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Abstract:

White etching crack (WECs) associated macro-pitting is a dominant mode of damage within
wind turbine gearbox bearings. This damage is characterized by broadly branching crack
networks surrounded by local regions of microstructural alterations. The definitive cause of
WECs in the field is unknown; therefore, the implementation of effective mitigation techniques
has proven difficult. The current work utilized an accelerated benchtop testing technique in order
to quantify differences in performance between through-hardened AISI 52100 steel and
carburized AISI 3310 steel. It was found that the carburized AlISI 3310 steel demonstrated a
more than twofold increase in the time elapsed until WEC macro-pitting damage occurred
compared to the through-hardened AISI 52100 steel samples.
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1.0 Background

Bearings used in large-scale drivetrain applications, particularly those of wind turbines, are
often subjected to a wide range of operating conditions that sometimes result in spalling or
macro-pitting well before the rolling contact fatigue (RCF) design life of the bearing [1-3].
Frequently, the cracks that lead to these catastrophic failures are surrounded by local areas where
the bearing steel has undergone a microstructural alteration resulting in a nano-grained structure

[4-8].

When bearings exhibiting this damage are metallurgically examined through a process of
sectioning and etching with Nital (nitric acid and ethanol), the local nano-grained regions resist
the etchant and appear white in contrast to the surrounding steel matrix. Because of its white
appearance, this type of damage is often referred to as “white etching cracks” (WECs). Figure
1(a) shows a wind turbine bearing that has experienced macro-pitting damage caused by the

WEC network shown in Figure 1(b).

Figure 1. (a) A wind turbine bearing that has experienced macro-pitting damage; (b) a section of
the crack shown in (a). Image taken from [9]



The exact conditions that lead to the formation of WECs in field bearings are unknown.
Previous authors have attributed the root cause of the cracks to a variety of reasons, including
applied strain due to normal loading [10-24], torque reversals leading to impacts [18,19,25],
hydrogen release from degraded or contaminated lubricants [16,26,27], electrical discharge [28],
tensile frictional stresses at the contact surface [29], and sliding contacts induced via acceleration
or under-loading [30,31]. Because there is no consensus on the drivers of WEC formation in the
field, multiple avenues have been followed to recreate these crack networks using accelerated
benchtop tests. These efforts employed methods such as the use of specific lubricant
formulations thought to aid in the formation of WECSs [9,24,32-41], pre-charging test samples
with hydrogen [42-57], grain boundary embrittlement induced via heat treatment [58], the

application of external electrical load [28], excessive slip [9,24,59,60], and impact loading [61].

In-depth reviews of the leading hypotheses on the formation of WECs can be found in
[17,62,63]. Recent work by Gould et al. [62,64] aimed to elucidate the drivers of WEC formation
by performing synchrotron level X-ray tomography at the Advanced Photon Source (APS)
research facility in order to map and study the morphology of WECs within damaged field
bearings. Their research found that the WEC networks studied initiated in the subsurface of the
bearings, preferentially at inclusions that contained both a manganese sulfide component and an
aluminum oxide component. Additionally, the work by Gould et al. [64] identified the formation
of the crack as a prerequisite to the formation of the white etching areas (WEAS) adjacent to the
crack faces. This suggests that efforts to mitigate WECSs should aim at diminishing both the rate
at which cracking forms around inclusions and the rate at which these cracks propagate, with the

formation of white etching matter surrounding the cracks as a secondary effect.



One method commonly employed to mitigate the formation of cracking is the use of
carburization [65,66]. Carburization refers to a process in which carbon is diffused into the outer
layer of hypo-eutectoid steels, thus resulting in a microstructure that varies with depth. After heat
treatment, the outer layer of the steel transforms into a high-hardness shell with an inherent
compressive residual stress. The core of the sample, which does not contain any diffused carbon,
maintains a relatively soft microstructure and high toughness. Although the process of
carburization incurs additional costs, if done correctly, the compressive residual stress induced in
the shell, in combination with the higher toughness of the core, can combat crack initiation,
propagation, and fatigue damage [67]. Additionally, previous research has indicated that the use
of carburized bearing, particularly those with over 20% retained austenite (RA) maybe especially

effective at mitigating the formation of WECs [68].

The aim of the current work was to quantify if the process of carburization affects the rate
at which cracks containing local WEAs manifest within bearing steel. This was done by applying
a previously developed set of benchtop test conditions in conjunction with a WEC accelerating
lubricant [9,24] to test samples consisting of two different microstructures. The first set consisted
of AISI 52100 steel samples that had undergone a through-hardening process; the second set of
samples instead was made of carburized AISI 3310 steel. The authors hypothesize that the use of
the carburized AISI 3310 steel will prolong the time until the formation of a macro-pit due to the
fact that the induced compressive residual stress associated with the carburization will help

prevent both crack initiation and propagation.

2.0 Methods
All tests within this study were performed on the PCS Instruments micro-pitting rig

(MPR) shown in Figure 2(a). The MPR utilizes a three-ring-on-roller (Figure 2(b)) contact



configuration that is splash lubricated and can be operated at various conditions ranging from
pure rolling to pure sliding, at stresses up to 4 GPa, at temperatures in excess of 100°C and at
speeds of up to 4 m/s resulting in approximately 300 contacts per second. This test rig and
lubricant have been used in multiple studies examining the formation of WECs, most notably in
[9,24,39,41]. These studies found that the load, lubrication condition, lubricant formulation,
stress profile, test duration, and both the magnitude and direction of sliding had an effect on the

formation of WECs.

The authors also correlated the formation of WECS to the cumulative energy a test
sample had experienced [24]. It was hypothesized that the formation of WECs in these studies
was caused by subsurface crack initiation followed by energy localization adjacent to the crack
faces that resulted from the combination of crack-face rubbing caused by over-rolling and the

large frictional energy imparted by the sliding contact.

Figure 2. (a) The PCS Instruments micro pitting rig (MPR), which contains a three-ring-on-roller
contact shown in (b), used to simulate rolling/sliding between a bearing roller and raceway.
Image taken from [9]

The test specimens examined for WECs throughout the present work were 12 mm-

diameter rollers, as shown in Figure 3. Each roller has a 1 mm-wide test track that comes into

contact with each of the three 54 mm-diameter rings. Ten rollers consisting of two different steel

microstructures were fabricated for the current study. One set of rollers consisted of AISI 52100
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steel that had undergone a through-hardening heat treatment, and the second set of rollers were
manufactured using AlISI 3310 steel that had been subjected to carburization treatment. The
elemental composition of the two steels is shown in Table 1. The use of these different steel
types resulted in variances in multiple material properties including hardness, residual stress, and

RA percentage.

Figure 4 shows graphs of the measured values of these three parameters as a function of
depth below the contact surface for the two steel types. These values were obtained by sectioning
and analyzing an untested sample of each of the steels. The values of surface and subsurface
residual stress and retained austenite were measured using X-ray diffraction (XRD) tangential to
the raceway surface. The raceway was electrochemically etched to the required depth before
measuring by XRD, as described in the relevant ASTM standards [69,70]. Micro-hardness was
measured using a CLARK Vickers micro-hardness tester at a load of 500 grams. The equivalent

HRC values as a function of the depth below the surface are shown in Figure 4(a).

Figure 3. The 12mm diameter test roller used in the MPR; it is placed in the center of the three
rings as shown in Figure 2(b). Image taken from [9]

Table 1. The elemental composition of the two steels studied in the current work

Element AISI 52100 (wt%) AISI 3310 (wt%)
Carbon (C) 1.02 0.12
Manganese (Mn) 0.32 0.4
Phosphorus (P) 0.015 0.008
Sulfur (S) 0.007 0.0016
Silicon (Si) 0.27 0.27




Chromium (Cr) 1.46 1.53
Nickel (Ni) 0.1 3.39
Molybdenum (Mo) 0.04 0.08
Copper (Cu) 0.19 0.22
Aluminum (Al) 0.026 0.03
Tin (Sn) 0.008 0.009
Vanadium (V) 0.003 0.009
Tungsten (W) 0.002 0.01
Niobium (Nb) 0.007 0.009
Iron (Fe) Remainder Remainder
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Figure 4. Measured values of the (a) hardness, (b) residual stress and (c) retained austenite vs.

depth below the contact surface for the two steels studied in the current work

The lubricant used in this study was a semi-synthetic, viscosity grade (VG) 68, fully

formulated gear oil. The metallic content of the oil was determined through inductively coupled

plasma mass spectrometry (ICP-MS). All detected metals that returned quantities of greater than




1 ppm are shown in Table 2. This lubricant is known to contain both a zinc
dialkyldithiophosphate (ZnDDP) compound and over-based calcium sulfonate (CaS), and has
been referred to as a bad reference oil in numerous studies [6,6,36,60,71,72]. Additionally, it

should be stated that this lubricant is not a commercial wind turbine gearbox oil.

Table 2. The metallic elemental composition of the gear oil used in the current work (all
elements detected at levels greater than 1 ppm are shown)

Metal Detected Quantity Detected
Sodium (Na) >1000ppm
Boron (B) 720ppm
Zinc (Zn) 1970ppm
Phosphorus (P) 1698ppm
Calcium (Ca) 3811ppm
Magnesium (Mg) 8ppm
Potassium (K) 3ppm

Tests 1-8 were conducted under identical conditions in order to investigate whether
material composition and heat treatment have an effect on the formation of WECs. These
conditions were selected because they have previously been shown to lead to repeatable WEC
formation. Tests 9 and 10 were conducted after analysis was performed on Tests 1-8. The
objective of these tests was to study the initiation point of WECs within both steels, and they will

be discussed in detail after the results of Tests 1-8 are presented.

All tests were conducted using identical parameters: 500N Load, -30% slide-to-roll ratio
(SRR), 3.4m/s rolling speed, and 100°C. The presented test conditions resulted a maximum
subsurface shear stress of 1.9GPa at a 125 um. The equation for calculating SRR in the MPR is
shown in Eq. 1. Under these testing conditions, the roller acts as the driver, thereby having a
faster interfacial velocity than the rings. Prior to each of the tests, the samples underwent a 30-
minute run-in at a contact pressure of 1.9 GPa, -5% SRR and a rolling speed of 2 m/s. This set of
conditions resulted in boundary lubrication with a lambda ratio of approximately 0.25. An

accelerometer was used to monitor the vibration of the top ring throughout each test. Tests



stopped when a vibration level corresponding to the formation of significant surface damage — as

demarcated by a specified significant increase in the vibration level — was detected.

2-Ugying—U
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At the end of every test, the respective roller was sectioned in the circumferential depth
plane. Samples were then mounted in Bakelite and polished to multiple locations along the wear
track using a series of polishing steps: 220 grit (grinding) followed by 9 pum, 3 um, and 1um
diamond polishing media. At each section, the samples were etched with a 3% Nital solution in

order to examine the subsurface for microstructural alterations. This process is illustrated in
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Figure 5. Optical microscope images of the wear track of an example roller showing the pitted
surface (a) before sectioning and (b) after sectioning. The dotted red line represents the
circumferential section that was taken in order to determine the presence of WECs

3.0 Results

Tests 1-8 all resulted in the formation of a macro-pit induced by crack networks
surrounded by nano-grained microstructural alterations. Characteristic images of the macro-pits
generated in each of the steel populations are shown in Figure 6. The specific number of contact
cycles until a macro-pit formed for each test is shown in Table 3. The average number of contact
cycles to the formation of a macro-pit (weibull Lso median life) with 65% confidence interval

(corresponding to one standard deviation in failure rate) for each of the tested steels is shown in



Figure 7. On average, the carburized samples lasted ~2.3 times longer than the through-hardened
samples. It is also worth noting that the carburized samples had a much larger variance in the
number of cycles until macro-pit formation than the through-hardened samples. A two-tailed t-
test was performed on the two data sets with the aim of quantifying if the AISI 3310 sample set
significantly outperformed that of the AIS152100 samples. The test resulted in a P-value of 0.03,
therefore it can be stated with over 95% confidence that the AISI 3310 sample set significantly
outperformed that of the AISI1 52100 samples with regard to the number of contact cycles until

the development of a WEC induced macro-pit under the presented testing conditions.

Figure 6 Optical characteristic images of the WEC induced macro-pits which led to the
automatic shutdown of rollers in each steel population. (a) shows that of an AISI 52100 roller
(Test 3) and (b) shows that of an AISI 3310 roller (Test 5)

Table 3. Testing conditions and test results for all 8 tests conducted in the presented study

Test # Heat Contact Cycles Did The Sample WECs
Treatment (10"6) Macro-pit Present?
1 T.H. 39.2 Yes Yes
2 T.H. 49.1 Yes Yes
3 T.H. 39.2 Yes Yes
4 T.H. 37.4 Yes Yes
5 C.C. 95.4 Yes Yes
6 C.C. 56.0 Yes Yes
7 C.C. 82.0 Yes Yes
8 C.C. 145.2 Yes Yes
9 T.H. 30.0 No Yes
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10 C.C. 30.0 No Yes
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Figure 7. Weibull median life (Lso) with 65% confidence interval: a graph showing the

difference in number of RCF cycles until the occurrence of WEC-induced damage for through-
hardened samples (left) and carburized samples (right).

4.0 Discussion

As discussed above, the process of carburization results in a microstructure that varies in
mechanical properties as a function of depth. The surface of a carburized sample is designed to
be supersaturated with carbon in order to have a hardness similar to that of a through-hardened
sample. However, the carbon content decreases as a function of depth below the surface;
therefore, hardness decreases and toughness increases. This microstructure, in combination with
the inherent compressive residual stress induced by the local carbon excess, resists crack

formation and propagation [73,74].
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In the samples used in the present work, the observed carburized layer was optically
visible to a depth around 1 mm (as shown in Figure 8). Additionally, all the documented WECs
seemed to initiate within the case layer. Therefore, the authors postulate that the major
contributors to the prolonged time until macro-pit formation is the inherent compressive stress
within the case layer, in combination with the increased toughness inherent in a microstructure
resulting from carburization. Moreover, these results validate the idea that if steps are to be taken

to prevent WEC formation, they should aim at mitigating the initiation and propagation of the

crack itself as opposed to microstructural alterations which decorate it.

Figure 8. An etched optical image subsurface image of the roller used in Test 10 showing both
the optically visible case layer (darker etching area) as well as a WEC clearly initiation and
propagating within this case layer
4.1 Initiation vs. Propagation
The rate of macro-pit formation data shown in Figure 7 clearly illustrates that the AISI
3310 samples outperformed the AISI52100 samples with regards to number of contact cycles

until the formation of a macro-pit. However, it is unclear from these eight tests if the AISI 3310

steel prolonged the time to crack initiation, the rate of crack propagation, or both. Tests 9 and 10
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were conducted in an attempt to understand the point of crack initiation for both the AISI 3110
and the AISI 52100 samples. In these tests, an AISI 52100 and an AlISI 3310 sample were both
stopped and metallographically examined at 30 million contact cycles, well before the formation
of a surface pit. WECs were observed in both Tests 9 and 10, characteristic examples of the
WECs observed in Tests 9 and 10 are shown in Figure 9. Because WECs were observed in both
Test 9 and 10, no difference in crack initiation point could not be documented. However, if it is
assumed that the rollers from Tests 9 and 10 would fail close to the documented average for each
steel set (94.65 and 41.23 million cycles for AISI 3310 AISI 52100 respectively) then it can be
stated that the AISI 3310 steel significantly impedes the rate of crack propagation within rollers.
This prolonged time of crack propagation is likely due compressive residual stress induced by

the carburized microstructure, and the may be the main contributor to the longer observed life.
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Figure 9 Characteristic examples of the WECs that were observed when an AISI 52100 sample (a and c)
and an AISI 3310 sample (b and d) were both stopped at 30 million contact cycles (the images are
oriented so the raceway is at the top of the page and the over-rolling direction is from the left to
the right)

4.2 Differences in Morphology

Throughout the metallurgical examination of the 10 samples discussed in the current
work, the authors observed some systematic differences in the morphology of both the crack
networks and the WEAs that accompany them. First, the through-hardened AISI 52100 samples
showed far more instances of vertical crack propagation than the case-carburized AISI 3310
samples. This observation falls in line with previous analysis on field bearings which stated that

WEC damage in TH samples tends to manifest as axial cracking while WEC damage in CC
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samples manifests as macro-pits [68]. An example showing this difference in morphology can be
seen in Figure 10. Vertical crack propagation has been well documented in both field and
benchtop-generated WECs [9,24,62—64,75,76]. In the field, this cracking is normally attributed
to induced hoop stress caused by the bearing mounting or tensile residual stress from the heat
treatment. However, there is no hoop stress in the manufactured MPR samples, since they are not
mounted via a through-hole. Therefore, it is possible that subsurface residual stress, in
combination with the induced contact stresses, could lead to this vertical cracking. In such a case,
it is expected that the AIS1 52100 steel would be more susceptible to vertical cracking than the
AISI 3310 because its residual stress becomes tensile at a depth of ~100 um, while the AISI

3310 maintains a compressive residual stress until at least a depth of 300 um (see Figure 4(c)).

Figure 10. Two WEC networks found in the two different steel types (the images are oriented so
the raceway is at the top of the page and the over-rolling direction is from the left to the right):
(a) A WEC network found within the case-carburized AISI 3310 samples; (b) a WEC network

found within the through-hardened AISI 52100 samples. The crack network in (b) shows far
more instances of vertical crack propagation than that in (a)
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It was also observed that the width of the WEAs that accompanied the cracks within the
carburized samples appeared larger than the WEAs that accompanied the cracks within the
through-hardened samples. Examples of this observation are shown in Figure 11. The width of a
WEA adjacent to a crack face can be viewed as an indicator of the magnitude of energy that has
been released in a local area. Because it is assumed that that the crack is a prerequisite to the
formation of the WEA [24,63,64], and the test conditions are constant, the authors have two
hypotheses as to why the carburized samples exhibit larger regions of WEA.

The first hypothesis is that the microstructure of the AISI 3310 samples led to a
significant decrease in the rate of crack propagation, as discussed in the previous section;
therefore, the cracks in these samples underwent a significantly larger number of contact cycles
and accrued a larger amount of localized energy. The second hypothesis is that the inherent
compressive residual stress in the carburized samples may have led to an increase in the amount

of crack-face rubbing and, therefore, an increase in the frictional energy released by the crack.
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Figure 11. Four images illustrating that the carburized AISI 3310 samples (a) and (b), on
average, were accompanied by much larger regions of microstructural alterations when
compared to the through-hardened AISI 52100 samples (c) and (d) (the images are oriented so
the raceway is at the top of the page and the over-rolling direction is from the left to the right)

5.0 Conclusions

Benchtop test samples were manufactured from two different steel alloys and hardened
via two different heat treatment processes. One set of samples consisted of through-hardened
AISI 52100 steel, and the other consisted of carburized AISI 3310 steel. Four samples from each
set were tested under identical conditions using the PCS Instruments micro-pitting rig (MPR).
The presented test conditions, in conjunction with particular lubricant formulations, have

previously been shown to lead to the formation of crack networks containing adjacent

microstructural alterations (commonly referred to as white etching cracks, or WECS) [9,24,39].
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1. Under the presented test conditions, it was observed that the carburized samples lasted on
average ~2.3 times longer than the through-hardened samples before resulting in the
formation of a macro-pit. It is hypothesized that the increase in test time was due to the
combination of the inherent compressive stress and increased toughness within the
samples resulting from the carburization process.

2. The morphology of the WEC networks varied between the through-hardened and
carburized groups. Firstly, the WECs documented in the through-hardened samples
showed multiple instance of vertical crack propagation spanning hundreds of microns
into the subsurface, the WECs documented in the carburized samples show no such
vertical propagation. Secondly, the white etching areas (WEAs) within the carburized
samples were larger in comparison with those observed in the through-hardened samples.
Both of these observations were attributed to the compressive residual stress inherent in
the carburization process.

3. Additional tests were conducted that aimed to identify when WECS initiated in both
steels. No significant difference in time to crack initiation could be documented. This
suggests that the increase in time until a WEC induced macro-pit documented in the
carburized samples was largely due to the prolonging of the propagation stage of damage
formation. This can again be attributed to the significant compressive residual stress

induced by the carburization process.
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