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Abstract 
This paper presents a new stage of on-going research to fully characterize the rolling contact fatigue (RCF) damage observed in rail axle Compact Tapered roller Bearing Units (CTBUs). The bearings examined in this work have been removed from service, following the identification of degradation using on-board condition monitoring techniques. 
The running surfaces of the bearings were examined and the damage fully characterized using a mixture of metallographic, surface profilometry and high-resolution micro-Computed Tomography (µ-CT) techniques. In this manner the RCF was categorised by initiation mechanism: sub-surface or surface. This work has led to an increased understanding of the propagation of sub-surface and surface initiated RCF and its implications for life and condition of the bearing once failure has initiated. It was determined that the sub-surface initiated RCF damage was the first to occur in service and produced large craters on the bearing running surface. Once material had been lost in this primary manner, further secondary surface-initiating RCF grew from the edges of the large craters. It was deemed that the deep primary sub-surface RCF craters were more life limiting than the secondary surface damage. Therefore maps of the damage were created allowing the two mechanisms to be examined separately, both visually and by quantitative parameters such as volume loss, area, depth, roughness etc.
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1.1 Background
The in-service failure of an axle-bearing on a rail vehicle has immediate consequences ranging from service delay to derailment and fire with risk to life. Commercial costs accrued from penalties, recovery, loss of vehicle availability and repairs are very high, and there are further adverse effects on customer perception and the reputation of the operator and manufacturer.
Bearing life is influenced by the material microstructure, which is inherently inhomogeneous, and therefore the lives of an apparently identical batch of bearings operating under identical load, speed, lubrication, and environmental conditions will show a significant degree of scatter [1,2]. Bearing manufacturers provide statistical bearing life predictions (L10 or B10) [2-6] which the operator can use to determine an appropriate service life. However, early failures of rail-axle bearings have also been attributed to various operational issues including system vibration, grease failure, overloading or uneven loading, misalignment, electrical shorts, wheel flats, installation problems and suspension design. 
Several technologies and approaches have been adopted to monitor the condition of bearings: gearbox Health and Usage Monitoring Systems (HUMS) in military helicopters [7]; hot axlebox detection (HABD) employed in the UK national rail network [8]; trackside systems employing microphones to listen to passing wheel-set bearings (e.g. Railway Bearing Acoustic Monitoring (RailBAM) by Siemens or Trackside Acoustic Detection System (TADS) developed by (TTCI) [8-10]); and an on-board system from Perpetuum Ltd. [11-13].
A common failure mode for bearings that are properly installed and maintained is rolling contact fatigue (RCF). RCF is a damage caused by the repeated rolling (or rolling and sliding) contact between metal surfaces. Fatigue cracks can initiate at surface or sub-surface stress concentrations and propagate under the repetitive cyclic loading, eventually causing loss of material known as macropitting [1,7,14-17]. The sub-surface and surface-originated mechanisms are distinct, and are described in more details in Section 1.2. Macropitting will destroy the smooth running surfaces of the bearing and disrupt the passage of the rolling elements, creating a ‘noisy’ bearing. If left to run, rolling surfaces will become more worn and more disrupted, eventually, catastrophic failure can occur [7,15].

[bookmark: _Toc462909661]1.2 Rolling contact fatigue 
This work is concerned with two types of RCF macropitting: surface and sub-surface initiated.

[bookmark: _Toc462909662]1.2.1 Sub-surface initiated macropitting
Sub-surface crack initiation can be attributed to the presence of inhomogeneity, e.g. carbides, non metallic inclusions and voids. In the past decades, substantial efforts have been carried out to develop cleaner and more homogenous steels with improved resistance to fatigue initiation. When the contact between the metallic components is pure rolling, under good lubrication conditions and high loads, sub-surface microstructural changes and micro cracks due to the stress concentration may occur if the maximum Hertzian shear stresses exceed the elastic limit of the bearing steel. These sub-surface flaws, driven by the repeated contact stress from the passage of the rolling elements, will propagate as sub-surface cracks parallel to the original surface. Eventually the continued rolling can cause the cracks to rise towards the original surface removing material and producing a sub-surface initiated macropit. These macropits present a smooth base parallel to the original surface, a diameter much larger than their depth and steep walls intersecting the original surface with an angle higher than 45°. Where the rolling elements are cylindrical, the macropits are generally elliptical in shape [1,14,17,18]. 

[bookmark: _Toc462909663]1.2.2 Surface initiated macropitting
Sliding occurs when the lubricant breaks down due to surface irregularities, such as dents or scratches, or geometric stress concentrations. Sliding can considerably modify the stress distribution of a rolling bearing; the maximum shear stresses that are normally located at Hertzian depths move to the contact interface, and cracks can therefore initiate from the surface and propagate sub-surface at a shallow angle of about 15°-30°. When these cracks reach a critical length or depth, they can branch up towards the original surface producing macropits that are around 100-150 µm deep with a saw tooth appearance. The new surface is shallower and rougher, than the sub-surface-initiated macropits [1,14].

[bookmark: _Toc462909664]1.3 Aims
This paper presents a new stage of the on-going research described in [11] to characterize the early rolling contact fatigue damage found in rail axle bearings, specifically Compact Tapered roller Bearing Units (CTBUs). The bearings examined in this work have been removed from service by Southeastern because they displayed higher vibrations than what is considered normal. The vibrations of each CTBU within the Southeastern fleet of trains are continually monitored using Perpetuum sensors. This is currently a detection system, i.e. it can detect a change in vibration which is understood to represent bearing degradation. The question remains as to what level is that degradation and how severe is the damage to the removed bearing. Up to now, Southeastern have defined the severity of the damage of a bearing by the extent of its circumferential length: the longer the damage the more severe the bearing condition. 
In this paper, we are going to demonstrate that the severity of the damage is a more complex problem influenced by the fact that more than one type of RCF may be occurring. To date, no quantitative correlation between the total extent of the damage (measured as volume, depth, or circumferential length) and the vibration has been discovered [12,13], although there is a measurable and gradual increase in the vibrations reported by the condition monitoring system. A direct correlation to the physical damage would be extremely valuable in improving the diagnostic and prognostic capabilities of monitoring equipment. The aim of the present work is an effective separation of the two RCF mechanisms observed. Metallography and high resolution micro-Computed Tomography (µ-CT) have been employed to examine the mechanisms of failure in bearings removed from service. In parallel, surface profilometry techniques have been applied to the worn surfaces to produce three-dimensional (3D) maps of the damage, with the aim of easily quantifying the extent of each separate degradation mechanism. This work will provide parameters to describe the damage severity; there are indications that these parameters will allow correlation with the measured vibrations.

[bookmark: _Toc462909665]2  Material and Methods

[bookmark: _Toc462909666]2.1 Condition Monitoring
This work has been carried out in collaboration with Perpetuum Ltd., who have developed a novel on-board condition monitoring system for quantifying local vibrations in the train environment. This system includes wireless sensor nodes (WSNs), which are bolted onto the axle-bearing housings and are self-powered by vibrations using energy harvesting technology. Each WSN measures vibrations using a tri-axial accelerometer; the acceleration data are recorded for 4 seconds every 3 minutes (more information in [12,13]). Dimensionless values indicating the health of the vehicle, the ‘bearing health index’ (BHI) and ‘wheel health index’ (WHI) are calculated within the WSN. BHI, WHI, together with train number, wheel position, date and time, speed of the train, GPS location, direction of travel and temperature, are transmitted to a cloud server and are available in real-time via a website. This interface indicates when a sensor detects an increasing BHI or WHI and reports it in real-time to the train operator. The bearing or wheel can then be removed or maintained at the next maintenance cycle. The system is fitted on several networks in the UK and worldwide, but the current work concerns trains operated by Southeastern, covering over 1,000 miles of track in the South-East of England. All the trains of the Southeastern Electrostar fleet are fitted with WSNs (1 WSN per wheel) for a total of almost 5,000 wheels being continuously monitored during normal passenger service. Bearings with high BHI readings are removed by the operator and stripped at the Southeastern Ramsgate Maintenance depot. The bearings are then sent to the University of Southampton for further analysis. For this work access has been granted to the raw as-collected acceleration data for all three axis, rather than BHI. 

[bookmark: _Toc462909667]2.2 Characterization techniques
The bearings studied in this work are Compact Tapered roller Bearing Units (CTBUs) manufactured by SKF [19] and with mechanical properties already described in detail in [11]. Many years of train maintenance experience by Southeastern has revealed that the damage is invariably focused on the highly loaded, stationary outer ring. Upon receipt of the bearing, to enable examination, the damaged arc is isolated [11] from the rest of the outer ring using water jet cutting (Safire, UK). Prior to cutting, black wax W (Apiezon Products M&I Materials Ltd) is applied to the area of interest to protect the damage from any further degradation. Due to the tendency of the bearing steel to corrode quickly, WD40 is liberally applied and sections are always stored in low humidity containers.
The arc shape invited a variety of analysis techniques. An Alicona ‘InfiniteFocus 3D’ optical non-contact profilometer was used to record the form and surface roughness of the damage. However, only bearings with smaller damaged areas could fit on the Alicona sample stage. Bearings with more extensive damage were examined using a contact profilometer ‘Form Talysurf-120L’, which measures vertical displacement in 2D. This contact profilometry was carried out at a speed of 0.5 mm/s with a diamond tip stylus with a 2 µm radius. The form of the race was subtracted from the measured profiles and the data from 21 traces measured 2 mm apart were plotted producing a 3D map of the damage. From these data the volume loss could be approximately calculated by totalling the area loss for all the slices and multiplying by the slice thickness. 
After recording the damaged surface, destructive analysis could be carried out. Areas of interest were further sectioned for metallographic and SEM analysis. Metallographic samples were embedded, ground, polished and etched as described in [11], and were examined using an optical microscope (Olympus BX51).  Selected areas of the damaged surface were also analysed using a JEOL JSM-6500F scanning electron microscope (SEM). 
Sub-surface cracks were analysed by means of X-Ray micro-Computed Tomography (μ-CT) using a 225 kV Nikon/Metris HMX ST μ-CT scanner at the μ-VIS X-ray imaging centre at the University of Southampton. The X-Ray beam was pre-filtered through 2.5 mm of aluminium to reduce beam-hardening artefacts. Scanning parameters were chosen based on each sample’s characteristics (size, radiodensity) as well as required resolution, as detailed in Table 1. During the tomogram, a total of 2801 angular projections were collected with an angular step of ~0.13° over a 360° rotation of the sample. To improve signal to noise ratio, 8 radiographs (frames) were collected and averaged for each angular projection using an exposure of 708 ms/frame (for sample 55387) and 1 s/frame (for sample 55183). At the pixel size employed the field of view of sample 55183 was limited to 14 mm3, in order to cover the whole length the specimen was oriented with its longer side parallel to the detector (standing sample) and scanned in three rasters (bottom, middle and top) allowing an overlap of approximately 500 pixels between consequent scans.

Table 1.  Parameters employed to analyse the samples using µ-CT.
	Sample
	55387
	55183

	Peak voltage
	210 kV
	210 kV

	Power
	25.83 W (123 μA)
	11.3 W (54 μA)

	X-ray spot
	13 μm
	5 μm

	Source to detector distance
	699.3 mm
	675.0 mm

	Source to objective distance
	49.3 mm
	23.7 mm 

	Pixel size
	14 μm
	7 μm



Prior to each scan, a 60-minute warm-up scan was performed to ensure the thermal stability of the X-Ray source and the scanner enclosure. Following the acquisition, the raw data were reconstructed to 32-bit raw volumes using Nikon’s reconstruction software (CT Pro 3D, v. XT 2.2 SP10), which uses a filtered back projection algorithm. Upon reconstruction, all volumes were imported into Fiji [20] (National Institutes of Health, Bethesda, MD; available at https://fiji.sc) where they were converted into 8-bit and in the case of 55183 concatenated into a single volume. Damage segmentation was performed in VG Studio Max (v2.1, Volume Graphics GmbH; Heidelberg, Germany) using the 3D magic wand tool with manual interventions. The segmented areas were then exported as separate volumes to allow for better visualisation. 

[bookmark: _Toc462909668]3 Results and Discussion
Numerous bearings, over the last several years, showing higher than normal vibrations have been removed from service and detailed failure investigations have been carried out at the University of Southampton. All these bearings show RCF damage in at least one of the two cup races of the outer ring [11-13] and no damage, apart from denting (due to steel fragments released by RCF) and electrical damage (due to a variety of events in vehicle service), has been observed in the inner rings or the rollers. The damage is always located in the top part of the outer ring relative to the bearing housing, corresponding to the area of the bearing subjected to the highest load, as described in [11].
The damage observed in the bearings within this study can all be attributed to RCF. However, the damaged areas vary in certain respects:
1. The circumferential length ranges from 6 to 150 mm.
2. Sub-surface and surface initiated RCF are observed in different ratios on each failed bearing.
3. Surface initiated RCF is formed adjacent to areas of sub-surface damage.
4. Sub-surface initiation could be from a line (Figure 1) or a point (Figure 2).
An example of sub-surface line initiated damage has been fully characterised in [11]; a mechanistic map of this damage was created and is presented in Figure 1. The sub-surface damage shown in red is initiated by the two line features (shown in blue). Areas of surface initiated damage are indicated in yellow. The green areas identify areas of undamaged original surface. This kind of failure mechanism will not be discussed further in this paper. Instead this work will focus on examples of sub-surface point-initiated and surface-initiated damage, and will describe the propagation of these two mechanisms using examples found in several bearings (Section 3.1). Two methods for the production of surface maps will be compared (Section 3.2.1). These maps will then be employed to work towards parameters to describe the damage (Section 3.2.2) and they will be used to compare with the vibration signature (Section 3.3).

[bookmark: _Toc462909669]3.1 Characterization of rolling contact fatigue 
The bearing in Figure 2 has been chosen because it was determined that it displayed both sub-surface point-initiated damage (red in the mechanistic map (Figure 2b)) and surface initiated damage (yellow in the mechanistic map (Figure 2b)). 
Figure 3 shows surface profiles carried out in circumferential direction in the locations marked in corresponding colours in Figure 2a. The three traces clearly demonstrate the difference in depth between the two types of damage: the sub-surface damage is about 300-500 µm deep and the surface damage only 100-200 µm deep. This is consistent throughout the race in axial direction. Moreover, the areas of surface damage present a higher surface roughness compared to the areas of sub-surface damage (40 µm vs. 15-18 µm). 
Examination of multiple examples of these two mechanisms within rail axle bearings has allowed the further classification of the damage features into primary and secondary damage. There is evidence (discussed in Section 3.1.2) that all the shallow and rougher RCF surfaces initiate along and grow from sites of pre-existing sub-surface RCF macropits. Therefore, for this work the sub-surface initiated RCF macropiting has been referred to as primary damage and the surface initiated RCF macropitting as secondary. An index of key features of both primary and secondary RCF is given in Table 2 along with references to figures providing evidence of these features within the rail bearings examined.
In the next two sub-sections, evidence of primary and secondary RCF damages are explored separately using examples found in five bearings in order to achieve a more complete understanding of these two mechanisms and their propagation. 

Table 2 – Description of RCF damage and corresponding evidence
	Feature
	Primary RCF
	Secondary RCF

	Initiation
	From a sub-surface discontinuity within the metal of the bearing
	From the edges of primary RCF macropits – Figures 1 and 2b

	Direction of crack propagation
	Propagate parallel to the original surface - Figures 2d and 5b 
	Propagate from the surface into the material at a shallow angle of about 15°-30°.

	Aspect ratio of macropit(s)
	Single large elliptical shaped macropit – Figures 2a, 2b, 4a, 4c, 4d, video 1, 5a, 6b and video 2
Diameter larger than their depth - Figure 3
	Multiple small elliptical shaped macropits - Figure 7b

	Roughness of macropit
	Smooth base – Figures 2c, 2d, 4b and 5b
	Rough base - Figures 7b, 7c and 7d

	Side walls of macropit
	Steep walls with angle higher than 45° – Figures 2d and 3
	Shallow walls with angles of about 15°-30° - Figures 7c and 7d

	Depth 
	300-500 µm – Figure 3 and 5b
	100-200 µm - Figure 3 and 7e


 
[bookmark: _Toc462909670]3.1.1 Characterization of primary sub-surface initiated macropitting
In this section, the propagation of sub-surface cracks that are precursors of the macropits, and the morphology of the formed macropits (as described in Section 1.2.1), are analysed and supporting evidence of their characteristics are presented (Figures 4-6).
The metallographic cross-section in Figure 5b supports the literature regarding the sub-surface propagation of the primary RCF. A 6 mm long sub-surface crack was revealed running parallel to the original surface. Once the debris was released it would be expected to produce a macropit similar to that shown in Figures 4 a and b. The application of μ-CT allowed identification and 3-dimensional (3D) characterization of the sub-surface cracking. Figures 4c and 4d and Video 1 show the reconstruction of the sub-surface cracks found using µ-CT within a section of the damage found in bearing 55387; the cracks propagated in a way that will produce an elliptical damage. It is important to highlight that the sub-surface cracks typical of this mechanism will produce a sudden and large loss of material upon reaching the surface. Figure 6b and Video 2 show the reconstruction of part of the sub-surface damage found in bearing 55183 analysed using µ-CT. The virtual cross section in the rolling direction (Figure 6d) shows that circumferentially the cracks grow in a tortuous manner while in the axial direction (Figure 6c) the cracks grow deeper following a more direct (shorter) path and for this reason the propagation in axial direction is faster. A further example of this is presented in Figure 6e showing a metallographic cross-section view of crack growth in the circumferential direction; the crack grew for 200 µm and then deviated towards the surface with a loss of a small volume. Then, the stresses involved in crack propagation need to increase again in order for another crack to start growing resulting in a slower propagation rate in this direction. Whereas, the metallographic cross-section in Figure 5b demonstrates that in the axial direction the sub-surface crack is 6 mm long before raising towards the surface.
All these examples show that the propagation of the sub-surface crack front is an arc. The growth of the crack front is generally more rapid in the axial direction compared to the circumferential direction and therefore the macropits generally present an elliptical shape, as shown in the damages in Figures 2a, 4a and 5a.
The base of the primary RCF damage was expected to be relatively smooth, this was confirmed by SEM and shown in Figures 2c and 4b and in the metallographic cross-sections in Figures 2d and 5b. The area shown in Figure 4b has a measured surface roughness Sa (arithmetic mean of the deviation of all the points from the average surface plane) of 18 µm (measured using Alicona). Figure 2d shows the cross-section of the base of the macropit in axial direction; this is very smooth and almost parallel to the original race surface (shown by the blue line). A similar behaviour is also reported in Figure 5b.
The 2D plots in Figure 3 clearly show that these primary sub-surface initiated macropits have a diameter much larger than their depth: the diameter is around 10 mm while the depth is around 0.5 mm. Further examination of the 2D plots of Figure 3, confirmed the expected steep walls. Figure 2d shows a metallographic cross-section of the base of the macropit in axial direction; the angles between the original surface and the wall of the macropits are quite steep: 52.7° in axial direction.  These steep walls are generated when the undermined material is released from the bearing surface. 

[bookmark: _Toc462909671]3.1.2 Characterization of secondary surface initiated macropitting
In this section, examples of secondary surface initiated macropits (as described in Section 1.2.2) are presented. It is very important to underline that this secondary damage is caused by, and originates from, the primary damage described in Section 3.1.1. We have found no examples of bearings with only secondary damage and therefore it could be asserted that in all cases secondary damage is caused by primary damage. 
The base of the secondary surface initiated damage is rough and presents a saw-tooth appearance, as clearly shown by the SEM (Figure 7b) and by metallographic cross sections (Figures 7c and 7d, circumferential and axial direction, respectively). Surface roughness (Sa) of this kind of damage has been measured with Alicona in the sample shown in Figure 4 and it was 40 µm. This damage is definitely rougher than the primary sub-surface damage described in Section 3.1.1. The pits produced by this mechanism are less than 1 mm wide in circumferential direction as presented in Figures 7b, 7c and 7e and in the 2D plots in Figure 3. This secondary damage is certainly much smaller than the primary damage, which had a width of 10 mm. In the axial direction the micropits are also less than 1 mm wide, as illustrated in Figure 7d. The depth of this type of damage is about 100-150 µm (Figures 7d and 7e).

[bookmark: _Toc462909672]3.2 Surface Mapping
Having demonstrated in Section 3.1 that the two mechanisms are clearly identifiable within the damaged bearing surface, machine identification methods were sought to produce surface mechanistic maps. Based on the key features listed in Table 2, it was apparent that the depth and potentially the roughness (Ra or Sa) parameters could be employed to map the two mechanisms.

[bookmark: _Toc462909673]3.2.1 Surface height maps produced with Form Talysurf-120L and Alicona
In order to characterize the damage, surface height maps have been carried out using two different profilometry techniques (see Section 2.2). Talysurf measures only 21 parallel lines across the damage in circumferential direction 2 mm apart while Alicona scans the whole damaged surface using the same resolution for the two dimensions. Figures 8 and 9 present the maps carried out on two small damaged areas using Alicona and Talysurf. As expected, the maps produced by Alicona (Figure 8a and 9a) are more detailed than those produced using Talysurf (Figure 8b and 9b). However, the depth information is very similar, demonstrating that the Talysurf equipment can be employed to record the surface damage accurately. Talysurf has the advantage of easier applicability to larger areas of damage, which cannot be analysed using Alicona. 
Various metrology systems are currently available to measure height and roughness, a step forward for this research would be to utilise an automated system to evaluate bearing damage. The system will be able to provide using roughness and depth parameter a mechanistic map of the damage and the associated measures such as the areas of primary and secondary (or any other) damage.  

[bookmark: _Toc462909674]3.2.2 Assessment of damage
The data from the Talysurf surface maps can be employed to calculate parameters (such as volume loss, surface area due to surface initiated RCF, surface area due to sub-surface initiated RCF, etc.) to better characterize and distinguish the severity of the damage in the bearings. The areas of secondary surface or primary sub-surface RCF are calculated by first determining a cut-off depth (filter) to differentiate between these two kinds of damage. From the theory and from the metallographic analysis of numerous examples presented in Section 3.1 (and others not shown here) it was estimated that the cut-off depth between primary and secondary RCF should be 175 µm below the original surface. This value was then used to assess nine available bearings; Figure 10 plots the resultant area ratios displayed by these bearings. It can be seen that the nine bearings examined represented a significant spread in damage distributions. Bearings 55387 and 55105 (Figure 10) displayed regions of secondary damage that were three times that of the primary area, however the total area of damage was quiet small. Whereas the region of secondary damage to bearing 55552 was only half the area of the primary RCF. 
Figure 10 also presents the current measure of severity of damage employed by the operators: the circumferential length of damage. Knowing that the damage is bounded by the edges of the raceway, it is not surprising that this parameter mirrors the combined areas of the two damage mechanisms. Using this measure of severity, the worst bearing should be 99659 (shown in Figure 2).
However, it is proposed that the area of primary RCF damage should be used as the basis for the true measure of severity of damage because these are the areas of the bearing that have produce large volumes of debris in large chunks. These large chunks (compared to the smaller secondary RCF debris) represent a great danger to the continued operation of the bearing as they could impede the motion of the rollers and the cage. Therefore, as shown by the order of the bearings in Figure 10, bearing 55552 should be considered the most severe case of damage. 
We can further refine this model of severity by considering the secondary RCF damage. Once the primary RCF is formed, secondary RCF initiates and propagates. Therefore, the measured area of secondary RCF (shown in Figure 10) represents the continued operation of the bearing past the first occurrence of the primary damage. 

3.3 Vibration as a tool to diagnose severity of damage
The aim of a condition monitoring system is to warn of impending failures so that mitigating steps can be taken. A detection system will provide this. A diagnostic system will involve advanced algorithms that use the collected environmental information (such as vibrations, temperature, etc.) to infer the current severity of damage. In previous papers [12,13] it has been emphasised that the circumferential length of the damage found in rail-axle bearings is not sufficient to characterize the damage and to generate a correlation between the damage and the vibrations. In this paper, we suggest that by identifying the regions of primary and secondary damage and decoupling these two mechanisms, correlations between each damage type and the vibrations measured may be separately found. For example, one would not expect the shallow secondary damage to produce the same vibration signature as the deeper primary macropits. We hypothesise that the levels of vibrations will be linked to the area of the primary RCF. Secondary RCF may be reasoned to correlate to how many days the vibrations have been high for or how long the bearing has been running after primary RCF started.
Figure 11 shows a preliminary study carried out using only five bearings (the number available to the authors with raw vibration data at the date of this work), to see the correlation between the area of primary RCF damage and the measured vibrations. The peak vibration value in each case was taken in isolation from the local vibrations due to the train environment. Figure 11 also plots the industry best practice measure of severity – the circumferential length of the damage against the same vibration data. By looking at the R2 data it is clear that the area due to primary RCF has a higher correlation to the vibration data than the damage length. More examples of bearings and corresponding vibrations are needed in order to better understand and prove this relationship, although these preliminary results are encouraging.

[bookmark: _Toc462909675]4. Conclusions
· The results from an extensive programme of characterisation work examining the damaged surfaces of rail axle bearings have been presented.
· The definition of “severity” of the damage can be improved from the current measure of circumferential length to one defined by quantitative parameters such as the areas of surface and sub-surface RCF present.
· Height mapping potentially combined with roughness mapping offers an avenue for automated machine mechanistic mapping and measurement of damaged bearings removed from service.
· A limited data set of bearings have been used to indicate the potential to directly correlate vibration data to a defined bearing severity parameter. More sophisticated vibration analysis could be combined with these parameters to produce a true diagnostic tool for reporting the condition of a rail axle bearing in-service. 
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Figure 1 – Mechanistic map of a line-initiated damage showing in blue the lines that are the origin of the sub-surface initiated damage, in red the areas of sub-surface damage and in yellow the areas of surface initiated damage. 
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Figure 2 – a) Image of the damage found in bearing 99659. b) Mechanistic map of the same damage showing in red the areas of sub-surface point initiated damage, in yellow the areas of secondary surface initiated damage, in blue two possible white etched lines and in green the original surface. The lines across the damage indicate the positions of the surface profiles shown in Figure 3 (12 mm is blue, 20 mm is red and 28 mm is green). c) Scanning electron microscopy image showing the smooth surface of the primary sub-surface initiated damage of the area in the white square in a). d) microscope image of the cross section in correspondence of the white line in a) showing the smooth surface of the primary sub-surface initiated damage and the steep angle (> 45°) between the original surface (blue line) and the edge of the damage(green line). The angle between these two lines is 52.7°.

[image: J:\FEE\Engineering Sciences Academic Unit\nCATS\bearing project\Paper writing\ICEFA VII - Mapping of rolling contact fatigue\Figure as in the text\Figure ready for submission\Figure 3 corret spelling 500dpi.tif]
Figure 3 - Three 2D plots carried out using Talysurf for bearing 99659 at 12 mm, 20 mm and 28 mm showing consistency in depth between the areas of primary (circled in black) and secondary damage in different parts of the race. For clarity the profile depth of the 20 and 28 mm traces have been off-set by +0.6 and +1.2 mm, respectively.
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Figure 4 – a) Image of the damage found in bearing 55387, b) SEM image showing the smooth surface of the primary sub-surface initiated damage of the area in the white rectangle in a), c) reconstruction from µ-CT of the sample analysed showing in pink the sub-surface cracks detected by µ-CT, also shown in Video 1 and d) image showing only the reconstruction from µ-CT of the sub-surface cracks found in the sample showing their morphology. 
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Figure 5 – a) Image of the damage found in bearing 55105, b) Cross section in correspondence of the orange line in a) showing the growth of the sub-surface crack in the axial direction. 
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Figure 6 – a) Image of the damage found in bearing 55183, b) reconstruction of the part that was analysed using µ-CT shown in the yellow rectangle in a) and also in Video 2; this image clearly shows in pink the virtual sub-surface crack front and the direction of the virtual cross section reported in c) and d); c) virtual cross section in correspondence of the blue line (axial direction), d) virtual cross section in correspondence of the yellow line (circumferential direction), e) cross section in circumferential direction in correspondence of the orange line showing that the crack propagation is very slow, little pieces of materials are cracked off at a time. 
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Figure 7 – a) Image of the damage found in bearing 99659, b) collage of two SEM images taken in correspondence of the white square in a) showing the surface appearance of the secondary damage. c) Microscope image of the cross-section in correspondence of the green line in circumferential direction showing the roughness of the secondary damage. d) Microscope image in correspondence of the green line in axial direction showing the roughness of the secondary damage and clearly demonstrating that the secondary damage grows in small sections; in this case the damage is 120 µm deep from the original surface. e) Microscope image in correspondence of the white line in circumferential direction showing the growth of the surface initiated secondary damage; it is 100 µm deep while the propagating crack is less than 200 µm deep. 
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Figure 8 – a) Alicona and b) origin plot created using data measured by Talysurf for bearing 55387 [units are in mm].
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Figure 9 – a) Alicona and b) origin plot created using data measured by Talysurf for bearing 55105 [units are in mm].
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Figure 10 - Bar chart plotting the areas of both the primary and secondary RCF damage compared with the circumferential length for 9 examples of damage.
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Figure 11 - Graph presenting the relationship between the area of primary RCF and circumferential length vs the highest value of vibration measured for the corresponding bearing.
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