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A B S T R A C T   

Rail samples were tested under various scenarios as part of a complete analysis of the rail grinding process. Two 
main group of tests were performed which assessed the following: 1) preventive and corrective maintenance on 
fresh rail samples and 2) post-grinding tribological performance of the ground samples. The results allowed 
further knowledge to be acquired with regards to the performance and effectiveness of the grinding process and 
its effect on the surface quality of the rail samples. Results indicated a correlation between White Etching Layer 
and the formation of cracks and defects. Additionally, the harder grades were found to retain larger quantities of 
White Etching Layer upon completion of the rolling/sliding testing due to the hardness gradient between the 
White Etching Layer and bulk material, promoting the formation of cracks.   

1. Introduction 

Under normal usage, rails show signs of wear and Rolling Contact 
Fatigue (RCF). The resistance against both RCF and wear depends upon 
the rail grade, its hardness and microstructure. Rail grinding is utilised 
to remove any defects which occur due to RCF or wear. However, sub- 
optimal grinding can occur due to limited resources and time on track. 
Hence, it is important to find the optimum combination for the grinding 
conditions, such as the depth of material to remove and the interval 
between the successive operations. Depending on the rail condition, a 
preventive or corrective grinding process is performed. 

1.1. Rail maintenance types 

In preventive maintenance, rail grinding is used to shorten RCF 
cracks in the rail, reducing the likelihood of the cracks growing to a 
point at which they effect the structural integrity of the rail. The ma-
terial to be removed should be minimal and there are specific opera-
tional parameters applied for the current process. This rail grinding 
procedure is planned in advance with a defined depth of metal removal. 
Usually, the maintenance plan is based on the track usage and crack 
growth. Furthermore, it is important to find the ideal conditions in this 
type of maintenance to avoid being over-conservative, which might lead 
to excessive material loss. According to Grassie et al. [1] the appropriate 

preventive maintenance schedule can achieve a 40% reduction on the 
total cost of the grinding along with the cost of rail replacement, while 
the reliability of the track and the rail can be improved significantly. 

Corrective maintenance needs to be executed in cases where the rail 
profiles have become significantly deformed. As a result, rail grinding 
needs to be undertaken with different parameters so that it will be able 
to remove additional material and restore the rails back to their 
required/designed profile. This type of maintenance is not planned in 
advance and is usually executed after rail inspections. In corrective 
maintenance, larger amounts of material are usually removed compared 
to preventive maintenance. 

1.2. Premium rail grades 

Further to tackling defects and normal wear through rail grinding, 
rail manufacturers achieved increased resistance against both RCF and 
wear, by developing premium rail grades through thermal head- 
hardening and/or by alloying. The lamellar mixture of ferrite and 
cementite in pearlite makes it capable of absorbing part of applied forces 
by increasing its ductility and elasticity [2]. The interlaminar spacing 
within the pearlite and the grain size is controlled by the cooling rate 
during the manufacturing process. A slow cooling procedure will result 
in a coarser structure (larger grains) compared to a rapid cooling. Higher 
hardness usually occurs with rapid cooling and finer grain sizes. In the 
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railway industry the hardness levels define the grade of the rail materials 
e.g. A minimum hardness of 260HB is measured for the R260 rail grade 
and the premium rail grade R350HT hardness a lowest hardness of 
around 350HB [3]. 

In previous work [4] a demonstration of a laboratory grinding 
technique on R260 rail material was presented along with results with 
regards to the rail samples’ microstructure and hardness. This testing, 
also known as twin-disc testing was performed by pressing two discs 
against each other, to achieve the desired contact pressure, and by 
generating a relative motion between the two surfaces. This allowed the 
reproduction of the rolling/sliding conditions that exist between the 
wheel and the rail. An attempt was made to correlate the wear rates with 
the grinding effects of the rail surface material, such as White Etching 
Layer (WEL) and roughness. Although it was difficult to directly relate 
parameters, substantial information was acquired with regards to the 
mechanisms involved. Similar results were identified when comparing 
the rail samples from the laboratory and rails acquired directly from the 
field, proving that the methodology can simulate rail grinding success-
fully [5]. In this study the prime concentration was on moving towards 
the effects of different types of grinding process on the entire life-cycle of 
a rail material by initially grinding to simulate different maintenance 
schedules used in the field and then running the discs in a rolling-sliding 
test to represent train passage over the ground surfaces. Very little work 
has been done with regards to the grinding and post-grinding run-in 
effects on various rail grades [5,6]. As a result, part of the objectives of 
this project is to gain knowledge with regards to grinding in various 
premium materials under various scenarios. This will help understand if 
a relationship exists between the end-products of grinding (roughness, 
WEL) and hardness levels. The ground discs will be then subjected to 
post-grinding loading cycles to study the post-grinding effect on rail 
life-cycle. The post-grinding testing parameters employed for the 
“Normal usage” loading cycles aimed to understand the fatigue behav-
iour of premium hardened rail material in contrast to standard grade 
rail. Details for the experimental parameters utilised are presented in the 
following section 2.1. The term “Normal usage” was employed as the 
purpose of the post-grinding testing was to explore the effect of cycling 
loading. Hence the number of the cycles selected for the testing 
configuration as well as the loading parameters or conditions was set-up 
with the examination of post-grinding effects as the main objective. 
Moreover, the experimental parameters were directly adopted from a 
study by Santa et al. [7] that aimed to understand the fatigue behaviour 
of premium hardened rail material in contrast to standard grade rail. 
Fig. 1 describes the workflow of the study. 

1.3. The scope 

The aims of the study were to examine the grinding process thor-
oughly and understand its effectiveness under various conditions and 
scenarios. This was done by assessing preventive and corrective 

maintenance processes on premium and standard rail grade materials. 
This allowed further knowledge to be acquired with regards to the effect 
of each maintenance type on the life cycle of various rail grades. Twin 
disc testing was carried out after the grinding process to evaluate the 
run-in performance of each rail grade. 

2. Methodology and experimental procedure 

As mentioned previously, the aim of the testing is to carry out a 
variety of experiments to assess the impact of grinding maintenance 
types on various rail grades and study the post-grinding effect on rail 
life-cycle. 

2.1. Test rigs 

The test rig was designed and manufactured by the Grupo de Tri-
bología y Superficies at the Universidad Nacional de Colombia. The 
same equipment was utilised for a previous work [1]. 

Fig. 2 shows a schematic of the test-rig. The grinding wheel is 
coupled to a motor that can run at a fixed speed of 3600 rpm. This 
rotational speed of the grinding wheel is identical to what is utilised in 
the field. The whole grinding wheel-motor structure is placed on a linear 
roller bearing to allow sliding movement of the grinding stone towards 
the rail disc to enable grinding of the disc surface. The grinding wheel 
was acquired directly from the field and has identical specifications to 
the ones used in rail grinding. It is resin bonded Al2O3 and the di-
mensions comply with US standards of 8 inches in diameter 

The rail specimens used were machined out of real rail steel to have 
material properties comparable to the real-world. Dimensions of rail 
discs are of 10 mm width and 47 mm diameter. A representation of the 
specimen cutting position in respect to the rail and the ground surface of 
the specimen is presented in Fig. 3. The grinding force applied onto the 
rail disc is monitored via a load cell and controlled by adjusting the 
position of the grinding wheel axis. It should be stated that the energy 
and mechanics of the small-scale grinding testing experiments per-
formed in laboratory are not directly representative to the processes 
occurring in the field, however similar patterns [5] were aimed to be 
adopted. 

To examine the grinding efficiency of conventional grinding, several 
experiments were performed with two main scenarios, preventive and 
corrective. A summary of the conditions utilised is shown in Table 1. For 
the preventive maintenance testing, a similar methodology to a previous 
study was followed [1]. As soon as the grinding wheel and rail discs 
reached their required speed the grinding wheel moved towards the rail 
specimen. The grinding time started when the first sparks appeared. 
After the first contact a 5 kg load was maintained for 30 s. This allowed 
comparable material to be removed considering the preventive grinding 
processes existing in the field over a similar number of grinding passes 
[5,8]. The rail specimens were then removed for measurements to be 
taken on the material removed in terms of mass loss and radius reduc-
tion. This procedure indicated the completion of one pass. Multiple 
passes were done to reach an overall 0.25 mm removal depth from the 
radius of the disc. Similar to the preventive maintenance experiments, 
the corrective maintenance experiments started when the grinding 
wheel made the first contact with the rail disc and sparks appeared. For 
this experiment a load of 60 kg was applied during the testing for 90 s. 
This allowed removal of a significant amount of material in a very short 
time period, similar to a corrective maintenance approach. The rail discs 
were then removed to determine the total material that was removed in 
terms of mass and radius. 

For all the experiments a rolling/sliding test was performed after the 
grinding experiments to simulate the cyclic loading experienced by 
wheel and rail in the field and generate wear on the discs imitating the 
field conditions. For this experiment the SUROS twin disc test-rig was 
used to simulate the rolling/sliding between rail and wheel. This method 
has been used in previous studies [9,10]. A schematic of the test rig is Fig. 1. Work process of testing.  
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presented in Fig. 4. During the testing the torque between discs was 
measured and used to calculate the tangential force. The tangential 
forces were used to determine the coefficient of friction of the contact 
area. The length of the contact zone is the width of the cylindrical 
sample (10 mm). 

Following a study by Santa et al. [7] that aimed to understand the 
fatigue behaviour of premium hardened rail material in contrast to 
standard grade rail, similar testing parameters were adopted. The pa-
rameters employed included 8000 dry cycles under 1% slip ratio and a 
maximum contact pressure of 1300 MPa for assessing normal usage 
wear. According to Esveld et al. [11] a slip percentage of around 1% is a 
reasonable level of slip for trains operating under normal conditions. 
Regarding the contact pressure of a rail/wheel it ranges typically be-
tween 800 and 1500 MPa, depending on various factors such as the 
material and geometry of the wheel and rail, the speed and weight of the 
train, and the condition of the track. However, the amount of 1300 MPa 
was chosen as this is the amount that is typically seen in high-speed or 
heavy-haul railway systems [11]. The number of cycles was chosen as 
Santa et al. [7]showed that coefficient of friction is stabilised up to 8000 

Fig. 2. Schematic representation of the equipment used for the grinding experiments [4].  

Fig. 3. Representation a) Disc specimen cutting position and b) ground surface on the specimen.  

Table 1 
Testing parameters for multiple passes experiments.  

Maintenance 
type 

Grinding 
Wheel 
Speed (Vs 
-rpm) 

Specimen 
Speed (Vw 
-rpm) 

Applied 
Load per 
pass (N) 

Overall 
Grinding 
Time per 
pass(es) 

Number 
of passes 

Preventive 3600 700 49.05 30 >5 
Corrective 3600 700 588.6 90 1  

Fig. 4. Schematic of SUROS twin-disc machine.  
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cycles for various rail grades indicating its suitability for the purposes of 
this testing. It should be stated that the experiments performed were 
configured so as the effect of cyclic loading post grinding could be 
examined. Hence the number of the cycles selected for the testing 
configuration, as well as the loading parameters or conditions, were 
set-up with the examination of post-grinding effects as the main objec-
tive rather than the testing of the samples in the RCF or wear regimes. 
Thus, these tests should not be considered as RCF experiments of each 
rail grade, but only an indication based on the results obtained. 

Throughout the test, the laboratory temperature was 25 ◦C, and 
relative humidity varied between 26% and 31%. 

2.2. Materials 

The rail specimens used in the grinding experiments were machined 
from rail grades of R260, HP335, R350HT, MHH375, R400HT, and Laser 
Clad R260 (LC 260). The R260 sample represent the standard rail grades 
while the rest of the samples are considered premium due to the thermal 
head-hardening and/or alloying processes they have been subjected to. 
All disc samples were extracted from rail sections. The LC 260 discs then 
underwent further processing by cladding layer of Martensitic Stainless 
Steel (MSS) of 1 mm on the disc surface which was then ground to 
achieve a similar surface finish to the unclad discs [12]. All the discs 
were machined to give a disc with contact width of 10 mm and a 
diameter of 47 mm. The wheel was machined from a BS5892-3 grade R8 
wheel. 

The chemical composition of rail grades as well as the wheel material 
is presented in Table 2 along with mechanical properties. Information 
regarding the hardness of each grade are presented in the following 
section. 

2.3. Roughness measurements 

Roughness measurements were taken in various instances. This was 
done in two ways:  

1) Directly using an Alicona InfinateFocusSL 3D measurement system 
with a 5X magnification lens and a cut-off wavelength of 800 μm to 
create a digital representation of the surface of the disc, and  

2) Taking replicas of the disc topography by applying a layer of 
Microset 101 Thixotropic replicating compound to the disc’s sur-
faces, adding a piece of backing paper, and waiting 6 min for the 
replica to set. The replicas were then similarly analysed using the 
Alicona system. 

The development of surface roughness during the post-grinding 

twin-disc testing was monitored after: 0, 200, 400, 600, 1000, 1400, 
1800, 2200, 2600, 3000, 3400, 3800, 4500, 5500, 6500, 8000 test cy-
cles. The methodology for monitoring the roughness at specific intervals 
was as adopted in previous studies [4,13]. In detail, the replica pro-
cedure followed was:  

• Stopping the test and waiting for the discs to cool  
• Cleaning the discs in an acetone bath  
• Applying a layer of Microset 101 Thixotropic replicating compound 

to the disc’s surfaces, adding a piece of backing paper, and waiting 6 
min for the replica to set  

• Using an Alicona InfinateFocusSL 3D measurement system with a 5X 
magnification lens and a cut-off wavelength of 800 μm to create a 
digital representation of the surface of the replica  

• Choosing lines with a minimum length of 4 mm on the digital image 
along which the Alicona software calculated roughness measures  

• Cleaning the discs in an acetone bath  
• Mounting the discs to continue the experiment 

2.4. Microstructure analysis 

After the twin-disc tests, the discs were sectioned, polished and then 
etched in 2% Nital to allow examination of the microstructure and any 
cracks present. The sectioned discs were assessed using both optical and 
scanning electron microscopy. 

3. Results 

In this section the results from the all the test groups are presented. 
Sectioning of the specimens was done in the cross-sectional direction 
defined as perpendicular to the rolling direction. The roughness mea-
surements of the discs at various instances are also presented. It needs to 
be noted that the roughness on the longitudinal direction was only 
considered as there is no slip in the lateral direction. Due to the large 
number of specimens, a representative figure from each group is shown. 

Data are split into three subsections: Preventive Maintenance, 
Corrective Maintenance and Post-Grinding Performance. Post- 
grinding performance exhibits the results that were collected to 
examine the run-in performance of the disc after grinding to examine the 
effect of roughness and material phase change. 

The discs from each rail grade were examined to specify their pre-test 
hardness levels for future consideration in the data comparison. Hard-
ness data are presented in Fig. 5. The rail grade exhibiting the lowest 
hardness level is the 260 with the hardest grade being the LC 260. Due to 
material unavailability, R400 HT was not tested in a post-grinding 
performance experiment. 

Table 2 
Chemical composition (wt%) and mechanical properties of the various rail grades and wheel material used in testing.   

C Si Mn P S Cr Al V Cu Ti Ni Mo Co W 
R260 0.736 0.270 1.056 0.032 0.023 0.026 - 0.003 0.002 0.016 0.021 0.006   
HP 335 0.87-0.97 0.75-1 0.75-1 ≤0.02 0.008-0.020 ≤0.10 ≤0.004 0.09-0.13 - - - -   
R350 HT 0.736 0.270 1.056 0.032 0.023 0.026 - 0.003 0.002 0.016 0.021 0.006   
MHH 375 0.72 0.40 0.8 ≤0.02 ≤0.02 0.4 ≤0.004 ≤0.03 - - - -   
R400 HT 0.931 0.251 1.269 0.009 0.022 0.275 - 0.0035 0.017 0.002 0.015 0.0068   
LC 260 0.22 0.18 0.87 0.011 <0.003 9.53  0.27 <0.01  2.25 0.24 1.22 0.46 
E8 0.542 0.253 0.734 0.011 0.06 0.141 0.027 0.006 0.165 0.002 0.120 0.048    
Tensile Strength (MPa)  
R260 ≥880 
HP 335 ≥1150 
R350 HT ≥1175 
MHH 375 ≥1280 
R400 HT ≥1280 
LC 260 ≥1379 
E8 860-980  
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3.1. Preventive maintenance 

Each rail material needed a different number of grinding passes to 
achieve the required depth of cut. Thus, the rate of material loss for each 
rail grade is presented in Fig. 6. Each grinding pass was converted to 
metres to project the distance over which the grinding stone stayed 
engaged with the rail disc. The mass loss per distance rate differs for the 
various grades due to the fact that discs comprise dissimilar micro-
structure and hence have dissimilar resistance to the material removal 
process. As expected, the 260 grade, which has the lowest hardness, 
exhibits the highest material loss (μg)/distance (m) parameter that 
translates into the lowest resistance to the material removal process. On 
the other hand, the LC 260 which exhibits significantly higher levels of 
hardness demonstrates the lowest level of material loss/distance (μg/m). 
Fig. 6 also presents the roughness data obtained from the freshly ground 
surface of the discs. The roughness of the discs prior to the grinding 
experiments was 0.5 ± 0.05 μm (Ra). Values of Ra and Rq are presented; 
the roughness values are comparable for the different materials, and it 
can be clearly observed that there is a trend with all the Ra and Rq values 
being between 3.5 and 7 μm. The only variation from the trend is 
observed on the laser clad disc which has a significantly higher hardness 
than all the other rail materials tested (see Fig. 5) and also showed a 
lower roughness after grinding. 

Fig. 7 represents the images of the samples’ microstructure taken 
with an optical microscope and SEM. The common observation in all the 
specimens apart from the LC 260 is the existence of WEL on the running 
surface. This is due to the fact that the laser clad material does not 

undergo a martensitic phase transformation under excessive plastic 
deformation or rapid cooling from high temperatures (above 700 ◦C). 
Furthermore, the WEL observed in the other specimens can be charac-
terised as discontinuous. Additionally, the inclusions detected within 
WEL in Fig. 7 could act as crack initiators in the post-grinding run-in 
[14]. This indicates that the crucial parameters involved in the forma-
tion of WEL (plastic deformation and temperature) were not sufficient or 
they did not occur for an adequate time to create a uniform thickness. 
The variance of the WEL shape can be decisive in the post-grinding 
performance of the rail discs and the development of any defects. As 
determined in another study [5] discontinuous WEL can be delaminated 
more easily during the run-in process without affecting the performance 
of the rails and initiating any defects. The thickness of the WEL observed 
in the discs’ microstructure are between 1 and 8 μm. Fig. 8 exhibits the 
WEL thickness detected on the various rail grades. As it can be seen, the 
maximum thickness is similar in all grades, however, the mean value is 
different indicating that the frequency the maximum thickness appeared 
at is different in each sample. The R260 exhibited the highest mean 
value with R350 HT demonstrating the lowest. 

3.2. Corrective Maintenance. 
In this set of experiments there was no control over the diameter 

reduction. A load of 60 kg was applied for a time period of 90 s. Fig. 9 
shows the roughness and mass loss rate. For most of the disc specimens 
the losses were in excess of 15 μg/m. However, in rail discs with 
significantly higher hardness levels, like LC 260, the exhibited degree of 
material loss was smaller. Similar to the specimens utilised in the pre-
ventive maintenance, the roughness of the rail discs prior to the grinding 

Fig. 5. a) Hardness testing on the various rail grades; b) Average hardness values for each rail grade.  

Fig. 6. Mass loss and roughness of discs ground with the preventive maintenance configuration.  
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Fig. 7. Microstructure analysis of the rail discs subjected to a preventive maintenance process.  
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experiments was 0.5 ± 0.05 μm (Ra). Fig. 9 also represents the rough-
ness measurements of the rail discs. Most of the rail discs exhibit 
roughness (Ra) values in the region 4-5 μm. However, rail specimens 
with elevated hardness such as R260 MHH375 and LC 260 display 
roughness (Ra) below 4 in the range of 3.6–3.9 μm. 

As done previously, to analyse the microstructure, the specimens 
were sectioned to acquire a cross sectioned view. As it can be clearly 
seen in Fig. 10, WEL exists in all the disc images similar to the preventive 
maintenance results. The WEL is located on top of the contact surface, 
which indicates material transformation during the grinding process. 
However, in comparison with Fig. 7 a thicker layer has been developed 
on most of the discs. In many cases it was found that the WEL is 
continuous along the running surface exhibiting lengths of at least 200 
μm without interruptions. This is more noticeable in the MHH375 and 
R400 HT specimens where the WEL is thicker and more consistent along 
the surface. On the contrary in the preventive maintenance results, the 
corresponding images of MHH375 and R400 HT discs showed that the 
WEL is interrupted and thickness varies along the surface. The cracks 

observed within the WEL in some of the images are very important and 
need to be considered to determine the effect they have on the life of the 
disc. Overall the physiology of the WEL will be taken into account in the 
post grinding performance experiments to determine whether a more 
uniform layer can affect differently the generation of cracks and defects. 
Following the microstructural analysis, a comparison of the thickness of 
WEL was done between the different rail grades. Fig. 11 displays the 
data collected regarding the WEL from all the materials. It was found 
that the mean value was similar in all grades however there was a sig-
nificant increase compared to the thickness observed in the preventive 
maintenance scenario (see Fig. 8). This indicates the effect of the 
grinding parameters on the WEL formation. 

3.2. Rail disc roughness 

Due to the large amount of data collected during the experiments 
some representative comparisons were be made to draw conclusions. 
For these purposes the R260 and MHH 375 specimens were utilised after 
they were ground in a preventive and corrective manner. 

A comparison between two R260 grade discs is presented in Fig. 12 
a). The two discs have been ground by the same stone. However, the 
methodology that was used included multiple passes for one disc and a 
single pass for the other disc. In terms of the material that was removed 
from the disc, in the corrective maintenance experiments a significantly 
larger amount of material was removed from the disc compared to the 
preventive maintenance experiment. Fig. 12 a) demonstrates almost 2.5 
times more material was removed from a specimen ground using a 
corrective method with a 4.22% weight reduction compared to 1.56% 
weight reduction of the preventive maintenance specimen. The rough-
ness values on the two discs are 4.24 μm and 4.56 μm respectively. 
Regardless of the material that has been removed the roughness mea-
surements are very similar in both cases verifying that the main factor 
affecting the surface topography is the grinding stone. Similar, to the 
previous comparison, data was collected from two MHH 375 grade discs 
and is presented in Fig. 12 b). The two discs have been ground by the 
same stone. However, the methodology that was used included multiple 
passes for one disc and a single pass for the other disc. As it can be seen 
on Fig. 12 b) the amount of material removed from both discs is slightly 
larger on the multiple passes test with 1.72% weight reduction 
compared to the 1.10% reduction on the single pass test. Regarding the 
roughness of matching rail grades from the multiple pass experiments 
and the single pass experiments, they exhibit similar roughness values. 
This is demonstrated in Fig. 12 through the data collected from the R260 
and MHH 375 discs following the corrective and preventive mainte-
nance processes. The roughness levels of each grade in the respective 

Fig. 8. WEL thickness comparison across the rail grades for the preventive 
maintenance grinding. 

Fig. 9. Roughness comparison between all the different rail discs for single pass grinding experiments.  
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Fig. 10. Microstructure analysis of the rail discs subjected to a corrective maintenance process.  
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maintenance processes are alike. Hence, it can be clearly concluded that 
the maintenance process does not affect the final surface topography of 
the specimen. Furthermore, comparing both rail grade’s roughness from 
Fig. 12, it can be said the two grades exhibit similar values of roughness 
(around 4.5 μm), thus the resulting roughness from a grinding process is 
entirely based on the grinding wheel topography. 

3.3. Post-grinding performance 

As described in Section 2, all the discs materials were run for 8000 
cycles. The discs were tested in a rolling/sliding regime to imitate the 
conditions a wheel and rail are subjected to after the occurrence of 
grinding. A point of interest in this study is to determine whether the 
WEL still exists after the twin-disc testing process or whether it is 
delaminated and whether any other damage has been initiated or 
propagated. 

3.3.1. Preventive grinding 
The friction data obtained from the post-grinding twin-disc testing 

are presented in Fig. 13 a). As expected, the specimens underwent a run- 
in stage where the coefficient of friction between the rolling surfaces 
experienced a gradual rise. This stage took place between 0 and 2000 
cycles with some specimens going through this phase quicker, such as 
R260, and other specimens taking more time, such as MHH 375. This 
process occurs as on a micro-level during the initial run-in where the 
asperities formed due to grinding are smoothed out from the shear forces 
and normal load applied on the discs. As the experiment continued the 
coefficient of friction slowly stabilised around a value of 0.4 at 8000 
cycles. The smoothing of the asperities is visually represented in Fig. 13 
b) via the roughness data that were collected throughout the experi-
ments. It can be seen that the R260, R350 HT and MHH 375 specimens 
exhibit similar behaviour with the final roughness values being 
increased after an initial decrease due possibly to cracks being gener-
ated, affecting the roughness values. Also, the delamination of WEL will 
contribute to the increase of the roughness. Others such as the HP 335 
and LC 260 demonstrate a constant decrease of roughness without 

Fig. 11. WEL thickness comparison across the rail grades for the corrective 
maintenance process. 

Fig. 12. Representation of the mass loss and roughness data collected from a) 
R260 rail discs following the corrective and preventive grinding experiments; b) 
from MHH375 rail discs for corrective and preventive grinding processes. 

Fig. 13. Data obtained during the post-grinding twin-disc testing of the spec-
imens that underwent a preventive maintenance process: a) the coefficient of 
friction and b) roughness. 
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reaching a stable value. As these are harder rail grades, a different 
mechanism is expected to occur during the smoothing of the asperities. 
Additionally, LC260 exhibited no material transformation on the 
running surface, hence no delamination would affect its roughness 
development. 

Fig. 14 illustrates the wear rates of the discs that were ground 
following a preventive method and further tested in rolling/sliding ex-
periments. The results are in agreement with the expected trend as the 
harder rail materials were expected to demonstrate less deformation and 
wear compared to the less hard rail grades. The LC 260 demonstrates the 
lowest wear rate and R260 the highest. The rest of the rail grades fall in 
between. 

The specimens assessed in the twin-disc testing were sectioned for 
further analysis on a microstructural level. The preparation of the 
specimens was done as detailed in Section 2.4. Fig. 15 represents the 
microstructure of the R260 specimen that was previously ground in a 
preventive manner. A deformed layer can be clearly seen on the top 
running surface of the disc indicating the significant amount of shear 
forces it experienced that resulted in the deformation of its pearlitic 
structure. Near the top running surface, it can also be seen that some 
WEL remained. The normal and shear forces applied to running surface 
during the twin-disc testing resulted in the crushing and delamination 
from the bulk material of the majority of the WEL presented in Fig. 7. As 
a result, only some small bits of WEL are present after the completion of 
the experiments. A similar phenomenon was observed by Zhou et al. 
[15] on comparable disc specimens where the WEL delamination 
occurred during a twin-disc rolling/sliding experiments. Furthermore, 
findings from that study indicated that the delamination of WEL can 
result in the formation of squat-type defects. 

Further images were taken on all the grades utilising the optical 
microscope and SEM. The amount of WEL remaining is significantly 
larger compared to the R260 in Fig. 15. Furthermore, it can be said that 
the WEL remaining on these grades are embedded into the pearlite 
structure below the running surface As the images indicate the defor-
mation of the material resulted in the pearlite fully overlaying some of 
the remaining WEL and pushing it further towards the bulk material. 
SEM images were taken with particular focus on the remaining WEL. As 
it can be observed in the SEM images of Fig. 16 cracks exist near the WEL 
indicating its effect on the microstructure of the discs. The HP335 im-
ages showcase two clear cases where the brittle nature of the WEL 
resulted in crack formation within the martensite layer and the propa-
gation or branching of cracks towards the bulk material. Although the 
MHH 375 does not demonstrate a similar case, some cracks are present 

in an overlayed WEL that with further usage of the discs could poten-
tially spread in the pearlitic structure. Furthermore, the SEM image of 
the MHH 375 displays large amounts of overlayed WEL still present 
subsequently to the twin-disc testing. As demonstrated, this can result in 
the crack formation near the point of WEL as the large quantities of 
martensite cannot be fully covered by pearlite causing the separation of 
pearlite layers. 

Fig. 17 demonstrates the continuous bands of martensite that 
remained as well as the deformation layer on each rail material upon 
completion of the twin-disc testing. Results present short continuous 
WEL lengths in R260 and longer martensite bands in the harder mate-
rials with HP 335 exhibiting the longer continuous WEL. As expected, 
the deformed layer below the WEL is smaller on the harder materials. 

3.3.2. Corrective grinding 
The performance of the discs that underwent a corrective mainte-

nance process was also studied with the aid of rolling/sliding tests. 
Results from the experiments are presented in Fig. 18. The coefficient of 
friction follows a similar trend to the previous specimens with a sudden 
increase at the beginning followed by a decrease and eventually its 
stabilisation. However, in most specimens it is observed that the initial 
stage of run-in extends up to 3000 cycles. Furthermore, during the initial 
run-in in most specimens it was observed that the coefficient of friction 
is slightly higher compared to the previous results shown in Fig. 13; 
nevertheless, the coefficient of friction is again stabilised around 0.4 at 
8000 cycles. Regarding the roughness, the results demonstrate a trend 
similar to the previous experiments, i.e., the initial, rough surfaces from 
the grinding process are gradually smoothed due to the shear forces of 
the rolling/sliding mechanism and the normal load applied between the 
two running surfaces. The surfaces reach a steady-state that is followed 
by a short increase due to the transition into the wear stage. However, 
this trend is not followed by HP 335 and LC 260 specimens. The LC 260 
keeps a constant value of roughness that fluctuates around 4.5 μm and 
the HP 335 specimen showed a continuous decrease throughout the 
experiments. 

The wear rates of the correctively ground discs that were further 
tested in rolling/sliding experiments are presented in Fig. 19. The results 
from the preventive maintenance experiments were also added for 
comparison purposes. The wear rate of LC 260 is significantly lower than 
the rest of the specimens as the hardness of the disc is higher than the 
rest, thus it is more resistant to wear. The behaviour exhibited can be 
associated mostly with the hardness of the rail materials as the R260 
exhibits the highest wear rates in comparison with the corresponding 
wear rates from the preventive and corrective maintenance experiments 
of the rest of the rail grades. With regards to the corrective maintenance 
results the MHH 375 showcases the lowest wear rates with the R350 HT 
and HP 335 in between them. The increased amount of wear of R260 
from the corrective maintenance experiments could be due to the large 
amount of WEL being delaminated throughout the testing on top of the Fig. 14. Rail disc wear rates that were previously ground in a preven-

tive method. 

Fig. 15. Microstructural analysis of R260 specimen after the run-in experi-
ments (8000 cycles). 
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normal wear the disc was subjected to. 
As indicated earlier all the specimens subjected to a twin-disc testing 

were sectioned to further study their microstructure. Fig. 20 exhibits the 
microstructure of the R260 specimen. Through a direct comparison with 
the image in Fig. 15 it is clear that larger amounts of WEL remained after 
the twin-disc testing. This could be due to the fact that the initial amount 
of WEL presented on the specimen was larger as demonstrated in Fig. 10. 
Hence only part of the martensite layer can be detached through the 
rolling/sliding mechanism resulting in considerable amounts of WEL 
that could affect the performance of the specimen. 

Due to time and space limitations only the HP 335, R350HT and 
MHH 375 grades were focused upon. Fig. 21 illustrates images taken 
utilising an optical microscope and an SEM. A direct comparison be-
tween the R260, the HP 335, R350HT and the MHH 375 suggest that the 
latter three showcase larger amounts of WEL. Due to the thicker WEL, 
numerous cracks were formed within the martensitic layer which are 
visible through the lower magnification of the optical microscope indi-
cating their severity. Hence it can be said that the thickness of WEL in 

Fig. 16. Optical and SEM images of the rail specimen microstructures after the twin-disc testing.  

Fig. 17. Comparison of the continuous WEL length and deformation layer of 
each rail material ground under preventive maintenance. 
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the specimens that went through a corrective maintenance procedure 
has a significant impact on the formation of defects such as cracks. The 
SEM images from both specimens confirm the previously mentioned 
hypothesis as they display areas where cracks were formed, due to the 
brittle WEL layer, and propagated towards the bulk material. Addi-
tionally, the SEM image of the HP 335 demonstrates an instance where 
multiple cracks within the WEL meet while spreading, resulting in the 
detachment of a small piece. 

Data regarding the continuous bands of WEL and the deformation 
layer that was observed in each rail material is presented in Fig. 22. 
Similar to the data presented in Fig. 17 the softer material exhibits the 
shorter continuous bands of WEL and the largest deformed layer from 

the rolling/sliding testing. The data regarding the deformed layer is in 
agreement with the hardness data presented in Fig. 5 as the harder 
materials show more resistance to plastic deformation. Furthermore, the 
premium rails exhibit significantly longer continuous WEL compared to 
R260. As expected, the deformed layer below the WEL is smaller on the 
harder materials. 

4. Discussion 

An interesting observation made from the results in Section 3.4 is the 
variation of WEL quantities remaining on the rail grades upon comple-
tion of the experiments. It can be clearly stated that the harder materials 
tend to sustain greater quantities of WEL after being subjected to roll-
ing/sliding cycles. This indicated an increased number of cracks and 
with some cases showing more severe cracks. An explanation of this 
phenomenon would be to consider the martensite layer as a hard coating 
on the steel substrate. The main cause of wear in hard coatings is the 
formation of microcracks that result in the spalling of the superficial 
layer. Hard coatings are divided into two main categories the thin 
coatings which are smaller than 1 μm as stated in the literature and the 
thick coatings are categorised as anything above 10 μm. The WEL 
formed on top of the discs lies in-between the two main groups, but it 
can be said that it is closer to the thick coatings. The substrate influence 
can result in the collapse and failure of the coating under high loading 
conditions due to the elastic and plastic deformation occurring. In 
contrast thick coatings can be more susceptible to low adhesion to the 
substrate due to the reduction of internal residual stresses in the film 
[16]. In both cases, to reduce the possibility of damage or cracking of the 
brittle coating, the substrate is hardened to minimise the plastic defor-
mation of the subsurface and achieve a good hardness gradient at the 
coating-substrate interface. This would ensure a uniform strain distri-
bution along the coating-substrate interface reducing the possibility of 
damage or cracking of the brittle coating [17]. In other cases, an in-
termediate hard layer is introduce between the hard coating and the 
substrate to reduce the hardness variation by absorbing the effect of the 
compressive stresses [18,19]. In the specimens tested under roll-
ing/sliding conditions the hardness gradient of the WEL-pearlite inter-
face varies with the rail grades. The harder grades such better support 
the hard and brittle layer reducing the stresses between the 
coating-substrate interface. However, in the case of the R260 where the 
bulk material is significantly less hard and more flexible, WEL fractures 
and collapses due to the combination of elastic and plastic deformation 
and consequently the increased stresses between the “coating” and 
“substrate”. This mechanism is illustrated in Fig. 23 with two possible 
resulting scenarios based on the results observed in Section 3.4: 1) the 
WEL remains attached to the bulk material and it is pressed into the 
pearlitic microstructure increasing the possibilities for crack formation 
due to this; 2) failure of the bonding between the WEL and the pearlite 
led to the complete delamination of the martensite layer. This 

Fig. 18. Data obtained from the post-grinding experiments of the specimens 
that underwent a corrective maintenance process: a) the coefficient of friction 
and b) roughness. 

Fig. 19. Demonstration of the twin-disc wear rates using rail discs that were 
previously correctively ground. 

Fig. 20. Microstructural analysis of the R260 specimen that underwent 
corrective maintenance and then twin-disc testing. 
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speculation is supported by the results presented in Fig. 16 and Fig. 21 
where the harder rail grades showcase higher resistance to deformation 
reducing the probability of WEL fracture during the rolling/sliding 
mechanism, hence increasing the likelihood for crack initiation from the 
WEL due to its brittle nature. Furthermore, it was observed that the 
resulting microstructure in harder rails exhibited larger amounts of WEL 
upon completion of the run-in testing where in some cases they were 
overlaid and, in combination with their less ductile microstructure, 
more defects could be formed due to easier crack propagation. Thus, 
while the softer rail grades are expected to deform more, the absence of 
WEL from the early delamination during the run-in does not result in 
many overlay cases. Particular emphasis should be given to the fact that 
these are observation based on the results obtained. Further experiments 
are required to thoroughly examine this idea and verify it. 

It was shown in Section 3 that both grinding processes had a similar 
effect on the microstructure. A phase transition occurred in most cases 
(apart from the LC 260 specimens) causing the formation of WEL on the 
grinding contact zone of the rail specimen. In the current experiment the 
mechanism that would be most appropriate to explain the trans-
formation is the high temperature generated on the contact zone due to 
the frictional losses. The excessive heat combined with the material 
dislocation that took place resulted in the phase transition of pearlite i. 

Fig. 21. Optical and SEM images of the rail specimen microstructure after the twin-disc testing.  

Fig. 22. Comparison of the continuous WEL length and deformation layer of 
each rail material ground in a corrective approach. 
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e., the formation of a martensite layer. 
For the most part it has been noticed in Fig. 10 that the rail discs 

tested under corrective maintenance conditions exhibit thicker WEL. 
This can be seen by comparing data between Fig. 8 and Fig. 11 which 
determines that the average WEL thickness is larger in rails ground in a 
corrective approach. The discs which were subjected to a preventive 
maintenance process have a thinner layer instead. This could have been 
caused by the excessive material that was removed on the single 
grinding pass. Moreover, the multiple passes experiments allowed the 
discs to cool down in-between passes. However, in single pass experi-
ments the discs interacted with the grinding stone continuously, 
generating higher temperatures in the contact zone. Thus, it can be said 
that the single pass test in combination with higher material removal 
rates has caused an increased in WEL thickness. 

In this set of experiments one of the main objectives was to identify 
the effect of WEL on the rail discs. The results showed clear indication 
that cracks near or/and within WEL implying that WEL can affect the 
life-cycle of the rail material. This suggested by other studies as well [20, 
21] where it was stated that the martensite layer on top of the rail can 
cause crack formation on a post-grinding stage. This is clearly demon-
strated in Fig. 16 and Fig. 21 where WEL could aided in the formation of 
cracks within the layer. As the martensite layer is harder than the bulk 
material it is more fragile as well. Any load applied to it can easily cause 
crack initiation and propagation leading to significant defects as shown 
in Fig. 21. The number of cracks observed in the various rail grades can 
be correlated with the surface roughness results from Fig. 13 b) and 
Fig. 18 b). This supports findings that suggested WEL has a low fracture 
toughness that makes it more prone to brittle failure compared to the 
undeformed pearlite [22]. Roughness values obtained during the 
twin-disc testing exhibited higher roughness for the harder rail materials 
in both the preventive and corrective maintenance method. A rough 
surface has more edges which in combination with the existence of WEL 
can results in crack formation as these spots act as stress concentration 
points. Similar results were observed by Steenbergen et al. [6]. 

Furthermore, it needs to be noted that the mechanism and energies 
involved in the laboratory testing is very different from the ones existing 
in the field with the main differences being the number of stones/ 

multiple facets and the configuration of the grinding process. Thus, it 
should be noted that these results are only an indication of similar fea-
tures that can be observed in the field and not an exact representation of 
the field grinding process. 

An article from the Technical University of Denmark [23] reinforces 
the previous argument as it states that an increased number of defects 
were found on head-hardened rail steel as a consequence of the 
aggressive grinding process. The track engineer interviewed stated that 
this forced the railway service provider to switch back to the less hard 
type of rail to minimise the number of defects. Although it does not 
specify the reason softer rails do not face similar problems it is clear that 
a similar phenomenon occurred with the softer rails being able to 
delaminate WEL easier, minimising the possibilities of crack formation 
due to grinding. 

Comparing the wear rates between the corrective grinding experi-
ments and preventive grinding it can be observed that the results from 
the corrective grinding set of experiments are higher apart from the 
MHH 375 and LC260. One can say that the increased wear rate is due to 
the corrective grinding process that took place prior to the twin-disc 
testing. The formation of larger quantities of WEL in combination with 
the accumulation of stress during the grinding process could be prime 
factors for the this. During the initial run-in period the smoothing of the 
asperities takes place and the occasional fracture of some. Following the 
initial run-in, the tribo-system is attempting to reach a steady-state 
condition in a ratchetting type process. Throughout this stage the sys-
tem was within the run-in/mild wear region based on work by Blau et al. 
[24]. Additionally, the brittle nature of WEL which leads to the forma-
tion of cracks and spallation of martensite could be a crucial factor for 
the increased wear rates observed. This was clearly observed in Fig. 16 
and Fig. 21 martensite bands delaminate during the rolling/sliding 
loading leading to increased losses with regards to the material. 

Another factor where particular attention needs to be given is the 
configuration of the small-scale grinding testing and post-grinding 
sliding/rolling testing. It should be stated that the energy and me-
chanics of the small-scale grinding testing as well as the rolling/sliding 
experiments performed in laboratory are not directly representative to 
the processes occurring in the field. However, with a relatively low cost 
it can produce results that could indicate features similar to those 
observed in the field such as comparable data. This was clearly 
demonstrated in another study [4] through a direct comparison between 
the laboratory results and field results performed under comparable 
conditions. Nevertheless, small-scale testing involves limitations in 
terms of simulation of field conditions but offer more control in terms of 
the grinding parameters where extensive studies can be made on the 
effect of grinding on rail microstructure. 

5. Conclusions 

Taking into account the data obtained from this set of experiments it 
can be said that the experimental methodology successfully simulates 
the conditions that exist in the field. The aim of assessing the perfor-
mance of the rails upon the occurrence of grinding was successfully 
achieved. 

The results, that were discussed thoroughly, have shown the effect of 
grinding processes on rail discs. The testing was split into two main 
groups where the grinding maintenance type and post-grinding perfor-
mance were studied. For the grinding maintenance, two main method-
ologies were taken: corrective grinding and preventive grinding. Upon 
analysing the microstructure of the ground discs, it was concluded that 
the corrective maintenance process can generate a thicker more uniform 
and consistent WEL compared to preventive grinding. Moreover, from 
the twin-discs testing results it was identified that WEL can directly 
affect the formation of cracks and defects. Additionally, it was found that 
the harder grades retained larger quantities of WEL upon completion of 
the rolling/sliding testing due to the hardness gradient between the WEL 
and bulk material. This promoted the formation of cracks on the 

Fig. 23. Illustration of the WEL delamination of discs on dissimilar grades.  
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specimens as the brittle nature of WEL can initiate cracks that propagate 
towards the bulk material. 
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