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ABSTRACT 
 
The use of hardened high strength steel is found in applications where high wear 
resistance is required. The wear properties of high strength boron steel are well known 
in applications with abrasive wear from stones, ore and other hard material. A unique 
concept of wear protection of rails is newly presented, a wear resistant cap made of 
hardened high strength boron steel. 

Reducing the wear of rails and wheels and controlling the frictional behaviour in the 
wheel/rail contact are two key issues for railway owners in order to reduce the 
increasing costs related to higher axle loads, higher speeds, more frequent traffic etc. 
The cost of the rail material when replacing a section of the rail is just a small portion of 
the total cost. Planning, disturbance of traffic and loss of income during the 
maintenance are some of the larger parts of the total costs. Likewise, the large 
difference in frictional behaviour in the wheel/rail contact of materials used today 
creates huge problems. Friction at the rail head needs to be high enough to withstand the 
traction force when accelerating and braking while the friction at the gauge corner 
should be low to save energy and give good steering capability of the train. The low 
friction at the gauge face can be achieved by using rail lubrication but the controlled 
friction at the rail head at different temperatures and other weather conditions is still a 
problem. In order to reduce the total costs it is therefore crucial to reduce the time for 
replacing the rail and increasing the service life of the rail. The ReRail rail cap has the 
potential to do both.  

There are almost no results published regarding the tribological properties of Boron 
steel in contact with other metallic materials for mechanical engineering applications. 
Therefore, the aim of this work has been to investigate the tribological properties of 
boron steel in contact with Blue Light wheel steel under dry and water lubricated 
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conditions in a two-disc tribometer. Advanced analytical instruments including 3D 
optical surface profiler, micro hardness indenter, light microscope and SEM/EDS were 
used to analyse the results. 

Results from the experiments show that the friction coefficient in tests with boron steel 
is more stable both in dry and water lubricated conditions than tests including UIC 1100 
rail steel used in todays application. Surface damages seen from water lubricated tests 
on UIC 1100 rail steel are not seen on the surface of the boron steel discs. In all tests, 
the wear decreased when water was added in the contact and friction was slightly 
decreased. 
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1. INTRODUCTION 
 
Boron steel is known as a wear resistant material and is today commonly used for wear 
protection in applications such as rock and ore handling. High strength steels are also 
used in energy absorbing systems in vehicles applications as it has shown to have 
superior performance compared to ordinary construction steels. Almost nothing is so far 
published about the tribological properties of Boron steel in combination with other 
metallic materials for mechanical engineering applications. One exception is studies of 
hot forming operations of Boron steel. Hardell et al [1, 2] has presented studies of 
friction and wear of tool steels working at elevated temperature forming Boron steel. 
Nevertheless, these studies primary focuses on the wear of the tool steel surfaces, not 
the Boron steel. 

High strength Boron steel is today not used as an engineering material in heavily loaded 
contacts with relative motion. With increased knowledge of the tribological 
performance of the Boron steel, new areas will be opened up and new improved 
products and applications can be found. Of special interest is a new concept for rail 
systems, a renewable wear protection cup applied on heavily loaded rail tracks - the 
ReRail.  To be able to prolong the service life of rail and wheels, it is essential to 
increase the wear resistance of the contacting bodies. By increasing the wear resistance 
of the rail head, the transverse profile of the rail will be kept within tolerances of 
optimal running conditions and the wheel wear will be reduced. A more stable 
transverse rail profile will also improve the steering capability of the trains. The 
prolonged service life will lead to longer maintenance intervals and decreased overall 
operating costs. In this application it is important to know the tribological behavior of 
the contact. This tribological contact includes two materials, one interfacial lubricant 
and surroundings. The lubricant can be water, grease and/or a mixture of these. The 
method used to simulate the wheel/rail contact in the experiments has been by using a 
two-disc machine. The two-disc machine is perhaps the most commonly used method to 
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simulate a rolling/sliding contact at high pressures and has been used by several other 
railway researchers in earlier studies [3, 4, 5]. 

The main interest in this study has been to increase knowledge, possibility to use HSS 
as a mechanical engineering material as well as to see whether Boron steel can be used 
in a wear protective layer for rails with comparable friction / traction properties as for 
an ordinary rail material. 

 
 
2. METHOD 
 
A two-disc tribometer has been used aiming to study the tribological performance, 
friction and wear, for hardened Boron steel mating other engineering materials. In this 
study, wheel material, Blue Light, has been used as the mating surface and the test has 
been performed under dry and wet conditions. As a reference test a combination of the 
same wheel material together with an ordinary rail material, IUC 1100, is used.  

Circular discs of the test material are produced, with a specified size and surface finish. 
The tests are run and friction torque is measured and mass loss is determined. Finally 
the worn surface and subsurface changes are analyzed. 

The experiments were performed using a UTM 2000 Wazau two-disc machine. In this 
machine a heavily loaded line contact, with simultaneously rolling and sliding relative 
motion, can be achieved. The contact pressure is produced via a dead weight system. 
The cylindrical disc specimens are mounted on separate shafts and for those the 
rotational speed can be independently controlled. The test rig is shown in Figure 1. The 
test discs have a diameter of 40 – 45 mm and are 10 mm thick. 

 

 
Figure 1 Close up view of UTM 2000 Twin disc machine 

 
Appropriate conditions for load, velocity, % slip and test duration where chosen. All 
tests where performed at room temperature. Two main test series have been performed; 
one under dry conditions and during the other test water was added to the contact. The 
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slip is defined as the difference in rotational speed in relation to the rotational speed of 
the faster rotating shaft. 

Testing conditions; Load 2000 N (corresponding to a contact pressure of 0,9 GPa), 
rotational speed 200 rpm, 1 % slip (with the wheel disc rotating at higher speed) and 5 
hours test duration. The sliding distance in these tests are 85 meters. The friction force 
is calculated as the relation of the measured traction torque between the disc specimens 
and the normal force times the radius. 

The disc specimens were prepared with different surface roughnesses. The main 
orientation of the grinding grooves for the rail discs were along the direction of motion 
and for the wheel discs perpendicular to the motion. The discs were also prepared with 
one smoother and one coarser roughness. The chemical compositions of the tested 
materials are given in Table 1. 

 

Table 1 Chemical composition in wt% and hardness, HV30. 
 

Material Boron steel Blue Light Ref mtrl 
Chemical composition (wt.%)    

C 0,25-0,30 0,67-0,77 0,60-0,80 
Si 0,20-0,35 ≥0,15 0,50-1,10 
Mn 1,0-1,3 0,60-0,85 0,80-1,20 
Ni  ≤0,25  

Cr 0,15-0,25 ≤0,30 0,80-1,20 
Mo  ≤0,05  

S 0,025 ≤0,05 ≤0,025 
P 0,03 ≤0,05 ≤0,020 
V  ≤0,04-0,08 0,18 
Cu  ≤0,20  

Al    

B 0,003   

    

Average hardness, HV30 525 380 324 
 
All test specimens were cleaned in an ultrasonic cleaner and weighed before and after 
the tests by using a Mettler Toledo balance with an accuracy of 0,00001 g. 

By using optical light microscope and scanning electron microscope, SEM, the surface 
topography was studied. This makes it possible to decide the occurrence of adhesion 
and abrasive wear or if there have been some ploughing components. With higher 
magnification also the presence of oxidised plateaus can be observed. 

Work hardening and structural subsurface changes were studied aiming for better 
understanding of wear mechanisms and frictional behaviour. A slice of the test discs 
were cut out in order to prepare a cross section specimen, the slice were moulded in a 
circular form, plane milled and polished. An optical light microscope was used to 
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observe the mechanical affected subsurface layer and occurrence of cracks. Micro-
hardness depth profiles were obtained by using a Matsuzawa MXT-α micro hardness 
tester at a load of 50 g. The first indentation was approximately 50 µm from the surface, 
followed by a number of indentations up to a depth of 1,0 mm. 

  
 
3. RESULTS 
 
During the tests in the two-disc machine friction torque is recorded throughout the 
whole test together with a summarized change of diameters for the discs. After the 
specified test time is reached the mass loss is determined by weight loss and the surface 
are meticulous analyzed. 

 
3.1. Friction coefficient  
 
Friction plots, i. e. calculated coefficient of friction as a function of test time, gives 
information of both the running in and steady state behavior. When summarizing all 
experiments it is seen that at dry condition the friction is higher and more stable 
compared to lower friction with more fluctuations at wet conditions, this is shown in 
Figures 2 and 3. The running in, interpreted from how fast a stable friction level is 
reached, was faster at dry conditions.  

 

 
Figure 2 Coefficient of friction at dry conditions 
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At dry conditions the coefficient of friction is slightly influenced by the surface 
roughness. All tests show a clear transition from running in to steady state conditions.  
When the smooth wheel discs were used, these are the discs with grinding grooves 
parallel with the rolling and sliding direction, the friction curves reaches a maximum 
and thereafter a slightly decreasing friction is seen. For the rough wheel discs a distinct 
point where the steady state level is reached is seen, no local maximum of the friction 
coefficient is reached, and the friction coefficient is somewhat lower the for the tests 
started from smooth wheel discs. The mean value of the friction coefficient is 0,38 at 
steady state conditions. 

 

 
Figure 3 Coefficient of friction at water lubricated conditions 

 
At wet conditions, running in time  depends strongly of the surface roughness of the rail 
discs, even though there is not that much difference in the Ra-values for a rough and a 
smooth rail disc, 0,5 µm and 2,0 µm respectively. For these discs the grooves are 
oriented perpendicular to the direction of motion. For the case with rough rail discs the 
running in is very slow, independently of the surface roughness of the wheel discs. The 
stable conditions are not reached until after half the test time. The mean value of the 
friction at steady state is 0,32, somewhat higher for the tests done with the rougher rail 
discs. 

The steady state values from the reference test; 0,4 – 0,5 at dry conditions and 0,2 at wet 
conditions.  

During the tests the sum of radial displacements is also recorded. This gives information 
about the "total wear rate" as a function of time and gives additional input for the 
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discussion regarding if steady state is reached or not. The "total wear rate" will be 
discussed more in detail later together with the measured losses of mass, but it can be 
concluded that steady state conditions have been reached for all tests. At the two last 
hours of the tests the change in radial displacements is constant with time; i. e. the "total 
wear rate" is constant. 

 
3.2. Wear 
 
In Figure 4 specific wear of rail discs, wheel discs and the sum of these at both dry and 
wet conditions are presented. Specific wear is calculated from mass loss [g], density 
[kg/m3], load [N] and sliding distance [m]. A reference measurement made for ordinary 
rail material mating the same wheel material is also included in this figure. 
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Figure 4 Specific wear 

 
The total specific wear at dry conditions were always higher than wear at wet 
conditions, i. e. added water acted as a wear protective lubricant.  When water was 
added the wear decreased 50 – 80% compared to dry conditions. At dry conditions the 
highest total wear is found when the test started with two smooth surfaces and the 
lowest specific wear were found for the combination of a rough wheel disc and a rough 
rail disc. The wheel discs were in all dry tests worn approximately three times the 
corresponding rail discs.  

The specific wear for the wet cases is strongly affected by the surface roughness of the 
wheel discs. For these discs the grinding grooves are oriented parallel to the direction of 
motion. A comparison, at wet conditions, of the smooth wheel discs and the rough 
wheel discs show that in the latter case the wheel discs where more worn and the wear 
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of the mating rail discs decreases slightly. There are only two cases where the wheel 
discs are worn less than the rail discs, i. e. for the two water lubricated tests with 
initially smooth wheel discs. 

At dry conditions the reference test with ordinary rail material showed similar results as 
the test with Boron steel, but at wet conditions the ordinary rail material had higher 
wear at the same time as the wheel disc was less worn. 

 
3.3. Surface topography analysis 
 
A study of the worn surfaces makes it possible to understand which wear mechanism 
that dominates the wear process. The influence on wear and resulting surface 
topography of dry and wet conditions is investigated and a comparison with the 
reference material is presented. 

In Figures 5 and 6 SEM-images of the worn surfaces of two pairs of mating surfaces are 
shown. The magnification is 400x and the field of view is 350 µm times 250 µm. All 
specimens were prepared with the coarser surface roughnesses, i.e. the surface 
roughness of the new test specimens were; Ra,wheel = 14 µm and Ra,rail = 2,0 µm, with 
grinding direction parallel respectively perpendicular to the direction of motion. The 
direction of motion is oriented in vertical direction in the images. 

 

  
Figure 5 SEM images of worn Boron steel disc (left) and Blue Light disc, dry 

conditions 
 
The rough surfaces are clearly smoothened. At the Boron discs some horizontal marks 
can be seen, at approximately 0,1 µm intervals, which are remaining grooves from the 
original grinding.  
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Figure 6 SEM images of worn Boron steel disc (left) and Blue Light disc, water 

lubricated conditions 
 
The worn surface of the Boron steel disc show a rougher surface topography in the 
water lubricated test compared with results seen at dry conditions. For the wheel disc 
there is a relatively large difference when comparing the results from dry and wet 
conditions. From the water lubricated test a vertical pattern remains from the deepest 
valleys in the grinding grooves, due to very low wear. Some oxidized plateaus have 
been also been formed.  

In Figure 7 the Boron steel disc is compared with a disc made out of ordinary rail 
material. The test is performed at water lubricated conditions. The magnification is 
400x, thus the size of the images are 3 mm times 2 mm. The two discs have very 
different surface topography of the worn surfaces.  

 

  
Figure 7 SEM images of worn boron and reference material, wet conditions. 

 
The Boron steel surface is extremely smooth compared to the ordinary rail material. At 
the reference material a scaly pattern is seen, which is not the case for the Boron steel 
disc. 
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3.4. Subsurface changes 
 
The affected subsurface layer was studied with use of an optical microscope and 
through micro hardness measurements. 

Images of the cross section of two different rail discs are presented in Figure 8. Initially 
these discs were rough and the tests were performed at dry conditions. The mating 
wheel disc had a rough surface. It can be seen that the reference material has an affected 
layer approximately 15 – 20 µm while the Boron material seems to have a negligible 
affected layer.  

 

  
Figure 8 Optical microscope images, cross sections of Boron steel and reference 

material, dry tests 
 
In Figure 9 and 10 the micro hardness depth profiles for three different tests are 
presented at both dry and water lubricated conditions. All rail discs had initially rough 
surfaces. A comparison of the subsurface hardness shows that, depending on the friction 
forces developed in the contact, relatively large differences is seen within 15 – 20 µm 
from the surface. Even down to ∼ 1,0 mm from the surface the hardness is somewhat 
higher for the discs that were run at dry conditions. 

For the tests performed at dry conditions, shown Figure 9, it is seen that the affected 
layer is less prominent for the Boron steel specimens which have higher bulk hardness, 
∼ 600 HV, than for the reference material where the worn reference disc reaches 720 
HV in the top layer though the bulk hardness is not higher than 400 HV. The Boron 
steel is slighter harder towards the surface, which may be caused of the hardening 
process. All wheel discs show similar results although the initial surface roughness and 
the mating material differs, the bulk hardness is 400 HV and in the affected layer close 
to the surface slightly higher values are reached, ∼ 550 – 600 HV. 
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Figure 9 Hardness in cross section, dry test 

 
At lubricated condition the friction forces and the wear rates were lower and in Figure 
10 it can also be seen that the work hardening effect has decreased. The Boron discs 
have similar hardness profiles at dry as at wet conditions. The reference material shows 
no work hardened layer for the tests at wet conditions, neither do the wheel discs.  
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Figure 10 Hardness in cross section, water lubricated test 
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4. DISCUSSION 
 
The test method chosen for this tribological investigation is often used for simulations 
of wheel-rail contacts which imply that comparable results are available. The set-up 
gives possibilities to study highly loaded contact with simultaneously rolling and 
sliding, and under dry or lubricated conditions. 

Different friction behaviour at the first part of the tests may depend on different initial 
topography, or other differences in surface properties, e. g. influence of the grinding 
process. 

The orientation of grinding pattern is most important in the water lubricated tests, while 
the low wear implies that the deepest initial grooves remains during the whole test.  It is 
seen that the roughness on the wheel discs has the largest influence on friction, a much 
longer running in is seen. With the grooves perpendicular to the relative motion water 
may be caught and a hydrodynamic effect is achieved, resulting in lower friction and 
wear. The grinding on the rail discs are oriented parallel to the direction of motion and 
the roughness does not affect the friction curves.  

In the dry tests it is seen that the running-in proceeds faster for the rougher rail discs 
than for the smoother ones, and the change to a steady state value of the friction is 
distinct. The fact that rougher grinding parallel with the relative motion gives faster 
running in may be caused of the possibility for good transportation of wear particles out 
of the contact.  

For each material the discs are manufactured in the same way up to the final grinding 
process, where one fine and one course surface pattern is produces. Measurements of 
hardness before use show that there are similar hardness for the two different pattern, e. 
g. no work hardening from the manufacturing occurred. 

The sum of radial displacement was measured and gives additional information about 
the running-in behavior. The displacement measurements verified that the steady states 
were reached in all tests. Frictional heating may have some influence on the 
displacements measurements. A control of the mean surface temperature showed the 
discs was only heated two to five degrees, which implies that the maximum diameter 
change due to heating can be 1,5 – 2,5 µm. The surface temperature reached a stable 
value within the first 2 % of the test duration. 

A significant difference in mass loss of the fine and course wheel discs is seen during 
the wet tests. This strengthens the model that the course surface is faster worn out/run in 
although the friction is relatively constant. The total mass loss does, of course, not give 
any information about running in or steady state conditions. A SEM analysis of the 
worn surfaces gives additional information. It is possible to detect some plateaus may 
act as load carrying zones and give some wear protection. 
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5. CONCLUSION 
 
The tribological properties of Boron steel are not well known. This study, however, 
shows that Boron steel has excellent wear resistance and stable friction performance in 
highly loaded contacts with simultaneous rolling and sliding.  

In the application under discussion, wheel rail contacts, it is extremely important that 
the conditions may be predictable. For safety reasons the friction can not be accepted to 
decrease too much, the braking forces must be sufficient. Almost constant friction 
despite differences in weather condition, dry rail or wet rail, is a large advantage for the 
Boron steel compared with the ordinary rail material, this improves a higher security for 
braking, faster acceleration and makes it easier to keep planned time schedule. A 
constant value of the friction coefficient also simplifies the use of theoretical models for 
calculations of rail life. 

At dry conditions, and wet conditions with smoother surface topography, the contacts 
were run- in after half an hour which is approximately one tenth of the total test 
duration. At wet conditions the steady state conditions were reached after 2 hours. 

The friction coefficient at steady state was between 0.3 – 0.35 for wet conditions and 
0.35 – 0.4 for dry conditions. In this application it is an advantage that after water was 
added approximately 80 - 85 % of available traction still is remaining. A reference test 
performed with UIC 1100 and Blue Light resulted in a decreased friction of 50 % when 
water was added to the contact. 

At dry conditions the total wear is for all material combinations dominated by a mass 
loss for the wheel discs. In comparison to this, at wet conditions the total mass loss is a 
sum of two relative equal parts when the surfaces are initially rough. For smooth wheel 
disc sand wet conditions the total mass loss is mostly a result of the mass loss of the rail 
discs. 

No or negligible work hardening for the Boron steel discs ensure high wear resistance in 
the long run, compared to the reference material with strong work hardening effect 
which shows tendencies of fatigue cracks after 60000 loading cycles. 
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