to-metal contact. Both the 
placement of the lubrication devices and the formulation of the lubricants used could be 
improved. Paper C discusses on-board versus wayside lubrication, concluding that it is 
possible to improve the wear situation in narrow curves by applying lubricant at closer 
intervals to guarantee that a lubricant film is present throughout the wheel flange-rail 
gauge contact. In a full-scale railway application, on-board lubrication devices could be 
more easily calibrated to different running conditions (e.g., positioning of lubricant 
application, curve radii, vehicle type, and curve velocity) than could traditional wayside 
lubricators. Based on observations of the lubricant film in field, it can be seen that the 
presence of a very small amount of lubrication on the rail gauge of the high rail can be 
enough to prevent seizure and catastrophic wear.  

Severe or catastrophic wear could occur in wheel flange–rail gauge contacts if there is 
direct metal-to-metal contact, and wear transitions occur if an insufficient lubrication is 
applied. For this type of contact, non-conformal specimen geometries were used to 
replicate the contact pressures present in the laboratory environment. These geometries 
imply that the testing is defined for nominal contact conditions, i.e., the contact 
conditions present at the first point of contact. During testing, these geometries will 
change due to wear, but contact conditions will change only slightly in mild wear cases. 

The main results of experimental wheel–rail wear studies are often reported as wear rates 
or coefficients. Such a methodology averages the wear rate over a whole test run to 
obtain easily understandable and comparable results. For example, Viáfara et al. [18] 
studied the wear rate, disregarding the wear rate during the running-in period; using this 
methodology, however, only linear relationships could be found. In a matter of seconds, 
the transition to catastrophic wear drastically changes the contact conditions by means of 
wear that increases the contact patch area. This increased contact area lowers the average 
contact pressure, resulting in another wear transition shortly thereafter to a milder wear 
regime. The overall effect of the transition to catastrophic wear will decrease with test 
duration, and will be completely missed if the running-in is disregarded. 
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When investigating catastrophic wear using a pin-on-disc machine, there is only a short 
time when representative contact conditions hold, since a constant normal load is used. It 
is impossible to observe continuous catastrophic wear, as catastrophic wear causes the 
contact area to increase rapidly, lowering the average contact pressure and causing 
another wear transition, to either severe or mild wear. Of greater interest for a wheel 
flange–rail gauge contact would be discussion of transient events (e.g., wear transitions) 
and examining the running-in process more thoroughly when simulating flanging. This 
could be done by reducing the test duration or using additional measurement techniques 
with short lag times, for example, measurement of airborne particles, wear depth, and 
temperature or the use of the SLTR setup. Unless such additional techniques are used, 
the effects of catastrophic wear on the specimen are easily overlooked, because the 
affected material will most likely be worn off due to ensuing repetitive contacting of the 
surfaces. 

To enhance the wear maps used today, our understanding of steady-state wear rates has 
to be redefined for narrow curves. These conditions could be represented by a high wear 
rate with an added probability of catastrophic wear related to the contact conditions. In 
narrow curves, this probability function could be a function of the risk of lack of 
lubrication in relation to the lubrication technique used. 

Wear transitions in wheel–rail contacts are documented in the appended papers. In the 
last two appended papers, airborne particles, contact temperatures, and changes in 
material properties are discussed to enhance our understanding of such transitions.  

Without lubrication, airborne particles will be generated by the active wear mechanism 
and, according to paper D, the number of airborne particles can be reduced by applying 
lubrication. This reduction is explainable partly by the mixing of particles with the 
lubricant and partly by the generation of fewer ultrafine particles due to less frictional 
heating. Descartes [59] found fine wear particles in the lubricant, particles generated by 
an experimentally simulated wheel–rail contact. The increased number of ultrafine 
particles generated by test runs at high sliding velocities, as reported in paper E, is 
believed to be caused by high temperatures in the contact. According to Zimmer [60], it 
is implausible that such small particles are generated by mechanical processes; this 
implies that these particles must be further investigated to determine whether they are 
generated by a thermal or a chemical process. It would not be too great a leap to assume 
that it is a thermal process, since no chemical substances are added to the contact patch. 
This finding opens the possibility of using field measurements of ultrafine particles to 
detect severe and catastrophic wear. In the simulations conducted for the present 
research, the generated particles were sometimes sampled on filters simultaneously with 
the wear measurements. The filters were studied using SEM methodology, and the size 
distribution and morphology change of the particles could be related to different wear 
mechanisms and regimes; for example, no ultrafine particles could be found in low-
sliding-velocity cases, but such particles were over-represented in high-sliding-velocity 
cases.  
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Non-invasive measurement techniques were evaluated by attempting to determine the 
contact temperature of the test specimens in the pin-on-disc setup. The results of these 
measurements were too inconsistent to be used, due to problems of specimen geometry 
and emissivity calibration, so thermocouples were instead used to measure the 
temperature. The results indicated rapid increases in the bulk temperature of the pin 
under contact conditions representative of unlubricated and starved lubricated wheel 
flange–rail gauge contacts. Although a thermocouple cannot be used to measure transient 
changes accurately due to its time delay, the operating conditions in Figure 16 generate a 
large heat flux, increasing the bulk temperature to 200°C in just a few seconds of contact. 
Since the pin’s only heat source is frictional heating in the contact, it is easy to 
understand that the temperature would be even higher nearer the contact patch, clearly 
reaching temperatures above the boundary for thermal softening and causing high wear 
rates [50],[55].  

After the completed test runs, the material properties of a few pin specimens were 
studied using FIB technique in a manner similar to that of Beste et al. [61]. Changes in 
microstructure could be identified, where the affected depth varied with contact severity. 
Perez-Unzueta et al. [62] used SEM imaging to reveal plastic deformation of the pearlitic 
microstructure; their tests indicated that the contact surfaces had severely deformed 
microstructure. The work in this thesis suggests that to obtain a better understanding of 
the changes in material properties occurring during wear transitions, test runs in the pin-
on-disc machine must be stopped abruptly as soon as the transitions occur to permit 
analysis. The studied cases of severe wear displayed a deformed microstructure, but no 
temperature-induced transformations could be found.  

Furthermore, ESCA analysis revealed that the thickness of the oxide layer of such 
specimens was very thin, in the order of approximately 10 nm. This could be because the 
wear rate was high and the surface topography rough, resulting in material transfer 
directly from the bulk material in the absence of a protective surface layer. 

Finally, considering wear maps with and without lubrication raises some new questions. 
Figure 13 presents a wear map of a well-lubricated contact, showing wear rates several 
orders of magnitude lower than those of unlubricated contacts. From studying the 
different wear regimes, it can be concluded that no wear transitions occur unless the 
contact pressure reaches very high levels. The three low-contact-pressure wear regimes of 
Jendel [4], presented in Figure 4, cannot be differentiated when a lubricant is applied. To 
predict wheel–rail wear, the running conditions must be specified, as the use of coarse 
wear maps will increase the degree of uncertainty.  
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8 Concluding remarks 

This thesis summarizes a large number of experimental and field data and a range of 
theoretical considerations The experimental work reported in the appended papers deals 
with wheel flange–rail gauge contact conditions for which only a few data are available in 
the literature.  

The results presented indicate that seizure initiation can differ depending on the surface 
manufacturing process used, and that changing the contact pressure and sliding velocity 
can trigger transition between wear regimes. The effect of lubrication was studied with 
reference to both wear rate and seizure prevention, and a few conclusions can be drawn: 

• The amount of lubrication greatly influences the type of wear. 

• Although they are comparable to traditional mineral oil-based lubricants, use of 
environmentally adapted lubricants can result in a slightly higher wear rate. 

• Lubricant additives can reduce the wear rate provided the transport of lubrication 
to the contact patch is adequate. 

One goal of this research project was to construct wear maps of the wheel–rail contact. 
The test methodology made it possible to achieve this goal, but it is important to 
remember that a wear map is only valid for the specific conditions (e.g., temperature, 
relative humidity, and lubrication) for which it was compiled. The validity of the wear 
map must also be questioned for contact conditions that might produce catastrophic 
wear. In such cases, instead of wear maps, the use of a different methodology is 
suggested. 

To detect wear transitions when experimentally simulating the wheel–rail contact, tools 
such as airborne particle and wear depth measurements are needed, especially as the 
contact severity is increased to extreme levels. The results presented here indicate that 
there is no such thing as steady-state wear for an improperly lubricated wheel flange–rail 
gauge contact. Wear transitions occur when experimentally simulating these conditions, 
resulting in temporarily catastrophic wear rates that imply high temperatures and changes 
in specimen form. Improving our understanding of these contact conditions calls for 
tests with shorter durations. 

Field measurements of ultrafine airborne particles might be used to detect severe wear 
transitions. To prevent wear transitions when the sliding component increases during 
travel around narrow curves, guaranteeing the presence of a lubricant film is essential no 
matter what lubrication device is used.  
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