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Accelerated White Etch Cracking (WEC) FE8 type tests of different bearing 
steels using ceramic rollers 

H.K. Danielsen a,*, F. Gutiérrez Guzmán b, S. Fæster a, M. Shirani a, B.H. Rasmussen a, 
M. Linzmayer b, G. Jacobs b 

a Technical University of Denmark, Department of Wind Energy, Frederiksborgvej 399, 4000, Roskilde, Denmark 
b RWTH Aachen University, Institute for Machine Elements and Systems Engineering (MSE), Schinkelstrasse 10, 52062, Aachen, Germany  

A B S T R A C T   

White Etch Cracking (WEC) is a severe and unpredictable failure mode affecting bearings in various industrial sectors. In this work, accelerated WEC laboratory tests 
have been performed using FE8 type test rigs with ceramic rollers to test the WEC resistance of different bearing materials, materials quality and roughness. It is 
demonstrated that the test method can reliably and consistently provoke WEC in commercially available washers. Tests using washers with different roughness values 
did not show significant changes in the time to failure. Tests of through hardened bearing steel with a low content of inclusions resulted in a significantly longer time 
to failure compared to the baseline. Through hardened washers with a black oxide coating did not improve the WEC life as the coating was worn away during testing. 
Tests with two types of carbo-nitrided washers gave significantly longer time to failure, of which one type in particular showed high resistance towards WEC 
formation.   

1. Introduction 

White Etch Cracking (WEC) is a well known cause of premature 
failures in wind turbine gearbox bearings, resulting in macro-pitting. 
The issue is not limited to a specific product, manufacturer or country, 
but must rather be considered as a generic issue pertaining to the whole 
wind energy sector. WEC is not specific to the wind energy sector, it is 
present in many other sectors including transport, construction and 
other industrial sectors [1–4]. WEC consists of subsurface crack net-
works surrounded by a microstructure of nano-sized ferritic grains with 
dissolved carbides [5–12] which is substantially harder than the matrix, 
normally referred to as white etching areas or white etching matter due 
to the white appearance in light optical microscopy after etching. There 
are still disagreements on the WEC failure mechanism in the literature 
and the root causes are still being researched [13–17]. For example, 
some sources indicate that the hard white nanostructure causes the 
cracks [18,19] while others indicate crack rubbing causes the hard white 
nanostructure [20,21]. Some preventive measures have been imple-
mented by bearing, gearbox and wind turbine manufacturers, typically 
using new bearing types or bearing configurations based on best prac-
tice. Several WEC resistant bearing materials based on surface treat-
ments are currently available, including carburization, induction 
hardening and black oxide coating as well as bearings made from 
high-end expensive nitrogen rich steels. However, either these solutions 

do not offer 100 % guarantee against WEC or are significantly more 
expensive than current standard bearings [22–24]. 

When observed in the wind energy sector, WEC has a severe failure 
progression with experienced bearing life often within 20 % of calcu-
lated life [2,17,25]. In order to reproduce WEC in workshop tests, 
certain specific test conditions are needed to be imposed on the speci-
mens. This can include using hydrogen pre-charging of the specimens 
[26–28], using specific lubricants [29–31], introducing excessive slip 
[32–34] or external electrical currents [35,36]. One of the most common 
accelerated WEC tests is the FE8 type test rigs with axial cylindrical 
roller bearings, which have been extensively used for studying WEC [7, 
14,15,17,24,29,30,37–42]. It relies on the inherent slip in 81212 type 
bearings, as well as using WEC inducing lubricants. In line with expec-
tations, it is well known that through hardened steel rolling elements are 
vulnerable to WEC [41]. Tests of WEC resistant or WEC immune mate-
rials relies on testing of washer specimens and refrain from testing 
rolling element specimens due to manufacturing and cost reasons. 
Therefore, tests must either include interruptions for changing the 
through hardened steel rolling elements or use ceramic rollers, which 
are unaffected by WEC as previously has been demonstrated in Ref. [24]. 

While most studies deal with examining the root causes of WEC 
through investigating test parameters, such as lubricant or slip, only few 
studies have focused on comparing the WEC resistance of different 
bearing materials. Gould et al. [22] have used a micropitting rig to assess 
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the WEC resistance of carburized AISI 3310 test specimens against 
standard through hardened AISI 52100 bearing steel. This showed an 
increased lifetime of around 2.3x of the carburized test specimens 
compared to the through hardened specimens. Blass et al. [24] have 
used an FE8 test rig and ceramic rollers to assess the WEC resistance of 
several types of steels, including SAE 4320 case carburized steel, 
50CrMo4mod induction hardened QT steel as well as Cronidur 30 high 
nitrogen stainless steel. The case carburized specimens showed no im-
provements over through hardened martensitic or bainitic specimens, 
whereas the induction hardened specimens had the lifetime increased 
with a factor of 2. The Cronidur 30 specimens did not fail, even after 
being tested for 10 times the duration of normal through hardened 
specimens. 

The main purpose of this work is to compare the WEC resistance for 
different bearing materials using FE8 type accelerated WEC tests. Within 
the framework of this work ceramic rolling elements are used for con-
ducting uninterrupted tests. Washer test specimens were acquired for 
different types of through hardened and surface treated steel materials, 
which were tested and characterized to evaluate the resistance to WEC 
formation. 

2. Experimental 

2.1. Test set-up 

The tests presented in this work were conducted using cylindrical 
roller thrust bearings of type 81212 mounted in two laboratory FE8 test 
rigs. Deviating from the standard FE8 constant load spring system, the 
load is applied with a piston inside a hydraulic cylinder. The test rigs 
include electrical servo-drives with stepless adjustable speeds including 
shifted 2-speed gearbox for 7.5–4500 rpm with automatic test-stop in 
case of exceeding temperature, vibration or runtime limit. The test rigs 
are equipped with accelerometers to detect vibrations caused by bearing 
damages. 

Test conditions for all tests are listed in Table 1. All tests were run 
with ceramic rolling elements to avoid WEC failure in the rollers. The 
ceramic Si3N4 rolling elements have a Youngs modulus 320 GPa and a 
Poissons ratio of 0.26. The rolling elements were fitted in polyamide 15 
rollers snap-fit cages. Tests were carried out under constant load of 60 
kN, the resulting maximum normal contact stress using the surface and 
sub-surface stress model introduced in Ref. [41] are shown in Fig. 1. As 
previously described, the contacting bodies are assimilated to 
half-spaces, and their contact surfaces meshed into a 500 × 500 × 100 
(x; y; z) elements grid, with each cuboidal element having a dimension 
of 0.38 μm × 13 μm × 1.9 μm. The bearing washer is defined as an ideal 
plane while for the roller a measured profile is used. The used profile has 
been previously used in Ref. [41] and differs insignificantly from the 
profile of the ceramic rolling elements. The profiles of the two rolling 
elements are shown in Fig. 2. By using the Youngs modulus and Poissons 
ratio of Si3N4, the maximum surface contact stress increases by around 
11% from 1966 N/mm2 to 2189 N/mm2. Accordingly, the calculated 
magnitude of the maximum Tresca stress in the roller-washer contact 
increases from 1214 MPa to 1355 MPa and corresponding depth de-
creases from 142 μm to 134 μm respectively. A detailed model 

description of the stress state in the used cylindrical roller thrust bear-
ings from type 81212 can be found in Ref. [41]. 

The speed was set to 500 rpm, water cooling of the oil lubricant was 
used to reach this speed, however a 300 rpm run-in speed was still 
necessary during the first 24 h due to overheating issues. The housing 
washer temperature was monitored and controlled using heating ele-
ments and air cooling. If the temperature limit was exceeded the test rigs 
automatically lowered the speed until an equilibrium temperature of 
100 ◦C was reached, if the temperature reached 110 ◦C the test rigs 
would automatically shut down. Vibration sensors are fitted to the rigs, 
for all tests a vibration threshold level was set and if surpassed the tests 
automatically stopped. All test presented in this work were stopped due 
to exceeding the vibration threshold level, except for one test which was 
interrupted due to time-out. 

All tests were run using a mineral oil in a circulating lubrication 
system with filters and an oil flow of 0.2 l/min (0.1 l/min for each 
bearing). This specific oil is a commercially available, fully formulated 
automotive gearbox SAE 75W-80 oil with a measured kinematic vis-
cosity of 54.2 mm2/s at 40 ◦C and 9.31 mm2/s at 100 ◦C. An analysis of 
the elemental composition is shown in Table 2. In comparison to the 
previously used lubricant in Refs. [7,29–31] the analysis shows a 
reduced concentration of Mg-Sulfonate (1950 → 6 ppm) and an 
increased concentration of Ca-Sulfonate (39 → 757 ppm), which is also 
considered to promote the formation of WEC [19]. In accordance to 
previously published work [41], the evaluation of the lubrication con-
ditions was carried out by calculating the specific lubrication film 
thickness λmin defined in equation (1): 

λmin =
hmin

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
R2

a,Washer + R2
a,Roller

)√ (1) 

The isotherm lubrication film thickness hmin was calculated accord-
ing to Ref. [43]. 

2.2. Washer specimens 

Steel washers from two different major bearing manufacturers were 
acquired from commercially available bearings, and used as a baseline 
for evaluating the performance of surface engineered washers. The 
commercially bought washers were martensitic through hardened 
100Cr6 (1.3505) grade steel, see Table 3, and will be noted as MTH A 
and MTH B for the purpose of this work. Some of the commercial MTH A 
washers were coated with standard commercial black oxide for evalu-
ating its effect on WEC for this test setup. NSK Germany GmbH provided 
specially made washers for the FE8 testing campaign. These included 
commercial grade SUJ2 martensitic through hardened steel washers 
(MTH C) as well as two versions of case carbo-nitrided washers corre-
sponding to the commercial products of Super-TF™ and AWS-TF™, 
which will be noted as CN A and CN B respectively for the purpose of this 
work. 

The raceway surface roughness for all of the baseline washers had a 
Ra value of around 0.08 μm while the roughness of the carbo-nitrided 
washers were around 0.03 μm. The MTH C washers were tested with 
both Ra value of 0.03 µm and 0.08 μm to evaluate the effect of the 
raceway surface roughness. The ceramic rolling elements used in all 
tests had a surface roughness of 0.05 μm. The Ra roughness values are 
summarized in Table 4 and the resulting film thicknesses at 100 ◦C are 
summarized in Table 5. 

2.3. Ultrasound 

All tested washers were scanned using ultrasound for detecting 
subsurface cracks. For ultrasonic scans a Pulse-Echo technique was used 
with a high frequency HFUS 2000 system with a X, Y, Z scanner im-
mersion scanning system in a 1000 × 700 × 500 mm water tank. During 

Table 1 
Test conditions used for all tests.  

Axial load 60 kN 

Contact stress 2189 N/mm2 

Speed 500rpm (300rpm first 24h) 
Temperature 100 ◦C 
Lubricant SAE 75W-80 oil 
Oil flow 0.2 l/min 
Roller type Ceramic rollers, 11x11mm 
Cage type 15-roller polymer snap-fit cages 
Test duration Until failure (vibration) or time-out  
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scanning, the peak echo values are measured in two electronic time 
gates. The first gate is covering the cross section of the bearing and the 
second gate is covering the back echo from the inner surface of the 
bearing. Frequency of the transducer is set to 50 MHz and moves in the 
x- and y-coordinates with a resolution of 0.200 mm (and a − 6 dB limit) 
per measurement in both directions. Scanned objects were cleaned for 
lubricant oil to avoid aberrations in the scan and dried afterwards to 
avoid corrosion from the water that acts as medium between the 
examined object and the transducer. 

2.4. Microscopy and hardness measurements 

The presence of WEC in the washers was investigated using optical 
microscopy for which the samples were ground, polished and finally 
etched with 2% Nital. SEM imaging was done with a TESCAN VEGA3 
SBU microscope equipped with an EDAX Element EDS detector. Micro- 
hardness measurements were conducted on washers using a Vickers 
hardness measurement tester with a load of 0.2 kg and a dwell time of 
20 s. Hardness profiles were made on cross sections from the washer 
surface down towards the center of the specimens with a step size of 60 

μm. 

2.5. X-ray tomography 

Three samples for X-ray tomography, with the dimensions 1 × 1 ×
20 mm, were cut out from the center of tested washers, at which depth 
the material can be considered to be unaffected by over-rolling. The 

Fig. 1. Pressure distribution (60 kN) in a) width and b) rolling direction.  

Fig. 2. Plot for the profiles for the ceramic rolling element used in this work and commercial steel rolling element. The x-axis shows the contact width direction 
(measurement direction) and the y-axis the profile height, the steel profile is shifted upwards by 2 μm to show both profiles in one diagram. 

Table 2 
Chemical analysis of the used mineral oil measured by inductively coupled 
plasma atomic emission spectroscopy (ICP).  

S P Zn Ca Mg 

2989 ppm 559 ppm 4 ppm 757 ppm 6 ppm  

Table 3 
Composition for standard bearing steels.  

Designation Steel grade Standard C Mn Si Cr 

MTH A & B 100Cr6 (1.3505) ISO 683-17 0.90–1.05 0.25–0.45 0.15–0.35 1.35–1.65 
MTH C SUJ2 JIS G4805 0.95–1.10 0–0.50 0.15–0.35 1.30–1.60  

Table 4 
Roughness of washer and rolling elements used in this work.  

Component Roughness Ra (μm) 

Ceramic rolling elements 0.05 
MTH A & B washers 0.08 
MTH C washers 0.08 & 0.03 
CN A & B 0.03  

Table 5 
Specific film thickness used in this work.  

Washers Speed Specific film thickness at 
100 ◦C 

MTH A, MHT B, MHT C (Ra 

0.08) 
300 rpm (first 24 
h) 

0.33 

500 rpm 0.47 
CN A, CN B, MTH C (Ra 0.03) 300 rpm (first 24 

h) 
0.54 

500 rpm 0.77  
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central part of the samples was scanned by X-ray tomography using a 
Zeiss Xradia 520 Versa. 5001 projections were acquired using a scan 
energy of 140 keV and an exposure time of 6 s. The reconstructions were 
performed by a standard filtered back projection resulting in a recon-
structed volume with a voxel size of 0.85 μm. A cube of 847 x 847 x 847 
voxels corresponding to 720 × 720 × 720 μm where extracted from the 
bulk of the sample. The size of the extracted volume was chosen to 
match the standard ISO 4967 for classifying defects using standard mi-
croscopy in bearing steel. 

3. Results 

3.1. Bearing tests and time to failure analysis 

Ten tests using commercially bought washers, MTH A and MTH B, 
were performed in order to establish a baseline for the chosen test 
conditions. The tests performed comparably and ran within the 60–100 
h range, see Table 6. All tests failed in a similar manner with spalling on 
the washer raceway, see Fig. 3a, with ultrasound measurements showing 
presence of extensive subsurface cracks, which was confirmed to be 
WEC by optical microscopy. The combined average time to failure was 
76.9 h. By means of a Weibull analysis [44] the lifetime of the MTH A 
washers at a failure probability of 10 % (B10) was determined to be 69.8 
h. This lifetime correlates to a high degree with previously published 
results using 100Cr6 steel/steel bearings under similar tribological 
conditions. In Ref. [45] the experimentally determined lifetime at a 
failure probability of 10 % (B10) was 70.9 h. It is worth mentioning, that 
100Cr6 steel/steel bearings under a similar pressure have a calculated 
nominal service life at a failure probability of 10 % (L10h) of 394.64 h 
and a calculated modified service life at a failure probability of 10 % 
(L10mh) according to DIN ISO 281 [46] of 54.5 h [45]. However, by using 
oils which do not lead to the formation of WEC the running times are 
much higher (>500 h) [29]. A comparison of the experimentally 
determined lifetime at a failure probability of 10 % (B10) with the life-
time L10h or L10mh cannot be conducted in this work due to the unknown 
bearing dynamic load ratings (C) for non-standard bearings (hybrid 
bearings or other non-standard materials). A Weibull analysis of the 
MTH B washers is not possible due to the low sample size. The Weibull 
line is also characterized by the so-called shape parameter beta (β), with 

a higher shape parameter indicating a reduced statistical scatter of the 
test results. In previously conducted WEC investigations under similar 
load conditions using through hardened steel rollers, a different lubri-
cant and a reduced speed a shape parameter beta (β) in the range 2.8 
between 4.7 was identified [41]. As seen in Fig. 4 the beta value for the 
conducted experiments using MTH A washers is 9.9 and, therefore, in 
the range of the beta values mentioned in Ref. [42]. It is worth noting 
that typical values for classical fatigue tests are in the range between 1 
and 2 [44,47,48]. The high reproducibility (coefficient of correlation of 
0.888) and low scattering (β = 9.9) show the improved suitability of the 
selected testing methodology for risk assessment of thrust bearings. A 
detailed description of the conducted Weibull analysis can be found in 
previous publications of the authors [41,45]. 

An identical test was performed on MTH A washers that had been 
coated with black oxide, MTH A BO. The test ran for a similar time as the 
other baseline tests, with the same type of WEC failure mode confirmed 
by ultrasound and microscopy. This indicates that the black oxide had 
no effect on the failure mode or time to failure, and visual inspection 
showed the black oxide coating was completely worn off in the contact 
zone with the rollers, see Fig. 3b. Four tests were run using MTH C 
washers, which had a similar failure mode as the other baseline tests, 
confirmed as WEC with ultrasound and microscopy investigations, 
however they had a significantly longer time to failure. The MTH C tests 
were performed using two different roughness, two test each with Ra =

0.03 µm and Ra = 0.08 µm respectively. The roughness difference did not 
seem to affect the time to failure substantially as all of the MTH C tests 
failed within the 300–400 h time interval. 

Two tests were run using CN A washers, which had roughly the same 
time to failure as the MTH C tests. Again, the failure mode was very 
similar to the baseline tests, with ultrasound measurements indicating 
extensive subsurface cracks verified to be WEC by optical microscopy. 
Two tests were run using CN B washers, and although both tests ran 
substantially longer than the other tests, ultrasound measurements did 
not show any indication of subsurface cracks in these washers. One of 
the test ran until time-out, no spalling was observed on the washers. The 
other test ran more than ten times longer than the baseline tests, but a 
failure on one of the rollers was observed, see Fig. 5, as well as spalling 
on the raceway, thus it is unknown what caused the failure. 

3.2. Failure characterization 

When tests where finished, visual inspection was performed on all 
washers. For all tests that stopped due to vibration, spalling was found 
on the washers, similar to what is shown in Fig. 3. For the CN B test 1, a 
failed ceramic roller was also observed, in addition to a spall on the 
washer. The failed ceramic rollers left regular imprints on the washers 
that matched the contours of the failure in the roller, see Fig. 5. It was 
impossible to determine if roller or washer failure occurred first. 

After visual inspection, all tested washers were scanned for subsur-
face cracks using ultrasound measurements, which indicated the level of 
WEC in the washers. An example is shown in Fig. 6, showing all four 
washers from the two bearings from the MTH A 6 test. The notches at the 
12 clock positions of the washers are used for positioning to extract areas 
of interest for optical microscopy. Location of subsurface cracks can be 
seen as small green-blueish patches, mainly along the inner and/or outer 
band of the raceway, corresponding to the locations where negative slip 
and positive slip respectively take place. The spalled areas can be 
identified as larger blue areas. For comparison the spalls shown in 
Fig. 3a are located in Fig. 6b on the right washer (note that the ultra-
sound images are based on the back echo, and thus are inversed). Most of 
the tested washers without presence of surface spalls still showed some 
indication of subsurface cracks in varying intensity, indicating different 
stages of WEC formation. 

Optical microscopy investigations of washers from each material 
type were investigated to verify the presence of WEC, see examples in 
Fig. 7. Cross-section samples were extracted from raceways of washers 

Table 6 
Overview of the accelerated WEC tests and cause of failure. MTH are Martensitic 
Through Hardened washers and CN are Carbo-Nitrided washers.  

Washer 
material 

Time to 
failure 

Shaft 
Revolutions 

Failure 
location 

Sub-surface cracks 
by ultrasound 

MTH A 1 67.5h 1,727,071 Washer Yes 
MTH A 2 71.5h 1,856,268 Washer Yes 
MTH A 3 72.3h 1,863,851 Washer Yes 
MTH A 4 72.6h 1,667,111 Washer Yes 
MTH A 5 75.1h 1,962,557 Washer Yes 
MTH A 6 79.4h 2,094,465 Washer Yes 
MTH A 7 89.5h 2,390,658 Washer Yes 
MTH A 8 97.2h 2,588,654 Washer Yes 
MTH A BO 79.9h 2,107,477 Washer Yes 
MTH B 1 66.9h 1,711,958 Washer Yes 
MTH B 2 76.8h 2,012,795 Washer Yes 
MTH C 1 (Ra 

0.03) 
305.6h 8,879,077 Washer Yes 

MTH C 2 (Ra 

0.03) 
332.8h 9,694,987 Washer Yes 

MTH C 3 (Ra 

0.08) 
379.9h 11,104,077 Washer Yes 

MTH C 4 (Ra 

0.08) 
388.4h 11,363,013 Washer Yes 

CN A 1 337.6h 9,840,969 Washer Yes 
CN A 2 372.8h 10,736,505 Washer Yes 
CN B 1 898.7h 26,671,687 Washer +

roller 
No 

CN B 2 1411.3h 42,047,869 Timeout No  
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with and without indication of subsurface cracks by ultrasound. The 
ultrasound measurement technique was an effective method to detect 
and locate WEC, also discussed in previous work [41]. Cuts preferen-
tially made at sites where ultrasound indicated presence of sub-surface 
cracks always contained WEC, whereas no cracks could be found for 
cross sections at sites without subsurface crack indications from 

ultrasound measurements. 
During the investigation of the root cause failure for CN B 1 test 

(roller and washer failure), a small cluster of WEC was found using 
optical microscopy directly beneath the spalled area, see Fig. 8. While 
this demonstrates that WEC can form in the carbo-nitrided CN B mate-
rial, it is unknown if the found WEC beneath the spall caused the failure 
of CN B 1 test. Aside from this area, no signs of subsurface cracks were 
observed for any of the CN B washers using ultrasound measurements, 
however it is not possible to investigate areas directly beneath the spall 
with this technique. There is a chance of local WEC having formed in 
other locations on the washer if the formation was too small for ultra-
sound detection, although no further WEC was found using optical mi-
croscopy at other locations. 

3.3. Material characterization 

Measurement of the hardness profiles for the carbo-nitrided washers 
were performed to investigate the depth of the diffusion layers. 
Although the hardness profiles were dissimilar, the hardened zone was 
observed to be up to 2 mm deep for both carbo-nitrided versions, see 
Fig. 9. This depth is more than sufficient to cover the WEC formation 
zone for FE8 tests. As discussed above, the test conditions used in this 
work result in a maximum Tresca stress of 1355 MPa at 134 μm. For the 
martensitic through hardened washers, the hardness were measured as 
742, 747 and 786 HV0.2 respectively for MTH A, MTH B and MTH C. 

Due to the large difference in time to failure between MTH C and 
MTH A/MTH B, nominally all equivalent steel grades with similar 
roughness (Ra = 0.08 µm), 3D tomography scans were performed on 
these washers for comparing the cleanliness of the material, such as 
inclusion size and distribution. In order to observe smaller inclusions, 
several steps were taken to filter out the background noise. First the 

Fig. 3. Visual inspection of spalling on washers from a) MTH A 6 test (prior to ultrasound scan) and b) the MTH A BO test (after ultrasound scan).  

Fig. 4. Weibull distribution from the MTH A tests.  

Fig. 5. a) Failed ceramic roller from CN B 1 test and b) imprints from the ceramic roller on the corresponding housing washer (after ultrasound scan).  
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reconstructed volumes were filtered by a standard median filter to 
remove noise. Particle segmentation was then performed by applying a 
top-hat transform using a ball shaped kernel size 20 for selecting the 
width of local valleys. The number of local valleys were plotted as a 
function of local valley depth in grey levels, see Fig. 10a. Based on where 
the shape of the curves starts deviating from the ideal polynomial noise 

curve, a cut-off value of 50,000 was chosen for all scans to make them 
comparable. This corresponds to everything below the grey levels of 
2,690, 2,562 and 2,370 respectively for the three scans to be discarded 
as noise. The choice of remaining grey levels selects the depth of the 
valleys to be used for segmenting the particles within the analyzed 
volumes. 

Fig. 6. Ultrasound scans of washers, green-blueish patches indicate subsurface cracks while larger mostly blueish patches indicate spalling on the raceway surface. a) 
Bearing 1 washers and b) bearing 2 washers from the MTH A 6 test are shown. Shaft washers are located on the left and housing washer on the right (the bearing 2 
housing washer is also shown in Fig. 3a). Since the measurements are based on the back echo, all images are inverse. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.) 

Fig. 7. Optical microscopy images of WEC from a) MTH A 1 test and b) MTH A 7 test. The cuts are in the transverse direction.  

Fig. 8. Optical microscopy of WEC beneath the spall from the CN B 1 test at different magnifications. The cut is along the rolling direction and was the only location 
where WEC was identified for the CN B material. 
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The segmented volumes were then analyzed to determine the size 
distribution of the particles/noise, which are illustrated in a semi loga-
rithmic plot in Fig. 10b for the three scans. The number of particles 
decrease exponentially when the particles size increase from 1 up to 10 
voxels, as the first 10 points can be plotted linearly. This indicates 
particles up to 10 voxels large to be almost exclusively noise. As random 
noise would be expected to still decrease exponentially with size, the 
straight line has been extrapolated to indicate the noise level. As the data 
starts deviating from this straight line, it indicates an increasing ratio of 
inclusions to noise. Assuming a spherical shape, for particle diameters of 
≈3 μm (23 voxels) the signal would consist predominantly of inclusions 
for all scans, and for particle diameters of ≈3.5 μm (37 voxels) the noise 
would be negligible for all scans. For this work, a particle size of 37 
voxels was applied as the cut-off point for analyzing inclusions to avoid 
any background noise. 

3D reconstructions of the scanned volumes are shown in Fig. 11, with 
inclusions shown in blue and the steel matrix as transparent. The in-
clusions in the MTH A and MTH B materials have a similar appearance, 
with the presence of many large elongated inclusions, presumably MnS. 
The MTH C material contains a very different population of inclusions, 
with an almost complete lack of large elongated inclusions that are so 
prominent for MTH A and MTH B. The number and volume of inclusions 
is given in Table 7, showing the total number of inclusions to be roughly 
comparable for all of the materials. However, while the total inclusion 
volume is comparable for MTH A and MTH B, the MTH C total inclusion 
volume is far lower. SEM images of the three martensitic through 
hardened steels are given in Fig. 12, however the true morphology of the 
inclusions cannot be determined by standard 2D microscopy. EDS 
measurements of the inclusions indicate them to be primarily MnS, oc-
casionally associated with small amounts of Al2O3. 

4. Discussion 

The results for the baseline tests for MTH A and MTH B washers were 
very consistent, with time to failure being located within a relatively 
narrow interval for all ten tests. The baseline tests using washers made 
from MTH A showed high reproducibility (coefficient of correlation of 
0.888) and low scattering (Weibull shape parameter β = 9.9) and 
resulted in a lifetime at a failure probability of 10 % of 69.8 h. A Weibull 
analysis of the MTH B washers is not possible due to the low sample size. 
Ultrasound measurements backed up by optical microscopy indicated all 
the baseline tests contained significant amounts of WEC in the failed 
washers, and frequently in the non-failed ones as well. The MTH C 
washers required about 4–5 times longer test durations for reaching 
failure by WEC, although the washer are made from nominally equiv-
alent steel grades. X-ray tomography scans of the washers showed a 
significant difference in the volume of inclusions, with the total in-
clusions volume for MTH A and MTH B being more than six times that 
for MTH C. While there is not a large difference between the washers in 
the total number of inclusions, the MTH C material essentially contains 
very few large inclusions above 1000 μm3. Correlations between WEC 
and inclusions have previously been reported in Refs. [49–52]. Thus, an 
explanation for the substantial increase in WEC lifetime of MTH C 
compared to other standard bearing steels using the accelerated WEC 

Fig. 9. Hardness profiles for CN A and CN B washers tested during this work.  

Fig. 10. a) Semi-logarithmic plot for the top-hat transformation of the three X-ray tomography scans. The x-axis shows the grey-level deviation from the background 
and y-axis the number of voxels with this interval of grey-level deviation. b) Semi-logarithmic plots for the three scans, showing the number of segmented particles as 
function of the particle size in voxels. The dashed linear fits are based on the first 10 voxel size points. 
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test setup used in this work, could be the absence of large inclusions. 
However, other work using FE8 accelerated WEC tests has indicated that 
the inclusion rating for bearing steels does not influence time to failure 
[42]. 

In order to evaluate the effect of roughness on WEC in the FE8 tests, 
MTH C washers with Ra = 0.08 μm and Ra = 0.03 μm were tested with 
resulting specific film thicknesses of 0.47 and 0.77 at 500 rpm, 100 ◦C 
and 60 kN, which is within the boundary lubrication regime. Although 
there was a difference of around 20 % in time to failure, overall the tests 
showed a similar behavior with WEC failure within the interval of 
300–400 h. Thus, the results for MTH C tests would indicate that the 
different tests done using different washer roughness in this work are 
comparable. This is in contrast to Ref. [15] that indicates roughness 
plays an important role for WEC, with smoother bearing components 
significantly increasing time to failure for FE8 WEC tests (up to 8x). It 
should be remarked, that for the tests in Ref. [15] both the steel roller 
and washer roughness were altered, while in this work only the washer 

roughness was altered while the rolling elements were similar for all of 
the test. The use of ceramic rollers in this work might also have an effect 
on the role of washer roughness. 

The test performed using standard commercial washers coated with a 
black oxide layer had a time to failure comparable to the baseline tests. 
During visual inspection after the test, it was clear that the layer had 
been completely worn off during the test, thus it would be unable to 
provide protection against WEC in this test setup. Due to the high share 
of solid body contact during the tests (λmin < 1) and the geometrical 
sliding from the thrust bearings, it can be assumed that the selected 
conditions might effectively lead to an accelerated wear of the black 
oxide coating. Once the coating has been removed the risk of WEC 
formation in MTH A BO washers is similar to the risk in uncoated 
washers. If the WEC resistance or life time prolongation of black oxide 
coatings are to be tested, it needs to be done under conditions with lower 
wear, or at least such that the layer can function properly for the 
duration of the test. 

Overall, the failure mechanism of the CN A surface engineered ma-
terial was similar to the baseline washers, with clear indications of WEC 
from both ultrasound measurement and optical microscopy. The tests 
showed a 4–5 times longer time to failure compared to the baseline tests 
of MTH A and MTH B, indicating a significant WEC resistance. However, 
the tests showed no marked improvement compared to MTH C, the 
averaged time to failures where in fact quite comparable. A Weibull 
analysis of the MTH C, CN A and CN B washers is not possible due to the 
low sample size. The washers from the two CN B tests were the only 

Fig. 11. 3D representation of the for the three X-ray tomography scans, showing the scanned 720 × 720 × 720 μm volumes. Inclusions are displayed in blue and steel 
matrix as transparent. The volumes are taken from the center of the washer rings to avoid the influence of over rolling, the raceway surface direction is upwards. a) 
MTH A, b) MTH B and c) MTH C. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 7 
Number and volume of the inclusions within the scanned volume of the 
martensitic through hardened steels, based on X-ray tomography.  

Washer material Number of inclusions Volume of inclusion (μm3) 

MTH A 348 214,858 
MTH B 451 218,968 
MTH C 281 34,293  

Fig. 12. SEM imaging of MnS inclusions containing small amounts of Al2O3 for the martensitic through hardened steels. a) MTH A, b) MTH B and c) MTH C.  
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washers which did not show any sign of WEC presence in the ultrasound 
scans, all other tested washers had very clear indications of WEC, at least 
in the failed washers and in most cases also in the non-failed washers. 
Thus, the results indicate that CN B material is resistant to WEC for-
mation, with one test even running to time-out (>1400 h). The second 
test, however, failed due to spalling. The root cause of the failure could 
have originated in either the steel washer or the failed ceramic roller, 
with the follow-up damage spreading until the vibration threshold was 
reached. The test could be considered as a premature failure as no WEC 
indications were found by ultrasound measurements. However, some 
local WEC formations were found by optical microscopy beneath the 
spall of the failed washer, thus demonstrating that the material is not 
immune to WEC formation. The WEC formation did not appear to have 
developed as larger crack networks as observed in other tested mate-
rials, although the most severe WEC areas might have spalled off. As no 
other WEC affect areas could be identified by ultrasound or microscopy 
it is difficult to estimate if the failure was indeed caused by WEC or due 
to other failure mechanisms such as classic fatigue. 

5. Conclusion 

During this work an accelerated WEC test setup with FE8 type test 
rigs and ceramic rollers was used for determining the WEC lifetime of 
different washer bearing materials, materials quality and roughness. The 
WEC resistance of the commercially available bearing materials can be 
summed up as follows:  

• It was demonstrated that accelerated WEC tests in FE8 type test rigs 
using ceramic rollers can reliably be carried out on commercially 
bought washers with a very consistent time to failure from WEC, 
confirmed through ultrasound measurements and optical 
microscopy.  

• Standard through hardened bearing steel washers with very low 
content of large inclusions consistently had significantly longer time 
to failure compared to other standard through hardened bearing 
steels with a similar number of inclusions. This might indicate the 
absence of large inclusions affects the WEC formation.  

• Unexpectedly, lowering the roughness of comparable washers did 
not result in a higher time to failure. Further investigations may be 
needed in order to assess the role of the surface roughness on the 
WEC formation.  

• Commercial washers coated with black oxide did not provide any 
WEC resistance, the time to failure was in line with un-coated 
washers. The black oxide coating was worn away in the contact 
zone during the test, indicating the test setup is not suitable for 
evaluating the WEC resistance of black oxide coatings.  

• One of the two types of tested carbo-nitrided washers showed high 
resistance to WEC, to a degree where WEC could not be detected 
using ultrasound measurements after prolonged test duration. 
However, local WEC formation was found using optical microscopy, 
demonstrating the material is not immune to WEC formation. The 
second type of tested carbo-nitrided washers showed a similar per-
formance to the standard through hardened bearing steel washers 
with reduced volume of inclusions. 
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