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A B S T R A C T   

The present study uses a pin-on-disc tribometer to evaluate friction, wear, and airborne particle emissions for a 
rail-wheel contact. Test pins from UIC60 900A rail carbon steels were in contact with three types of test discs 
surfaces: R7 wheel carbon steel, laser cladding overlayed martensitic stainless steel, and laser cladding overlayed 
Ni-based-8% MnS self-lubricating alloy. Test results show about halving of the coefficient of friction, 0.42 to 
0.22, and one ten-power lower specific pin and disc wear of discs with self-lubricating overlay compared to 
standard railway carbon steel contacts. Using stainless-steel overlayed discs also resulted in one ten-power lower 
specific disc wear, but pin wear is unchanged. Particle emission for the tests with discs with self-lubricating 
overlay is constant at almost 200 particles/cm3 while running in the distance is needed for the other tests. 
Almost all generated airborne wear particles were in the sub-100 nm range. The use of laser-cladded (LC) overlay 
reduced the number of airborne wear particles in the sub-100 nm range by more than a factor of 10.   

1. Introduction 

Population growth in urban areas has boosted the enthusiasm for 
constructing Urban Rail Transit Systems (URTs), considered "green 
transportation" worldwide. There are numerous advantages to URTs, 
including their large capacity, high efficiency, and little floor space re
quirements, making them a viable alternative to road traffic congestion 
and environmental pollution [1]. Subways are one of the means of URTs 
that begin (in London) in the late 19th century and nowadays, almost 
125 years later, carry more passengers than any other city transport 
mode worldwide. Thus, it has become an everyday part of millions of 
commuters that spend a portion of their time on subway trains. One of 
the major drawbacks of any underground transport system is that it 
operates in a confined space that may permit the accumulation of un
healthy concentrations of airborne contaminants [2]. Therefore, main
taining air quality in subway environments is essential [3]. 

At rail subway platforms, extremely small (nanometric to a few mi
crons in size) particle generations occur at the brake-wheel and wheel- 
rail interfaces that are highly ferruginous [4]. Such wear particles 
have the potential to be dispersed by air since they will have a terminal 
velocity slow enough to become airborne [5]. The metalliferous char
acter of these particles has the potential to cause DNA damage [6]. 

The loading conditions and contact geometries in wheel-rail contact 
mechanics vary as the train progresses down the track. The wheel-rail 
contact (typically 1 cm2) mainly occurs at the wheel tread-rail head in 
tangent tracks at large curvature radii and wheel flange-rail gauge 
corner in curves with small curvature radii, see Fig. 1, with two typical 
wear appearances. Both rail head and wheel are made of pearlitic steel 
and therefore undergo adhesive wear under the influence of sliding and 
rolling [7]. Lewis and Olofsson [8] identified the wear regimes and 
transitions by developing wear maps in terms of slip and contact pres
sure and showed that mild to severe wear results from contact conditions 
most likely to occur in the wheel tread/railhead contact, and severe to 
catastrophic wear, in the wheel flange/rail gauge corner, contact. Liu 
et al. [9] studied the influence of sliding velocity on particle generation 
in dry sliding wheel-rail contact in the lab environment and showed that 
the particle number concentration level remarkably increases with an 
increased sliding velocity. Thus, wheel-rail sliding contact’s severe to 
catastrophic wear contributes to high particulate matter emission. 

Sund et al. [10] experimentally simulated by using pin-on-disc 
testing that the change in wear mechanism and wear rate in a 
wheel-rail contact can be detected by measuring the number of airborne 
particles. Laser cladding, an overlay welding technology, has been 
evaluated with successful results in improving the wear resistance of 
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rail-wheel contact in many studies [11–15]. Fig. 2(a) shows a schematic 
of laser cladding, while Fig. 2(b) illustrates typical rail/wheel regions for 
profile restoration and friction-wear reduction by weld overlay tech
nology such as laser cladding. In the laser cladding process, an overlay 
layer is welded onto the substrate surface by using a laser beam with a 
very high-power concentration compared to more conventional overlay 
welding technologies such as an electrode, MIG and TIG, see Fig. 2(a). 
That high laser beam power concentration allows the deposition of 
overlays with metallurgical bonding to the substrate but with only be
tween 2 and 5% dilution and reduced thermal deformation of the sub
strate workpiece [16]. In common, laser cladding has an overlaying rate 
of 10–50 cm2/min with overlay thickness in a range from 50 μm to 2 
mm, whereas a much recent development by Fraunhofer termed 
Extreme High-Speed Laser cladding (German acronym: EHLA) is capable 
of producing much thinner overlays of about 25–250 μm with a surface 
rate that can reach 500 cm2/min [17]. Laser cladding is commonly 
performed in laser cladding workshops under controlled environment 
conditions, necessary precautions and safety measures such as compul
sory eye-protection glasses. For open-air applications such as railway 
and tram rails, in-situ laser cladding with mobile laser systems, e.g. 
Laserline LDF Series - Mobile High Power Diode Laser [18], has been 
practised with promising results [19]. The laser cladding operators use 
fences – a well-known welders’ measure to protect the melt pool from 
wind and achieve eye-protection of people and animals from fences from 
the welding arc light/laser light. 

The wheel-rail contact is an open system, similar to the brake disc 
system of automobiles. Olofsson et al. [20] and Lyu et al. [21] showed 
that laser cladding can be applied successfully to repair worn-out brake 
rotors. Dizdar et al. [22] investigated dry sliding conditions in a 
pin-on-disc tribometer equipped with particle analysis equipment that, 
wear and particle emission of LC (with a powder mix of Ni-self fluxing 
alloy + 60% spheroidized fused tungsten carbide) Grey Cast Iron (GCI) 
brake disc was reduced as compared with traditional GCI brake disc. 
Olofsson et al. [20] simulated in a pin-on-disc tribometer that the wear 
and particle emissions of the disc brake against the same pad material 
were higher when LC with martensitic stainless steel powder to one 
compared to the original cast iron. Hence, the laser cladding process 
must also be tuned by selecting a suitable metal powder consumable that 
fulfils the specified requirements. The effect of a friction modifier can be 
defined as the ability to reduce friction in a sliding contact of metallic 
members [23] and can be applied to wheel-rail contact to generate the 
required coefficient of friction [24]. Abbasi et al. [25] performed a 
pin-on-disc study of the effects of railway friction modifiers on airborne 
wear particles from wheel-rail contacts. The number of particles reduced 
with the grease, but the number of ultrafine particles increased with the 
water-based friction modifier, mainly due to water vaporisation. 

Therefore, in the authors’ view, rail-wheel contact has not been 
studied so far in the context of laser cladding to reduce particle 

emissions. The present study aims to evaluate the wear and airborne 
particle emissions for rail-wheel contact simulated in a lab environment. 
Traditional UIC60 900A rail and R7 wheel materials were compared 
with two LC rail material discs. 

2. Experimental methodology 

2.1. Test Set-up. 
Olofsson et al. [26]. Previously used the test set-up to study the 

airborne wear particles generated from a sliding contact. Since both 
rolling and sliding occur in wheel-rail contacts [27], therefore, the most 
common test to simulate this is the "twin-disk" machine [28]. However, 
in terms of the potential to cause wear, the motion tangential to the 
surface (sliding) is more severe than the motion perpendicular to the 
surface (rolling) [27]. Since high sliding velocities were used in this 
experiment, which required a complicated redesign, pure sliding was 
simulated on the pin-on-disk tribometer, as presented previously by Liu 
et al. [9]. However, in the present experiment, only one 
particle-measurement device was used to sample and collect particles. 

Fig. 3 illustrates the schematic of the test set-up. The tests were 
performed using a pin-on-disc tribometer enclosed in a controlled 
climate chamber. Fan (B) supplies air to box (G) from room (A). Filter 
(D) ensures the filtration of air before entering through inlet (F) via 
flexible tube (E). The airflow inside the chamber is controlled at 0.42 m/ 
s via the flow measurement system (C). The air inside box (N) is well- 
mixed due to the complex volume of the pin-on-disc machine (H). The 
outlet (J) is connected to the particle measuring instrument that collects 
the particles from the contact between pin (I) and rotating disc (M). 

The tangential force is measured using an HBM® Z6FC3/20 kg load 
cell (non-linearity of 0.1% of the full-scale output). The coefficient of 
friction is then determined by dividing this measurement by the applied 
load. 

The mass loss for specimens was measured before and after the test to 
the nearest 0.1 mg. SARTORIUS® ME614S and METTLER TOLEDO 
XP2003S were used for this measurement for pin and disc specimens, 
respectively. Specific wear rate k could then be determined by using Eq. 
(1) [22]. 

k=
Δm

ρ⋅Δs⋅FN
… Equation 1  

where Δm is the mass loss of the specimen, ρ is the specimen’s density 
(7.58 g/cm3), Δs is the total sliding distance, and FN is the normal load 
applied to the pin. 

2.1. Particle counter instrument 

The electrical low-pressure impactor (ELPI+) developed by Dekati 
Ltd, Finland, was used to measure particle concentration. The operating 

Fig. 1. Rail-wheel contact with the illustration of two typical wear damages by following UIC (International Union of Railways) rail defect codes.  
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principle of ELPI+ is that the particles are charged upon passing through 
a unipolar corona charger (to a known positive charge level) which are 
then classified in a cascade impactor into 14 size classes depending on 
their aerodynamic size. The electrometers detect the charge carried by 
these particles as these particles get collected in the impactor stages. The 
classification of particles is based on their respective inertia, with larger 
particles getting collected in the upper impactor stage and smaller 
particles in the lower stages. ELPI + measures the particle size distri
bution and concentration in the particle size range of 6 nm–10 μm [29]. 
The particles were collected on greased aluminium filters during these 
14 impactor stages. The operating principle of ELPI+ (uncertainty of less 
than 10% of the full-scale output) is shown in Fig. 4. The sensitivity of 
the ELPI + instruments is in the order of 100 no/cm3 in the sub-100 nm 
particle range. 

2.2. Test specimen 

The pins and discs were cut from the commercial used UIC60 900A 
rail and R7 wheel material, respectively. Mushroom-type (round-head
ed) pins and cylindrical plates were manufactured as pins and discs, 
respectively. The sketch of both the pin and disc is given in Fig. 5. Note 
that the contact radius of the pins was 50 mm. 

2.3. Test procedure 

Except for LC discs, the specimens were cleaned by an ultrasonic bath 
(BRANSONIC ENA-9408) in isopropanol for 15 min just before the test 
run. The LC discs were carefully cleaned with wipes dipped in iso
propanol. Since the LC discs had porosity on the clad, therefore, to avoid 
contamination, they were not put in the ultrasonic bath. A force of 60 N 
was applied to ensure a contact pressure of 0.3 GPa to simulate the 
contact pressure of the train. The force value was calculated using the 
Hertzian contact theory [30]. The sliding velocity (1.2 m/s) represents 
the extreme contact situation of the sliding wheel-rail contact corre
sponding to braking in sharp curves. Table 1 lists the disc and pin ma
terial properties. 

Four tests were run for each of the following pin/disc combinations 
except for Case-1, which was repeated three times.  

▪ Case-1 – UIC60 900A rail pin against R7 wheel disc.  
▪ Case-2 – UIC60 900A rail pin against R7 wheel disc LC with Ni- 

based powder alloy containing 8% manganese sulphide (MnS).  
▪ Case-3 – UIC60 900A rail pin against R7 wheel disc LC with 

316L stainless steel. 

Before starting the test, the particle concentration was tested at the 

Fig. 2. Laser cladding schematic (a) and typical rail/wheel regions for profile restoration and friction and wear reduction by weld overlay technology such as laser 
cladding (b). 

Fig. 3. Schematic of the test equipment. (A) Room air; (B) fan; (C) flow rate 
measurement point; (D) filter; (E) flexible tube; (F) inlet for clean air, mea
surement point; (G) closed box (chamber); (H) pin-on-disc machine; (N) air 
inside the box, well mixed; (J) air outlet, measurement points; (L) dead weight; 
(M) rotating disc sample; and (I) pin sample [26]. Fig. 4. Operating principle of the ELPI+ [29].  
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inlet and outlet and the whole system was set to run for 10 min without 
any contact between the pin and the disc. The tests started when the 
concentration at the outlet became zero. To further ensure zero parti
cles, only one test was run per day. The temperature variation was 20 ±

1 ◦C, and the relative humidity was 33 ± 1%. 

3. Results 

At first, friction and wear results are presented and followed by 
particle emission parameters. 

3.1. Friction and wear 

The average Coefficient of Friction (COF) of all repetitions for each 
case is presented against the sliding distance in Fig. 6 (a). Which depicts 
the steadiness of values. COF is also presented as a box and whisker plot 
for the sliding distance in Fig. 6 (b). For Case-1, with the standard 
railway carbon steels, and Case-3, with the LC test disc with stainless 
steel overlay, the COF follows the expected level of 0.44–0.52 with very 
narrow scattering around the mean value. However, for Case-2, for the 
test disc with the self-lubricating LC overlay, the COF has a mean value 
of about 0.22 but a larger scatter with a principal lower quartile of 0.15 
and upper quartile of 0.35. 

Fig. 7 Shows disc and pin mass loss, specific wear rate, and the total 
number concentration ranging from 6 nm to 10 μm and from 6 nm to 
100 nm. For Case-1, standard railway steels, both pin and disc mass loss 
are relatively high for both pin and disc. The disc mass loss for Case-2 
and Case-3, with LC self-lubricating respective LC stainless steel over
lay, are very similar, whereas pin mass loss for Case-3 is more than as of 
Case-2 but like Case-1. This trend is also illustrated by the specific wear 
rate for discs and pins. For Case-3, the material composition of LC 
stainless steel overlay has a few times lower thermal diffusivity than 

Fig. 5. Sketch (a) Disc sample (b) Pin sample.  

Table 1 
Properties of test specimens.   

Case-1 Case-2 Case-3 

ID Standard railway 
carbon steel 

LC self-lubricating 
overlay 

LC stainless steel 
overlay 

pin UIC60 900A rail steel, 0.6..0.8C, Rm = 880..1030 MPa, A5≥10%. 
EN13674-1. 
Hardness 24 HRC (measured), ISO 21290 average roughness Ra 
≈0.25 μm 

Disc material R7 wheel steel UIC 
standard 812–3 
(ER7 EN13262), C 
≤ 0.52, Rm =

820..940 MPa, 
A≥14%. 

LC overlay with Ni- 
based powder alloy 
containing 8% 
manganese 
sulphide (MnS) 
[31], disc substrate 
steel EN S235JR. 

LC overlay with 
martensitic stainless 
steel powder alloy 
Rockit 401, Fe- 
0.15C–18Cr-0.5Mo- 
2.5N-<3 other 
(Höganäs AB) [32], 
disc substrate steel 
EN S235JR. 

Disc surface 
roughness 
Ra (μm) 

0.2 0.2 0.5 

Disc 
hardness 
(HRC) 

30 41a 51  

a Hardness is biased with MnS-addition – the indenter penetration is 
lubricated. 

Fig. 6. (a) Coefficient of friction against total sliding distance (b) Coefficient of friction.  
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Fig. 7. (a) Disc mass loss (b) pin mass loss (c) disc specific wear rate (d) pin specific wear rate (e) total number concentration for 6 nm to 10 μm (f) total number 
concentration for 6 nm–100 nm. 
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carbon steel, and it likely increases the contact temperature. The COF 
here is slightly higher than Case-1 with standard railway carbon steels. 
For Case-2, the LC self-lubricating overlay has a material composition 
that, without MnS, should also have a thermal diffusion coefficient a few 
times lower than for Case-1 with standard railway carbon steels. How
ever, the presence of 8% MnS-solid lubricant drops the COF to 0.22- 
level, which for sure drops the contact temperature. The total particle 
concentration for particle sizes 6 nm to 10 μm and 6 nm–100 nm are 
shown. The almost similarity of the plots shows that the particles 
emitted were almost in size range of 6 nm–100 nm. 

Fig. 8 Shows the appearance of the pin and the disc worn surfaces. 
The appearance of the worn surface for Case-1 and Case-3 shows evi
dence of adhesive sliding wear with sliding wear marks with transferred 
worn material in the form of wear flakes. The appearance is similar, with 
a somewhat less severe appearance for LC stainless steel overlay in Case- 
3. However, for Case-2, the appearance is very different compared to the 
other two cases. Both the pin and the disc worn surfaces are very even 
and smooth. On the pin-worn surface, there is evidence of sliding wear 
marks but no wear-transferred material in the form of flakes. On the 
disc-worn surface, the wear track is narrower and smooth and shows 
sliding wear marks with much smaller and much less frequent occurring 

flakes. This description suggests, indeed, the presence of lubrication 
means - in this case, it was solid film lubrication with MnS. 

3.2. Particle emission parameters 

Particle emission parameters presented are total particle number, 
Fig. 9, and normalised particle size distribution, Fig. 10. Fig. 9 shows the 
particle numbers over the sliding distance measured via DEKATI ELPI+. 
The difference in the curve appearance is noticeable between Case-1 on 
one side and Case-2 and Case-3 on the other. After about 500 m in the 
sliding distance, all three curves appear to stabilise at 102 particles/cm3, 
but the way to it is very different. For Case-1, the standard carbon 
railway steel, the particle number starts at 104 particles/cm3 and quite 
linearly decreases to 102 particles/cm3 after about 350 m. For Case-2, 
the LC self-lubricating disc, the particle number is always unchanged 
and keeps the particle number level at 102 particles/cm3. For Case-3, the 
LC stainless steel disc, the particle number starts slightly below 103 

particles/cm3 but reaches the particle number level of 102 particles/cm3 

after about 100 m. 
Fig. 10 shows the fraction of size distribution graph for all three 

cases. In all three cases, the emitted particles are in the ultra-fine range 

Fig. 8. Pin (left) and disc (right) worn contact area appearance.  
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Fig. 9. Total particle number (a) Case-1 (b) Case-2 (c) Case-3.  

Fig. 10. Normalised particle size distribution.  

Fig. 11. Ultrafine particles for Case-1.  
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(6 nm–0.1 μm). 
Fig. 11 presents the ultra-fine particle size range for Case-1 plotted 

against sliding distance which shows identical results for particle sizes 
ranging from 6 nm to 10 μm in Fig. 7(a) for Case-1. This is due to the 
reason that almost all the particles emitted were in the ultra-fine range. 
This plot is presented to illustrate it more precisely. The sharp peak at 
the start of the test shows that the particle number increase with an 
increase in sliding distance over time. 

4. Discussion 

In this study, dry wheel-rail contact was simulated on a dedicated 
pin-on-disc tribometer to study the influence of laser cladding on 
generated airborne particles. The generated airborne particles agree 
with the friction and wear rates and are supported by the SEM analysis. 
This type of study is difficult to perform in the field test due to the 
presence of pre-existing particles in the tunnels, whereas such back
ground noise can be reduced easily in the lab by controlling the envi
ronmental conditions. 

The results of the COF for all the cases are well within the acceptable 
limits for rail-wheel contact. From Fig. 6 (a) COF is relatively stable 
throughout the whole sliding distance for Case-1 and Case-3. Case-2 
increases slightly over the sliding distance with a maximum value of 
0.28 and an average value of 0.23 from all repetitions. This agrees with 
the acceptable values for such contact. Since the acceleration and 
braking usually require a COF of about 0.2. This value is most important 
in this type of contact for safety and performance reasons. An inadequate 
value can cause poor adhesin during braking, lead to extended stopping 
distance, and affect traction [33]. For Case-3, this value is averaged at 
0.51, which is quite like the range reported in another research [34]. It is 
also suggested that values above 0.4 increase the chance of surface fa
tigue of wheels and rails [33]. Therefore, in terms of COF values, Case-2 
yielded better results. 

Firstly, from Fig. 9 (a), it can be confirmed that dry wheel-rail con
tact emits airborne particles, as reported in previous studies [9,35,36]. 
These particles were found mainly in the ultra-fine range (Fig. 10), 
which corresponds to a previous study [9]. In Ref. [9] it was found that 
the particle size generation mode varies with sliding velocity. More fine 
and ultrafine particles were observed when the sliding velocity was 
increased. In particular [9], showed that 90% of the generated particles 
had an aerodynamic diameter of less the 0.1 μm with a sliding velocity of 
1.2 m/s, which agrees with the present study. An increased nanoparticle 
emission with an increase in train velocity under dry conditions is 
confirmed by another study [35] performed on the twin-disc rig, which 
simulated rolling/sliding and pure sliding. Also, in Ref. [36] on a similar 
test set-up as [35], the generated nanoparticles were higher than 
micro-particles when higher train velocities were simulated. This can be 
attributed to the results of [9] in which sliding velocity in a dry sliding 
wheel-rail contact is the crucial factor affecting the wear rate and could 
explain increased particle emission. Moreover, it can be seen from Fig. 9 
(a) that the particle generation peaks at the test’s start and then con
tinues to settle down with time, covering almost 200 m of sliding dis
tance. This could be due to the running-in period. Since most of the 
measured particles are in the sub-100 nm range and the particle con
centration for the LC discs is 200–400 no/cm3 for this size range, the 
results here are close to the sensitivity limit of the instrument. To 
distinguish the difference in particle concentration for the LC test 
specimens, an instrument with a lower sensitivity limit needs to be used 
in further studies. 

The used contact condition is representative of a train running in a 
narrow curve, as from Ref. [8] in which the whole contact zone is 
sliding. In such a contact, a high contact temperature generates smaller 
wear fragments under a severe wear regime. This is also in line with a 
study by Olofsson and Olander [37] where it was demonstrated that the 
mild wear conditions representative of a train running on a straight track 
generates very few airborne wear fragments and a transfer to more 

severe conditions are needed for a more significant number of smaller 
size measurable airborne wear particles. From Fig. 10, most generated 
particles were in the ultrafine size range. Previous studies have shown 
that the generation of airborne particles in the ultrafine range is closely 
related to the contact temperature [38]. Ultrafine airborne particles are 
claimed to result from a thermal rather than a chemical process [39]. 
Oxidative wear was previously reported [9] as the likely mechanism for 
generating these particles. This type of wear is closely related to the 
ability of wear material to undergo oxidation and oxygen availability 
[40]. Oxidative wear is mainly a sliding wear mechanism and does not 
occur under lubricated conditions. Since it is a chemical process, it is 
more common in metals than other materials. However, in the present 
study, the SEM analysis of the worn pin and disc surfaces does not show 
any signs of oxide layers; instead, it shows evidence of adhesive wear for 
Case-1 and Case-3. The transfer worn material also indicates that sliding 
adhesive wear is the likely mechanism. This could be because the 
required temperature might not have been achieved to initiate the 
oxidative wear. For Case-2, the contact surfaces are smooth due to MnS, 
which acts as a solid lubricant. As discussed above, contact temperature 
plays a vital role in predicting the generation mechanism of airborne 
particles. In the present study, this contact temperature was not 
measured. It is recommended for future studies to measure this contact 
temperature by using more advanced techniques rather than thermo
couples that can provide only the bulk temperature. 

The reduction of particle emissions for Case-2 and Case-3, as shown 
in Fig. 9(b) and (c), is likely from the reduced wear rate. The specific 
wear rate is presented in Fig. 7. Different friction modifiers [25]and 
water lubricants [35] reduced emissions from the rail-wheel contact. In 
Ref. [35], it is that reported a negligible generation of microparticles 
occurred under wet conditions and suggested that water vapour might 
significantly influence the number of nanoparticles which agrees with 
[25] that the use of water-based lubricants in the wheel-rail contact can 
generate ultrafine particles. 

If we scale up to the entire train wheel-rail contact, the particles 
generated will become huge in numbers in the case of traditional ma
terial contact. Laser cladding can be applied successfully to reduce the 
ultrafine particle emission from rail-wheel contact. 

5. Conclusions 

Using a pin-on-disc tribometer, the present study evaluated friction, 
wear, and airborne particle emissions for rail-wheel contact simulated in 
a lab environment. Test pins from standard UIC60 900A rail carbon 
steels were in contact with three types of test discs, standard R7 wheel 
carbon steel and structural steel test discs laser cladding overlayed with 
martensitic stainless steel and Ni-based-8% MnS self-lubricating alloy. 
The following conclusions are met.  

- The coefficient of friction is 0.43 for as standard railway carbon 
steels, 0.51 when the test discs were laser-cladded with martensitic 
stainless steel and about halved, 0.23 when the test discs were laser- 
cladded with Ni-based-8% MnS self-lubricating alloy.  

- The specific wear rate for the laser-cladded test discs is 10− 5 mm3/ 
(Nm), about one ten power lower than for R7 wheel carbon steel.  

- Test pins which were in contact with test discs laser-cladded with Ni- 
based-8% MnS self-lubricating alloy have a specific wear rate shows 
specific wear rate at a level of 10− 5 mm3/(Nm), about one ten power 
lower than for the other two discs.  

- Airborne particle emission for the tests when discs are laser-cladded 
with Ni-based-8% MnS self-lubricating alloy is on a constant level of 
200 particles/cm3, for the disc’s laser-cladded with martensitic steels 
starts at 300 and reaches 200 particles/cm3 after a running-in of 200 
m, and for the R7 wheel, carbon steel disc starts at 400 and reaches 
200 particles/cm3 after a running -in of 350 m.  

- The use of laser-cladded overlay reduced the number of airborne 
wear particles in the sub-100 nm range by more than a factor of 10. 
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