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Abstract 
WEC is an aggressive and unpredictable failure mode affecting bearings in particular in the wind 
energy sector. This paper focuses on the most common used method for WEC laboratory accelerated 
testing, the FE8 type test rigs using martensitic through hardened 100Cr6 cylindrical roller thrust 
bearings, analyzing the load conditions, test results and damage quantification. The surface and sub-
surface stress conditions as well as the surface frictional loading were analyzed using a half-space 
model. Simulations and experiments were conducted under different load conditions, including tests 
with different number of rollers and tests using dynamic load and speed. Tests under constant loads 
show a low load influence and prove that a WEC failure can occur both prematurely and after 
exceeding the rated lifetime. Dynamic conditions did not accelerate WEC failure, and only rollers (not 
washers) were affected by WEC under dynamic loading conditions. Damage characterization was 
performed using optical microscopy and ultrasound scanning. Advanced image analysis based on 
characterization of defect regions in the ultrasound scans was used for quantifying the subsurface 
damage. Tests showed WEC failure could be achieved consistently, however there were seemingly 
large random variations in the observed damage. 
 
Introduction 
A common cause for maintenance and downtime in the wind energy industry are premature bearing 
failures due to the so-called White Etching Cracks (WEC) [1-2]. This aggressive and unpredictable 
failure mode can be regarded as one of the most critical failure modes for wind turbine components 
[3-4]. It is characterized by subsurface crack networks within regions of altered microstructure that 
appear white in optical microscopy, called White Etching Areas (WEA) [5-6], and lead to axial cracking 
or spallation in the raceway. This widespread failure mode affects primarily gearbox bearings in wind 
turbines, but also affects the main bearings. Although the true extent of WEC failures cannot be 
quantified, WEC has for the last 20 years been responsible for a large number of system failures. While 
WEC has been studied intensively over the course of the last years, commercial satisfactory preventive 
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measurements are not available nor are there any predictive calculation methods. Although WEC is a 
common challenge in multiple fields of mechanical driveline technology, it has been proposed that 
the special transient load conditions [7-8] that wind turbines are subjected to, make this failure mode 
more prevalent in the wind energy sector compared to other sectors. 
 
Several studies have been launched to understand and alleviate WEC formation in order to improve 
the reliability of wind turbine bearings. These include several different aspects such as heat and 
surface treatment solutions [9-11], reduced friction coefficient using Black Oxide coatings [12-14] and 
the influence of the oil and its additives on WEC formation [15-17]. In order to evaluate the influence 
of this variety of parameters on WEC formation, large testing campaigns should be performed. In order 
to conduct such studies in a reasonable time frame, reliable and rapid accelerated laboratory testing 
methods and conditions to reproduce WEC are required. Replicating WEC using laboratory scale 
bearing test rigs under pure mechanical load have only been successful in a few setups without 
resorting to highly aggressive conditions such as hydrogen pre-charging [18-19] or stray currents [20-
21]. Currently the most established method of reproducing WEC under pure mechanical load is by 
using cylindrical roller thrust bearings (axial bearings) under constant loading conditions with FE8 type 
test rigs [22-29] originally intended to be used for testing lubricants standardized in DIN 51819-1:2016-
12 [30]. By using lubricants with a chemical composition which promotes WEC formation, this test 
setup using constant load is a reliable way of forming WEC. However, this does not reflect the wind 
turbine environment where the bearings are subjected to transient loads [7-8]. In order to examine 
the impact of corrective measures for WEC with a high level of cost- and time effectiveness, more 
realistic accelerated WEC-tests at laboratory scale are needed that simulate wind turbine conditions. 
Furthermore, a method for quantifying the formation of WEC is needed in order to assess the 
influence of WEC drivers and preventive measures. 
 
This paper takes a closer look at the FE8 type test rigs most commonly used for accelerated WEC tests 
and analyzes the effect of loads, investigates how dynamic load and speed affect the WEC formation, 
and quantifies the damage using ultrasound scans. 
 
Experimental 
 
Test set-up 
The tests presented in this work were conducted using cylindrical roller thrust bearings of type 81212 
in three laboratory FE8 type test rigs [31], see figure 1. Deviating from the standard FE8 constant load 
spring system, two of the test rigs (TR1 and TR2) were upgraded with a hydraulic load system which is 
capable of loads up to 100 kN, with load and speed cycles with up to 50 kN/s and up to 500 rpm/s 
settable in a load spectrum by a program. They include electrical servo-drives with steplessly 
adjustable speeds including shifted 2-speed gearbox for 7.5-4,500 rpm with automatic test-stop in 
case of exceeding temperature, vibration or runtime limit. Another test rig (TR3) with the standard 
statically loaded plate spring package, was used for conducting constant load tests. All test rigs are 
equipped with accelerometers to detect vibrations caused by bearing damages. The bearing positions 
have been named as B1 at the drive side and B2 at the axial load excitation side, A for the axle mounted 
washer and H for the housing mounted washer. 



 
Figure 1: FE8 type test rig with test bearings of type 81212 according to [31]. The bearing inner bore is 60 mm 
and roller diamater is 11 mm 

 
In all tests rolling elements and washers made from martensitic through hardened 100Cr6 steel (AISI 
52100) from two different manufacturers were used. In order to avoid chemical influence, a 
polyamide cage (PA 66) was used instead of the usual brass cage. The test bearings used in TR1 & TR2 
have 19 rolling elements from manufacturer 1, with a basic dynamic load according to the 
manufacturer of 137 kN. The arithmetic surface roughness Ra was measured to be on average 80 nm 
for the washers and 60 nm for the rollers. For TR3, bearings with both 19 and 15 rolling elements have 
been used from manufacturer 2, with a basic dynamic load according to the manufacturer of 172 kN 
in the case of 19 rolling elements. The basic dynamic load of the bearings with 15 rolling elements was 
calculated to be 144 kN according to DIN ISO 281 [32]. The arithmetic mean surface roughness Ra was 
measured to be on average 50 nm for the washers and 65 nm for the rolling elements. 
 
Test conditions  
All tests were run using a mineral oil in a circulating lubrication system with filters. This specific oil is 
a commercially available, fully formulated gearbox oil with a measured kinematic viscosity of 103.7 
mm²/s at 40 °C and a viscosity index of 100. An analysis of the elemental composition is shown in table 
1. Noteworthy is the presence of Ca-Sulfonate and Mg-Sulfonate, additives which are considered to 
promote a WEC induced failure [16].    
 

Lubricant S P Zn Ca Mg 

ISO VG 100 mineral oil 8343 ppm 512 ppm 616 ppm 39 ppm  1950 ppm 
Table 1: Chemical analysis of the used mineral oil (VG100) - Measured by ICP 

 
In alignment with previously conducted investigations [26] the temperature of the housing mounted 
washer was controlled to be 100 °C. The shaft speed was kept constant through the test at 300 rpm, 
except during dynamic tests (Table 2). The evaluation of the lubrication conditions was carried out 
by calculating the specific lubrication film thickness λmin, defined in equation 1. The isotherm 
lubrication film thickness hmin was calculated according to [33]. 
 

Equation 1:   𝜆𝑚𝑖𝑛 =
ℎ𝑚𝑖𝑛

√(𝑅𝑎,𝑊𝑎𝑠ℎ𝑒𝑟
2 +𝑅𝑎,𝑅𝑜𝑙𝑙𝑒𝑟
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Tests under a constant load of 60 kN were carried out at all test rigs (TR1, TR2 & TR3), while tests 
under a constant load of 80 kN were conducted only in TR3. Tests using dynamic load and speed were 
conducted in TR1 & TR2. In all test rigs sudden-death testing was conducted until a specific vibration 



threshold was surpassed, which was around 50 % - 100 % higher than the steady state vibration after 
run-in. Steady state vibration varied slightly for each test, however when the vibration level started to 
increase due to spallation it did so exponentially, passing the vibration threshold within a few hours. 
Analyzing sudden-death testing date allows a fairly accurate representation of the statistical behavior 
in a fraction of the test time that would have been necessary to test all units [25]. If no failure occurred 
tests were manually stopped after a pre-defined time. 
 

Parameter set 1 2 3 4 

Number of rolling elements 19 19 15 15 

Axial bearing load [kN] 60 100 60 80 

Shaft speed [min-1] 300 

Bearing mass temperature [°C] 100 

Oil volume flow [l/min] 0.25 
Table 2: Parameter sets for all conducted tests using cylindrical roller thrust bearings from type 81212 with 15 
and 19 rolling elements (maximum load for dynamic tests) 

 
Due to the different load levels and different number of rolling elements, each individual parameter 
set listed in table 2 leads to different normal contact and subsurface stresses in the roller-washer 
contact.  
In this work, the normal contact stress was calculated using both an active set strategy coupled with 

a conjugate gradient method and a semi-analytical method based on the half-space theory described 

in [34]. Therefore, typical limitations of the half-space theory applies here: 

 The material of the contacting bodies is elastic and isotropic 

 The contact zone is small in regard of the dimension of both bodies in contact 

While smooth surfaces were adopted for the washers, a measured roller profile in roller axis direction 

was used. Material properties of both contacting bodies were assumed as similar with a young 

modulus of 210 GPa and a Poisson ratio of 0.3.  

The shear stresses distribution in rolling direction and contact width direction are computed with a 

numerical algorithm described in [35] and the subsurface stress was computed using the semi-

analytical approach described in [36]. The used calculation models had been previously validated with 

study cases given in the related literature. The coordinate system used for the simulations is presented 

in figure 2. Hereby describes x the rolling direction, y the contact width direction and z the depth. 

 
Figure 2: Coordinate system for the contact stress and subsurface stress simulations of the roller-washer contact 
from cylindrical roller thrust bearings of type 81212 

 
In this work it is assumed that all roller-washer contacts experience an equivalent load and, therefore, 
equivalent sub-surface stresses. In reality, however, each contact can experience minimal variating 
loads. This can result on the one hand from local differences such as roller profile deviations. On the 
other hand different bearing fittings can lead to slightly different hoop stresses between washers, 
which in turn result in different sub-surface stresses for the axle mounted washer (A) and for the 
housing mounted washer (H). Experience has also shown that in air cooled FE8 type test rigs, such as 
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the ones used in this work, the drive side bearing (B1) experiences a higher temperature that the 
bearing on the axial load excitation side (B2). For the conditions used in this work usually 2 °C – 5 °C 
higher. 
 
Ultrasound 
For ultrasonic scans a Pulse-Echo technique was used with a high frequency HFUS 2000 system with a 
X, Y, Z scanner immersion scanning system in a 1000 x 700 x 500 mm water tank. During 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 (-6 dB limit) per measurement in both directions, which is the estimated size of WEC that 
should be readily detectable. Scanned objects were cleaned for lubrication oil to avoid aberrations in 
the scan and dried afterwards to avoid corrosion from the water, which acts as medium between the 
examined object and the detector. All washers from tests conducted in TR1 & TR2 were scanned for 
subsurface cracks, only in some cases were rollers scanned. 
 
Microscopy 
The cross-section of selected samples were extracted from the raceways and rollers by a Struers® 
Secotom-10 cutting machine, with a feeding speed of 0.03 mm/s to avoid significant heat and the 
consequent microstructure changes. The cross-section samples were mechanically ground using 
Struers paper # 320 - # 2000. Subsequent polishing until 1 μm suspension was done before etching 
with 2 vol% Nital (solution of 2vol% nitric acid in ethanol) for 15 s at 20°C. 
 
Results 
 
Surface and sub-surface stress calculations 
The contacting bodies are assimilated to half-spaces, and their contact surfaces meshed into a 500 x 
500 x 100 (x; y; z) elements grid, with each cuboidal element having a dimension of 0.38 µm x 13 µm 
x 1.9 µm. The resulting maximum normal contact stress for each parameter set is shown in Table 3. 
Figure 3 shows exemplary the normal contact stress distribution for parameter set 4 in table 2. 
 

  
Figure 3: Exemplary presentation of the calculated normal contact stress distribution in the roller-washer contact 
of a cylindrical roller thrust bearing from type 81212 with 15 rolling elements under a constant axial load of 80 
kN (parameter set 4 according to table 2) 

 
As a result of the normal contact stresses and the bearing kinematics, the surface of thrust bearings is 
exposed to a high frictional loading, which can be quantified by the product of the spatially resolved 
pressure and the sliding velocity (p·vsliding). The resulting maximum values for the energetic criteria and 
their position along the contact line are shown also in table 3 for all parameter sets. For the purpose 
of illustration the p·vsliding is plotted in figure 4 along the contact line of the roller-washer contact in 
width direction (y axis according to figure2). 
 



 

 

Figure 4: p·vsliding along the roller-washer contact line  of a cylindrical roller thrust bearing from type 81212 with 
15 rolling elements under a constant axial load of 80 kN at a constant shaft speed of 300 min-1 under 
consideration of the normal contact stress distribution shown in figure 3 (parameter set 4 according to table 2) 

 
Parameter set 1 2 3 4 

Contact pressure [N/mm²] 1,788 2,191 1,965 2,202 

p·vsliding,Max [kN/(s∙mm)] 75 102 86 102 

Position p∙vsliding,Max [mm] ± 3.2 ± 3.4 ± 3.4 ± 3.5 

λmin  0.38 0.45 0.47 0.45 
Table 3: Contact and lubricating conditions in the cylindrical roller thrust bearings from type 81212 for parameter 
sets given in table 2  

 
It is worth adding that as a result of the bearing kinematics, the motion of a roller is composed by a 
rolling motion around the roller axis and a spinning motion around the normal to the contact surface. 
The rolling and the spinning motions result in a tangential force and a spinning moment implied in the 
contact surface in order to restore the rolling equilibrium [37]. Although tangential load, spinning 
moment and normal load occur at the same time, two simplified separate simulation cases are 
implemented in this work for determining the sub-surface Tresca stresses. As shown in figure 5 the 
normal load is combined either with a pure spinning moment or with a tangential force on the roller. 

 
Figure 5: Considered simulation cases: a) rolling motion around the roller axis and spinning moment around z-
axis b) rolling motion around the roller axis and tangential force implied in the roller-washer contact surface 

 
Considering the spinning moment (simulation case 1, figure 5), the resulting shear contact stresses are 
distributed tangentially around the contact surface center. The projection of these tangential contact 
shear stresses on the rolling direction axis (x-axis) and on the contact width direction axis (y-axis) are 
represented on figure 6a and 6b for parameter set 4 according to table 2. 
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As shown in figure 6a the shear contact stress in rolling direction is antisymmetric to the xz-plane at y 
= 0 mm. On the other hand and as shown on figure 6b the shear contact stress in width direction is 
antisymmetric to the yz-plane at x = 0 mm. Due to the distribution of the shear contact stress the 
subsurface Tresca stress distribution is also antisymmetric to both the xz-plane (y = 0 mm) and the yz-
plane (x = 0 mm). The distribution of Tresca stress for parameter set 4 (Table 2) is shown in figure 6c 

at three different planes: maximum p∙vsliding plane (y = ± 3.55 mm), maximum Tresca stress plane (y = 

± 2.2 mm) and the xz-plane (y = 0 mm). While the Tresca stress under the position of maximum 

p∙vsliding reaches a maximum of 1,116 MPa at a depth z = 0.13 mm, the absolute Tresca stress maximum 
of 1,377 MPa is localized at the depth z = 0.15 mm (see Table 4). 
As also shown in figure 6c the domain of negative slip (negative y-values) is characterized by a negative 
shear stress in rolling direction and a displacement of the relative subsurface shear stress against 
rolling direction. The opposite observation can be done for the domain of positive slip (positive y-
values). 
 

  

 
Figure 6: Exemplary presentation of the calculated: (a) shear contact stress in rolling direction, (b) in contact 
width direction and (c) Tresca stresses at the maximum plane (y = ± 2.2 mm), the xz-plane (y = 0 mm) and the 
plane of maximum p∙vsliding (y = ± 3.55 mm) in the roller-washer contact of cylindrical roller thrust bearing from 
type 81212 with 15 rolling elements under a constant axial load of 80 kN (parameter set 4 according to table 2). 
Calculation is carried out under consideration of the rolling motion around the roller axis and spinning moment 
around z-axis (simulation case 1 according to figure 5) 

 

If in contrast instead of the spinning moment (simulation case 1, figure 5) only the tangential force 
(simulation case 2, figure 5) is considered, the shear contact stress is symmetrical to the xz-plane at y 
= 0 mm (figure 7a). Consequently, the subsurface Tresca stress distribution is equally distributed in 
both planes of maximum p∙vsliding (y = ± 3.55 mm) as shown in figure 7b. The maximum Tresca stresses 



under these positions are localized at the depth z = 0.13 mm with the magnitude 1,116 MPa and is 
consistent with the previous results from simulation case 1 (figure 5). 
 

  
Figure 7: Exemplary presentation of the calculated: (a) Shear contact stress in rolling direction and (b) Tresca 
stress at the position of maximum p·vsliding (y = ± 3.55 mm) in the roller-washer contact of cylindrical roller thrust 
bearing from type 81212 with 15 rolling elements under a constant axial load of 80 kN (parameter set 4 according 
to table 2). Calculation is carried out under consideration of the rolling motion around the roller axis and 
tangential force implied in the roller-washer contact surface (simulation case 2 according to figure 5) 

 
It can be, therefore, concluded that the maximum Tresca stress values and their depths are similar in 
both simulation cases. However, by considering the spinning moment the distribution of the Tresca 
stress distribution is antisymmetric to the xz-plane at y = 0 mm and the yz-plane at x = 0 mm, reflecting 
the effect of negative and positive slip. By considering the tangential force instead the Tresca stress 
distribution is on the other hand symmetrical to the xz-plane at y = 0 mm but unsymmetrical to the 
yz-plane at x = 0 mm. The maximal Tresca stress is, however, for both cases located at similar y- and 
x-planes as shown in figure 8. 
Furthermore, the simulation show that the maximum Tresca stresses and the maximum energy input 
(expressed by p∙vsliding) reach their maximum at different raceway diameters (y-axis). The computed 
maximum Tresca stresses and their positions in y- and z-direction for both simulation cases and all 
load cases are summarized in the table 4. 
 

  
Figure 8: Exemplary presentation of the calculated maximum Tresca stress under consideration of: (a) the rolling 
motion around the roller axis and spinning moment around z-axis (simulation case 1 according to figure 5) and 
(b) the rolling motion around the roller axis and tangential force implied in the roller-washer contact surface 
(simulation case 2 according to figure 5) 

 

Parameter set 1 2 3 4 

Max. Tresca stress [MPa] 1,116 1,370 1,227 1,377 

Depth of max. Tresca stress [mm] 0.125 0.154 0.137 0.155 

Y-Position of max. Tresca stress [mm] ± 2.152 ± 2.2 ± 2.167 ± 2.2 
Table 4: Calculated magnitude and depth of the maximum Tresca stress in the roller-washer contact of cylindrical 
roller thrust bearings from type 81212 for all parameter sets according to table 2 and for both simulation cases 
using a constant coefficient of friction (µ=0.1) 

 
Test results and characterization 



10 tests were run on TR1 & TR2 to produce WEC and investigate the influence of the dynamic loads 

[7-8] on WEC formation, see table 5. After dismounting, visual inspection was done for all washers and 

rollers. Test 1 through 4 ran at a constant load of 60 kN under same conditions to gather statistical 

data for analysis of WEC formation, all bearings failed within the time span of 100-170 h. For test 1, 2 

and 4 spallation was observed on both washers and rollers while in test 3 there was only damage on 

the washer. Tests 5 and 6 ran with a dynamic load with 0-100 kN in a 10 s cycle to simulate load 

fluctuations. Test 5 was interrupted at 200 h, however spallation was observed on one of the rollers, 

while test 6 failed at 198 h with spallation on several rollers. The washers were not affected by 

spallation although there was follow-up damage in the form of indentations from spalled off metal 

particles from the rollers. For simulating simultaneous load and speed changes tests 7 through 9 were 

run with both dynamic 0-100 kN load and 0-300 rpm speed cycles. Test 7 ran with load and speed in-

phase with 10 s cycles, test 8 with in-phase 4 s cycles and test 9 with out-of-phase 4 s cycles. None of 

the in- or out-of-phase tests showed any damage on either rollers or washers. Test 10 was run with 

constant load and dynamic 0-300 rpm speed in 4 s cycles and was the only dynamic test that showed 

damage on the washers, but there was no damage on the rollers. 

Test 
number 

Speed 
[rpm] 

Load 
[kN] 

Cycle [s] 
In/out 

of phase 
Test 

time [h] 
End 

criteria 
Washer 
damage 

Roller 
damage 

1 300 60 - - 141 Vibration Yes Yes 

2 300 60 - - 170 Vibration Yes Yes 

3 300 60 - - 100 Vibration Yes No 

4 300 60 - - 144 Vibration Yes Yes 

5 300 0-100 10 - 200 Time No Yes 

6 300 0-100 10 - 198 Vibration No Yes 

7 0-300 0-100 10 In 606 Time No No 

8 0-300 0-100 4 In 173 Time No No 

9 0-300 0-100 4 Out 282 Time No No 

10 0-300 60 4 - 300 Vibration Yes No 
Table 5: Test conditions and results from the accelerated WEC tests in TR1 & TR2 

 
All washers were scanned using ultrasound, which showed different stages of subsurface crack 

formation in all washers from tests 1 through 4 and test 10, no subsurface cracks were found in the 

washers from tests 5 through 9. Figure 9 shows the difference between a damaged washer from test 

2 and an unaffected washer from test 6. The large blue features in figure 9 left indicate lack of back-

echo due to spallation while the smaller green or dark yellow features are suspected to be subsurface 

cracks. The notches at the 12 clock positions of the washers were used for orientation when extracting 

specimens for microscopy. Scans of rollers from test 5 and 6 showed a clear band of subsurface cracks 

all along the entire circumference, shown in blue in figure 10. In general, it was observed that the 

damage in the washers has occurred mostly in the outer band of the raceway (positive slip), while for 

the rollers the damage was correspondingly in the outer part of the roller (negative slip). Analyzing 

the ultrasound scan of the washers the subsurface damage was located 1.5 mm to 4.5 mm from the 

centerline, which is in correspondence with the calculated position of p·vsliding,Max being 3.2 mm and 

the maximum shear stress being 2,1 mm, see table 3 and 4. 

 



 
Figure 9: Ultrasonic scans from (a) washer B2H from test 2 showing spallation in blue and subsurface WEC in 
green, and (b) washer B2H from test 6 showing no subsurface damage. 

 
Figure 10: Ultrasound scan in a roller from test 6 showing a band of WEC (blue) within the undamaged steel 
(green). The top and bottom blue color indicate the chamfering of the roller. 

 
Cross-section samples for metallurgical investigations were extracted from both raceways and rollers, 

which then were analyzed using optical microscopy to confirm the presence of WEC. Specimens from 

all of the washers were extracted from sites where subsurface defects had been identified by 

ultrasound, as shown in figure 11, as well as from sample rollers, see figure 12. Extensive WEC damage 

at sites chosen using the ultrasonic scanning technique confirmed this to be an effective method to 

detect and locate subsurface cracks in both washers and rollers. The metallographic observations of 

more than hundred cracks showed a close correlation between the subsurface cracks and WEA, 

identifying almost all (>90%) of the subsurface cracks as being of the WEC type. The formation of WEC 

was generally found to be at a depth of 100-150 µm, corresponding well with the calculated Tresca 

stress 125 µm in table 4, but some cracks were located deeper as well. It was observed that a few of 

the cracks had propagated to the surface, where they would cause spallation given enough time, 

which in turn causes the vibration level to increase sharply and stop the test.   

 



 
Figure 11: (a) Ultrasound scan from test 4 washer B1A, showing in red the cut where figure 11b was taken. (b) 
Optical microscopy image of a WEC with a visible white etching area around the crack.  

 

 
Figure 12: Optical microscopy of a roller from test 6 cut along the longitudinal axis. Same WEC is observed in (a) 
and (b) indicated by red arrow at different magnifications. 

 
For the purpose of comparability and statistics, other tests conducted in TR3 (using bearings from 
another manufacturer) are presented in table 6. Tests 11 through 13 were conducted under same 
conditions as used in tests 1 through 4, while tests 14 through 17 show the effect of reducing the 
number of rollers and tests 18 through 25 the effect of increasing the load. All tests stopped due to 
vibration except for test 17 which did not fail and was manually stopped after 400h. The failure was 
usually caused by the bearing washers, therefore the roller damages are more likely to be 
consequential. A closer look at the failed bearing components reveals, that 57.1 % of the initial failures 
could be traced back to the shaft washers. In contrast, 14.3 % of the failures were traced back to the 
housing washers and 28.6 % to the rolling elements. The highest failure rate of the shaft washers (64 
%) occurred in the tests conducted with an axial load of 80 kN (parameter set 4, table 2). Although the 
different reliability of the bearing components is not ensured statistically, the observed tendency 
could be related to temperature deviations between the washers, which in turn are influenced by the 
lubricant temperature. In the used test rigs the oil is fed directly on the housing washer so that the 
shaft washer is cooled subsequently resulting in a higher washer temperature. An influence of the 
temperature on the damage occurrence at otherwise comparable contact conditions was also shown 
in [38]. Associated microstructural analysis of selected specimens can be found in [39] and 3D 
characterization of crack network in [40]. As a result of these investigations, it can be noted that the 
tests failed due to WEC regardless of the applied load and number of rolling elements. In addition 



more detailed investigations in [25,39] reveal, that the starting point of the WEC damage is below the 
surface and lies in the area of negative slip of the washer which correlates roughly with the 
aforementioned positions of maximum p·vsliding and the maximum shear stress. 
 

Test 
number 

Load [kN] Rollers Test time [h] End criteria 
Washer 
damage 

Roller 
damage 

11 60 19 222 Vibration Yes No 

12 60 19 270 Vibration Yes Yes 

13 60 19 395 Vibration Yes No 

14 60 15 275 Vibration Yes Yes 

15 60 15 296 Vibration Yes Yes 

16 60 15 199 Vibration Yes No 

17 60 15 400 Time No No 

18 80 15 50 Vibration Yes Yes 

19 80 15 70 Vibration Yes No 

20 80 15 89 Vibration Yes No 

21 80 15 90 Vibration Yes No 

22 80 15 120 Vibration Yes Yes 

23 80 15 127 Vibration Yes No 

24 80 15 130 Vibration Yes No 

25 80 15 148 Vibration Yes No 

Table 6: Test conditions and results from the accelerated WEC tests in TR3 at 300rpm. 
 
Discussion 
 
Time to analysis failure 
The evaluation of rolling bearing tests regarding the service life is commonly carried out using the 
Weibull analysis [41]. Representative for the results of a Weibull analysis is the Weibull line, which is 
drawn in a double logarithmic diagram based on the individual failures or run-throughs. The Weibull 
line is therefore the graphical representation of probability of failure or survival for a specific run time. 
The Weibull line itself is characterized by the shape parameter beta (β) and the characteristic lifetime 
η (lifetime at a failure probability of 63.2 %). With a higher shape parameter indicating a smaller 
dispersion of the test results. Typical values for the shape parameter for roller bearings are in the 
range of 1 to 2 [42-44] for subsurface initiated fatigue, which is controlled by the randomly distributed 
material defects. In contrast, surface initiated fatigue leads to shape parameters around 2 and 
corrosion leads to values in the range of 2 to 3.5 [45]. Regarding WEC induced failures, the recent 
literature describes that the associated beta value is larger than 1, such as 2.5 to 3.5 in [46], 3 to 4 or 
higher in [47] and 3 to 10 or higher in [48]. The typical Weibull diagram is shown in the figure 13 for 
the tests conducted in TR3 using parameter set 4 according to table 2. 



 

Figure 13: Weibull diagram for the tests conducted using parameter set 4 (cylindrical thrust roller bearings with 

15 rolling elements under a constant load of 80 kN at a shaft speed of 300 rpm) including exemplary presentation 

of the Weibull shape parameter beta β, the characteristic lifetime T and the experimentally determined lifetime 

at a failure probability of 10 % B10 

When comparing the given values with the literature, it must be taken into account that the Weibull 
parameters can be determined using different methods. Often the Median Rank Regression (MRR) or 
the Maximum Likelihood Estimation (MLE) are used [49], but in some of the aforementioned 
references it is not always specified which method was used. While the MRR is a procedure for 
estimating the Weibull parameters by fitting a least squares regression line through the points on a 
probability plot [49], the MLE is a classic numerical method for calculating parameters for large sample 
sizes [41]. Especially with small sample sizes (n < 10), the parameters can be overestimated using the 
MLE-Method, leading to too large beta values [41]. Due to its suitability for smaller samples, the MRR-
Method is used in the following evaluation of the Weibull line. A detailed introduction to the MRR 
procedure can be found in the corresponding standard DIN EN 61649 [41]. In addition, the tests were 
carried out using the sudden death method, resulting in an adapted ranking calculation within the 
scope of the evaluation. Further information to the sudden method can also be found in [41]. 
 
The results of the Weibull analysis of the performed tests, the calculated rated life time of the bearings 
according and the modified rated life time according to DIN ISO 281 [32] are shown in table 7. A more 
detailed presentation of the parameters used for the modified life time calculations can be found in 
appendix A. The plotted Weibull results are shown in Figure 14. 
 

Test rig  TR1 & TR2 TR3 TR3 TR3 

Bearing axial load [kN] 60 60 60 80 

Rolling elements 19 19 15 15 

Test runs  4 3 4 8 

Contact load [kN] 3.16 3.16 4.00 5.33 

Contact pressure [N/mm²] 1,788 1,788 1,965 2,202 

Shape parameter β 4.69 2.81 3.18 2.85 

Characteristic lifetime η [h] 174.80 325.06 319.44 150.91 

Experiment lifetime B10 [h] 108.15 146.24 157.54 68.68 

Basic rating life L10 [h] 870.85 1859.09 1028.21 394.11 

Modified rating life L10m [h] 163.88 326.55 191.35 68.41 

B10/L10m 0.66 0.45 0.82 1.00 



Table 7: Results of the Weibull analysis and comparison of the lifetime for tests run under constant load 

 

Figure 14: Weibull diagram for the tests conducted under a constant load of 60 kN using cylindrical thrust roller 

bearings with 15 and 19 rolling elements (see table 2 for further test parameters)  

As shown in table 7 it can be noticed that the calculated beta values are in the aforementioned ranges 
for WEC induced failures. The B10 represents the lifetime at a failure probability of 10 % and is often 
determined during the evaluation within the Weibull analysis and represents, therefore, an 
experimentally determined value (see Figure 13). The B10 thus enables a direct comparison with the 
calculated L10m according to DIN ISO 281 [32]. As expected, the tests conducted in TR3 show that by 
increasing the contact pressure, either by reducing the number of rollers or increasing the axial load, 
both the L10m and the B10 decreases. Furthermore, it becomes evident that by decreasing the contact 
pressures the bearing failures occur sooner with regard of the modified rated life time. This behaviour 
can be pictured using the ratio between B10 and L10m. For example, at a contact pressure of 
2,202 N/mm² the bearing failures occur around the rated L10m and cannot be considered as early 
failures. Nonetheless, it should be noted that it has been shown that using similar conditions and 
different lubricants the L10m can be significant exceeded. In contrast, at a contact pressure of 1,965 
N/mm² and 1,788 N/mm² the bearing failures occur at 82 % and 45 % of the rated L10m respectively, 
thus can be considered as premature failures. These results demonstrate that the load influence is in 
this case lower than it should be according to the bearing fatigue theory. Furthermore, a WEC induced 
failure can occur both before and after the rated life time L10m, thus not all WEC failures can be 
considered as premature failures. 
 
A direct comparison of the tests from TR1, TR2 and TR3 run with a load of 60 kN and 19 rolling 
elements shows significant deviations for both the characteristic lifetime T and the B10 (Table 7). Under 
the assumption that the used test rigs perform identical, the occurred discrepancy can probably be 
attributed to the bearings being from two different manufacturers, with different dynamic load rating 
(difference of about 20 %) and therefore different load carrying capacity. Further noteworthy is the 
fact that the failure in tests from TR3 was concentrated in the inner band of the raceway (negative 
slip), correlating with the observations made in [15, 29, 50], whereas tests from TR1 & TR2 showed 
WEC mostly in the outer band of the raceway (positive slip). This is contradictory to the results seen 
in the tests from TR3 and the literature and cannot be explained at the moment.  
 
Effects of dynamic loads 
One of the main purposes of this work was to test the influence of dynamic loads on WEC failure using 
the FE8 type test rigs with axial bearings. While WEC could be provoked in all constant load tests for 



TR1 & TR2 in a relatively short time, less than 170 h, all tests run under dynamic load or speed had 
longer time to failure, and for some cases there was no failure at all, even when tests lasted more than 
600 h. Thus the dynamic loads/speed did not accelerate the time to failure, but rather delayed it. This 
could be related to the WEC failure mechanism in the FE8 type test rigs being dependent on the 
frictional loading (p·vsliding), where a constant load of 60 kN will have a higher accumulative energetic 
input than a dynamic 0-100 kN load. In it is also suggested in [29] that there is an influence of the time 
between subsequent contact load cycles (regeneration time), this would also further delay WEC 
formation when run under dynamic conditions. Using dynamic 0-300 rpm speed will only further 
reduce the energy input and increase regeneration time compared to a constant 300 rpm. It is curious 
though, that under dynamic load only the rollers failed with the washers showing no signs of damage 
at all, even with ultrasound scanning. In contrast, when using constant load, including dynamic speed, 
there was always damage on the washers. Thus the dynamic load only causes WEC in the rollers but 
not the washers, which is the opposite of what is observed for wind turbines, where it is typically the 
inner or outer rings that fail from WEC, but not the rollers. 
 
Damage quantification 
Test results from table 5 and 6 only give a time to failure parameter, but otherwise say nothing of the 
level of WEC formation in the bearings. Therefore, a method for quantifying the WEC formation in 
tests 1 through 4 has been investigated, consisting of an image analysis to quantify the subsurface 
damage in the bearings from ultrasound scans. From this analysis, a number of parameters are 
estimated that describe the status of the bearings. The data for analysis consists of the ultrasound 
images of the 4 tests with two bearings run in parallel, thus 20 washers in all. The analysis was 
performed using the Image Processing Toolbox in MATLAB (MathWorks Inc., Version R2016a). The 
original images show the ultrasound attenuation in a discrete color-coded scale with 16 different 
levels (figure 15a). The images were transformed into indexed images, with values from 1 to 16 for 
the attenuation parameter, ordered in descending magnitude, and 0 for the background. For example, 
an attenuation of -10 db was mapped to the index 6 and a stronger attenuation of -20 db was mapped 
to the index 11. 
 
The region of interest (ROI) in the images was defined by selecting three ellipses (figure 15b). The first 
and second ellipses restrict the ROI to the annulus where the bearing surface was scanned. The third 
ellipse was occasionally used to exclude a small area in the top of the bearing that was due to a notch 
marker, see figure 9 (not visible and therefore not used in the example in figure 15). 
 

 

 

Figure 15: Example of image preprocessing. A bearing with extensive damage is shown, from test 1 washer 
B2H. (a) Original image with axes and color-bar. (b) Definition of the image mask using ellipses. 

 
After extracting the ROI, a global threshold was applied. Each pixel in the ROI with a value > 6 (that is 
at least -12 db attenuation) was included in the further analysis. The attenuation values were shifted 



by the same amount, so that -12 db then corresponded to a value of 1 and -20 db to a value of 5, for 
example. Figure 16a shows the resulting image data using the original color map.  
 
In order to analyze the distribution of the damage across the bearing surface, two different methods 
were tested to determine the individual regions of interest. In the first method, the image was 
transformed to a binary mask [51] as implemented in the MATLAB function imbinarize. This adaptive 
thresholding method resulted in a further reduction of the area of interest (figure 16b). In the second 
method, the watershed transform [52] was used to split some of the binary regions into separate 
damage clusters (figure 16c). This method avoids a further thresholding operation and corresponds 
more acutely to the notion that cracks grow locally around initial subsurface defects. The subsequent 
analysis should be slightly more accurate using this advanced segmentation technique. Therefore in 
the following only the results for the watershed transform are further discussed. 
 

   
Figure 16: Segmentation of damaged areas. Example using data from figure 15. (a) The pixels of interest after 
applying a global threshold. (b) Identified regions with subsurface damage. (c) More detailed clustering of 
damaged areas with the watershed transform. The colors indicate different defect regions 

 
The identified defect regions were subject to statistical analysis. The first parameter of interest is the 
amount of damage identified for each bearing. As the number of pixels in the original images varied 
somewhat, the defect area was normalized by the number of pixels in the region of interest. In most 
cases the affected area ratio shows significantly larger values for one of the two bearings per test and 
it was assumed that this corresponds to the bearing failure that stopped the test (due to vibrations 
detected above a constant threshold). In the 4th test, both bearings showed similar defects and it 
seems that the test was stopped due to imminent failure(s) of either bearing. As these results are 
somewhat inconclusive (showing similar damage in both bearings, but less damage than for the cases 
where clearly one of the two bearings failed), the 4th test was not considered in the subsequent 
analysis. 
 
The distribution of area ratios for each bearing is shown in figure 17a. The curves are kernel density 
estimates of the probability density of a given area ratio in a failed (blue curve) or non-failed (orange 
curve) bearing. The individual area ratios are additionally indicated by the rugged lines at the bottom. 
As there is some overlap in the two distributions, the area ratios were in a second step averaged for 
both washers of each bearing. This led to much better discrimination of the two distributions (figure 
17b). 
 



 
Figure 17: Probability density function of defect area ratios from watershed segmentation, using kernel 
density estimation with automatic choice of bandwidth parameter. The rugged lines at the bottom indicate 
the individual area ratios on which these density estimates are based. (a) All available data points (n=12) with 
clearly identified damage (blue: failed bearing, orange: second bearing). (b) After averaging the two washers 
of each bearing (n=6). (c) Additionally using the more detailed information from the attenuation levels. 

 
The mean area of defect for the failed bearings was 7.20 ± 3.80 percent, compared to 0.64 ± 0.49 
percent for the non-failed bearings (Figure 17b). In order to use the information contained in the 
different values of the attenuation parameter, the analysis was repeated by weighting the pixels with 
defects according to the discrete level of attenuation, thereby increasing the values of these area 
ratios for larger observed attenuation. The results further improved thereby (figure 17c). In this 
approach, the mean weighted defect area for the failed bearings was 3.10 ± 1.34 percent, compared 
to 0.17 ± 0.11 percent for the non-failed bearing. 
 

 
Figure 18: (a) Correlation between failure time and image analysis results. (a) Weighted defect area ratio 
(averaged over the two sides of each bearing washer) versus failure time. Including all bearings with clearly 
identified failures (n=6). The dotted lines correspond to the least-squares regression fit. (b) For comparison 
purposes: Same as left panel, but for unweighted defect area ratios. 

 
Results indicate damage accumulates with time until sudden death occurs due to vibration from 
spallation. The weighted defect area correlates well with the time to failure (Figure 18a), the 
regression is almost perfect (R2 = 0.999, p-value = 0.010). For unweighted defect areas (Figure 18b) 
the correlation is somewhat less distinctive (R2 = 0.942, p-value = 0.108). This strong correlation 
between time to failure and area ratio suggests that image analysis, in particularly the weighted area 
ratio, is a promising tool to quantify bearing damage. As the current damage quantification is only 
based upon 3 tests, there is insufficient evidence to conclude that the observed relationship between 
defect area and time to failure holds in general (under different test conditions or for different types 



of bearings), so further test should be carried out and analyzed. Also, further work could focus on 
additional analyses of the statistical properties of defect regions. Additional characteristics that were 
estimated from the defect region analysis are the mean and standard deviation of the defect area 
clusters, the number of areas, and the single maximum defect area. These are currently not considered 
in the analysis, but potentially contain information to characterize the subsurface damage in even 
greater detail. 
 
Conclusion 
This paper analyses the accelerated WEC test method based upon FE8 type test rigs using axial 
cylindrical roller bearings. The main conclusions are: 

 Load calculations show that the highest mechanical and frictional stress occurs at slightly 
different raceway positions and show a good correlation with the WEC affected area 

 Time to failure analysis shows that WEC related failure can occur both prematurely and after 
surpassing the modified rated life time, with premature failures occurring at lower loads. Thus 
not all WEC related failure are to be considered premature and the load influence is lower 
than by classical RCF 

 Using dynamic load did not accelerate WEC failure, even though peak stresses were higher. 
This indicates WEC failure mechanism in FE8 type test rigs is dependent on frictional loading 
(p∙vsliding), where a constant load will have a higher energetic input than a dynamic load for a 
given running time 

 Using dynamic loads caused only failure in the rollers. No presence of WEC was detected in 
the washers under dynamic loads using ultrasound scans, while extensive presence of WEC 
was found in the rollers 

 The characterization of defect regions using advanced image analysis is a novel way to 
quantify subsurface damages in bearings. Constant load tests in TR1 & TR2 showed WEC 
failure could be achieved consistently, however there were seemingly large random variations 
in damage caused by tests run under the same conditions. These variations were quantified 
by the weighted area defect ratio. Although only based on a small sample, subsequent analysis 
showed that these variations correlate with failure times, indicating that image analysis is a 
powerful tool to quantify progressive bearing damage 
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Appendix A: 
 
The bearing life calculations based in the work of Lundberg/Palmgren and Ioannides/Harris are 

standardized in DIN ISO 281 [32].  The calculations permit the determination of the number of load 

cycles a roller bearing will last under a known load and speed within a specific confidence level (usually 

90 %). The so-called modified rated life time Lmn used in this work is defined as: 

Equation 2:   𝐿𝑛𝑚 = 𝑎1 ∙ 𝑎𝐼𝑆𝑂 ∙ (
𝐶

𝑃
)
𝑝
= 𝑎1 ∙ 𝑎𝐼𝑆𝑂 ∙  𝐿10 𝑤𝑖𝑡ℎ 𝑎𝐼𝑆𝑂 = 𝑓 (κ, 𝑒𝑐 ,

𝐶𝑢

𝑃
) 

The confidence level is determined by the factor a1, which is 1 for a 90 % confidence level. The 

introduction of the life factor aISO  (Eq. 2) allows, in contrast to the rated life time L10 (Eq. 2), the 

consideration of system parameters such as lubricating conditions and lubricant contamination. Here, 

the viscosity ratio κ, the impurity factor ec, the fatigue limit load Cu and the equivalent load P are taken 

into account. A further description of the single parameters as well as guideline values are defined in 

the current version of DIN ISO 281 [48]. The values used in this work are: 

Life exponent (roller bearings) p 10/3 

Dynamic load rating C 137 – 172 kN 

Bearing thrust load P 60 – 80 kN 

Speed of rotation n 300 rpm 

Viscosity ratio κ 0.24 

Contamination factor ec 1 

Fatigue load limit Cu 35-47.5 kN 

Herewith the life factor a1 is determined in this work as follows (Eq. 3): 

Equation 3  𝑎𝐼𝑆𝑂 =    ∗ [ − (  5859 −
1 3993

0 240 054381
) ∗ (

𝐶𝑢

2 5∗𝑃
)
0 4
]
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