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Abstract

White etching cracks (WECs) are the dominant mode of failure for wind turbine gearbox bearings. These
failures are characterized by subsurface initiation and local region of microstructural alterations adjacent to
the crack faces. The definitive cause of WECs within the field is unknown, because of this laboratory
replication has proved difficult. At a benchtop scale, specific lubricant formulations referred to as “bad
reference oils” (BROs) are often employed to aid in the formation of WECs; however, exactly how these
lubricants induce WECs is unknown. The present work intends to elucidate how these lubricants facilitate
the formation of WECs by systematically varying the additives which are found in BROs and studying the
effect that these additive combinations have on time until failure, as well as tribofilm development. It was
found that the lubricant containing Zinc dialkyldithiophosphate alone led to the formation of WECs sooner
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than any lubricant studied. It was also documented that a lubricants frictional characteristics play a more
dominant role than the tribofilm characteristics.
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1. Background

When rolling element bearings are subjected to constantly fluctuating contact conditions, it is relatively
common for macro-pitting failures to occur well before the bearings’ designated rolling contact fatigue (RCF)
design life Is it possible to reorder the citations so they are in numeric order as they appear in the text?  [1,2,3,4,5,
73]. Frequently, the cracks that cause these failures are surrounded by local regions where the steel
microstructure has undergone a transformation resulting in a nano-grained microstructure supersaturated with
carbon at the grain boundaries [6, 7, 8, 9, 10]. When bearings containing these failures are sectioned and etched
with a solution of nitric acid in ethanol (nital), the microstructurally transformed regions resist the etchant, and
appear white in contract with the surrounding matrix. Because of this optical appearance, these failures are

commonly referred to as “white etching cracks” (WECs). Figure 1 shows examples of WECs.

Fig. 1

Two white etching crack (WEC) networks that were generated using the benchtop test methodology discussed in
the current study

WECs have been documented in a multitude of automotive and industrial applications such as alternator

bearings, continuously variable transmissions, gearboxes, paper mills, compressors, and others [11, 12, 13, 14,
15]. However, within recent decades, WECs have become most commonly associated with failures of the high-
speed and intermediate-speed shaft bearings of wind turbine gearboxes. Wind turbine gearbox bearings are
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subjected to a wide range of contact conditions that may influence the formation of WECs, including applied
strain due to either normal loading [14, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 74] or torque
reversals leading to impacts [23, 24, 30], hydrogen release from degraded or contaminated lubricants [22, 31,
32], electrical discharge [33], tensile frictional stresses at the contact surface [34], and sliding contacts induced
via acceleration or under-loading [35, 36, 37]. Because of the numerous potential drivers of WEC formation in
the field, various avenues have been taken to recreate these failures at a benchtop scale. These include pre-
charging test samples with hydrogen [12, 13, 38, 39, 40, 41, 42, 43, 44, 45, 46, 47, 48, 49, 50, 51], grain
boundary embrittlement induced via heat treatment [52], the application of external electrical load [33],
excessive slip [29, 53, 54, 55], and impact loading [56, 57]. However, the most common replication technique
is the use of specific lubricant formulations which have been shown to aid in the formation of WECs [29, 54,
58,59, 60, 61, 62, 63, 64, 74].

Although the use of these special lubricants, often referred to as “bad-reference oils” (BROs), is commonplace,
the exact reason why these formulations accelerate the rate of WEC formation is unknown. The leading
hypothesis is that two specific lubricant additives, namely Zinc dialkyldithiophosphate (ZnDDP) and over-
based calcium sulfonate (Ca Sul), are needed in combination to form ionic hydrogen within the lubricant [31,
64, 65]. The exact chemical mechanism to form ionic hydrogen is not known, but it has been postulated that
this may be due to the breakdown of water during rubbing stresses in the contact, or from an oxidation and
breakdown mechanism of the additives [66, 67]. It is thought that this ionic hydrogen bonds with electrons on
nascent steel surfaces, allowing it to penetrate into the subsurface of the steel, where it travels along grain
boundaries and collects at hydrogen “traps” such as inclusions. The presence of this hydrogen leads to
hydrogen embrittlement, thereby easing crack initiation and the formation of microstructural alterations [14,
15]. Richardson et al. [61] performed experiments using a FE8 thrust bearing test rig in combination with a
BRO, within these experiments, an increase in the amount of hydrogen trapped within samples was observed as
testing time increased. However, it is still unknown if the presence of the hydrogen within these sample was the
direct cause of the WEC failures. It should also be noted that the use of BROs does not mandate a WEC failure,
specific contact conditions, namely sliding and increased load, in combination with these formulations, are
often needed for WECs to form [29, 54].

Even though several researchers have claimed that specific additive combinations are responsible for the
formation of WECs within BROs, no research in the open literature exists that examines the formulation of
lubricants in order to study the effect of additive composition on the formation of WECs within a radial
contact. Therefore, the aim of the current work is to systematically formulate lubricants based on the postulated
active ingredients of BROs, and study the effect of additive composition on WEC failures.

2. Methods

Analysis performed on the BRO used in [29, 54, 62] revealed the presence of an additional corrosion inhibitor
(CI), namely sodium sulfonate, a glycerol mono-oleate friction modifier (FM), and a polysulfide extreme
pressure (EP) additive. For the current work, eight different additive combinations were blended into a 75W80
Group III base oil mix, similar to that used in automotive transmission formulations. The blended lubricant’s
KV 40 and KV 100 were measured at 61.8 and 10.1 cSt respectively. The additive combinations, as well as
relative concentrations of each additive, were selected based on the analysis performed on the aforementioned
BRO. The composition of each of the eight lubricants is shown in Table 1. Because the combination of ZnDDP
and Ca Sul is widely hypothesized to be the leading driver of WECs within these oils [31, 64, 65], the
combination of these two additives was used as a reference formulation (Oil 1 in Table 1). Then, changes were
made to the reference formulation, in order to study the effect of lubricant composition on WEC formation. Oil
2 contains twice the amount of Ca Sul as Oil 1. Oil 3 changes the type of over-based Ca Sul, from a branched
alkyl chain variant, to one containing a linear alkyl chain. The difference between a linear and a branched
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calcium sulfonate is the shape of hydrocarbon chain backbone. Linear and branched sulfonates differ in
adsorption and surface—surface covering characteristics, which may in turn affect the boundary friction and the
competition for the surface with other surface-active species. Oils 4, 5, and 6 each combine the reference
formulation with one additional additive known to be present in BROs, namely: sodium sulfonate (CI),
polysulfide (EP), and GMO (FM) respectively. Finally, the Oils 7 and 8 remove one of the “key” components
from the reference formulation, either ZnDDP or Ca Sul. Because multiple types of these single lubricant
additives and base oils exist, the specific formulation of each additive and oil is shown in Table 2. Additionally,
Karl Fischer titration was performed on each formulated lubricant, as well as the group III base oil mixture, in
accordance with ASTM D6404 method C, to determine the amount of solubilized water contained in each fluid.
These results are shown in Table 3. The amount of solubilized water within a lubricant is highly dependent on
the additive composition; therefore, the lubricants which contained higher concentrations of additives generally
contained higher levels of water.

Table 1
The additive ¢ Within Oil 3 the L in linear should be capitolized of each of the eight lubricants formulated for this
study
Oil number and ZnDDP OB Ca Sul OB Ca Sul Na Sul GMO Polysulfide
description (wt%) (branched) (wt%)  (linear) (wt%) (wt%) (wt%) (wt%)
(1) ZnDDP + Ca 1.82 284 _ _ _ _
Sul
(2) ZnDDP + Ca _ B _ -~
Sul (high) 1.82 5.68
(3) ZnDDP +
linear Ca Sul 1.82 - 2.84 - - —
(4) ZnDDP + Ca _ _ -~
Sul + CI 1.82 2.84 0.75
(5) ZnDDP + Ca _ B _
Sul + EP 1.82 2.84 0.49
(6) ZnDDP + Ca _ _ _
Sul + FM 1.82 2.84 0.50

(7) ZnDDP only 1.82 - - - - _
(8) Ca Sul only - 2.84 - - - _

Each additive package was blended into a 7SW80 Group III base oil mix. All values listed are weight percentages

Table 2

The specific description of each lubricant component used to create the oils within the presented work

L i t t . . e
ubricant component common Specific description

name
ZnDDP Mixed primary and secondary ZnDDP
OB Ca Sul (branched) Branched calcium sulfonate total base number (TBN) 300 mg KOH per gram
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L i t t . . e
ubricant component common Specific description

name
OB Ca Sul (linear) Linear calcium sulfonate TBN 300 mg KOH per gram
Na Sul Sodium sulfonate TBN 450 mg KOH per gram
Polysulfide Polysulfide extreme pressure additive
GMO Glycerol mono oleate friction modifier
Base oil Group III base + polyisobutylene viscosity index improver + polymeric ester pour
point depressant
Table 3
The solubilized water content in each of the eight test oils, as well as the base oil mixture, as determined by Karl Fischer
titration
Oil number and description Water content (ppm)
(1) ZnDDP + Ca Sul 87
(2) ZnDDP + Ca Sul (High) 175
(3) ZnDDP + Linear Ca Sul 403
(4) ZnDDP + Ca Sul + CI 232
(5) ZnDDP + Ca Sul + EP 481
(6) ZnDDP + Ca Sul + FM 197
(7) ZnDDP only 40
(8) Ca Sul only 195
(9) Base oil mixture 20
2.1. MPR

The bench-top test rig used for determining the time to induce a failure by WEC-associated macro-pitting is
referred to as the MPR and is shown in Fig. 2a. This rig uses a splash lubricated three ring-on-roller contact
configuration (Fig. 2b) and can be operated at various conditions ranging from pure rolling to pure sliding, at
contact stresses up to 4 GPa, at temperatures up to 120 °C, and at speeds of up to 4 m/s, resulting in
approximately 300 contact cycles per second. The 12mm diameter central test roller-has-at-mm-wide-test-track
that comes into contact with each of the three 54 mm diameter rings. The current work utilizes two different
MPR contact geometries, one set of tests uses a roller with a Imm wide test track which contacts three
cylindrical rings, resulting in a line contact. The other set uses a cylindrical roller to contact three crowned
disks, resulting in an elliptical contact. Both the rollers and the rings were made of through-hardened AISI
52100 steel provided by the manufacture of the rig, PCS Instruments. The hardness of the rollers and the rings
were measured at 63HRC and 60HRC respectively. The MPR test rig has been used in multiple studies
examining the formation of WECs [29, 54].
AQ1
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Fig. 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 [54]

Three MPR tests using the line contact configuration were performed on each of the 8 lubricants, resulting in
24 line contact tests total tests. Two additional tests were performed using the elliptical contact geometry, one
on Oil 7, and one on Oil 8. These two additional tests were designed to investigate a recent hypothesis put forth
by Manieri et al. [74], which suggested that WECs form in MPR line contacts independent of lubricant
formulation due to edge loading and stress history. The testing conditions for each of the two contact
geometries Al-tests-wererun-underidentical contact-conditions-which are shown in Table 4. These test
conditions utilize a continuous — 30% slide-to-roll ratio (SRR) which has been previously documented to aid

in aceelerate-the formation of WECs [29, 54]. SRR is defined as

Table 4

The test conditions used to induce the formation of WECs using the M This table needs to be updated to contain the testing

conditions for both sets of samples. It seems as though I am unable to update it using the current program. I have attached an image
of what I would like the table to look ike. PR

MPR long term testing
Load (N) Max stress (GPa) SRR (%) Rolling speed (m/s) Temperature (°C) Lambda
500 1.9 -30 3.4 100 0.5
2 - (Uring — URolter)
SRR(%) = ( ne ) - 100,
URing + URoller
where Using and Uy, are the surface velocities of ring and roller, respectively. Under these conditions the
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central roller moves faster than the rings. An accelerometer was used to measure the vibration of the assembly
throughout the tests. This combination of rolling speed and SRR led to a linear speed of 2.89 m/s at the ring
and 3.91 m/s at the roller surface, with a corresponding rotational speed of 1022 rpm on the rings and 6223 rpm
on the roller. These conditions result in 1.12 million contact cycles every hour. Tests were concluded when
either the 300 million contact cycle run-out-limit was reached, or when a vibration level corresponding to the
formation of significant surface damage, i.e., a macro-pit, occurred.

At the conclusion of each test, the subsurface of the roller was examined for WECs, this process is illustrated
in Fig. 3. Rollers were sectioned in the circumferential-depth plane. All samples were then mounted in Bakelite
and polished to multiple locations along the wear track using a series of 220 grit grinding, followed by 9 um,

3 um, and 1 pm diamond medium polishing. Samples which displayed WECs were investigated at a minimum
of three axial locations, and samples which did not display WECs were investigated at a minimum of seven
axial locations. At each section, the samples were etched with a 3% Nital (3% nitric acid in ethanol) solution,
and the subsurface was examined for microstructural alterations using an optical microscope.

Fig. 3

An illustration of the processing steps used to examine the subsurface of each MPR test roller for WECs

S |

Material Removal, Etc
and Subsurface Examir

Wear Track

=

MPR Raoller Initial Sectioning Mounting

22. MTM

Each of the eight virgin lubricants was also tested on the PCS Instruments Mini Traction Machine (MTM) with
3D spacer layer imaging attachment (SLIM). The aim of this testing was to quantifying differences in lubricant
and tribofilm characteristics. The MTM, shown in Fig. 4, allows for the measurement of a friction/traction
coefficient at a much higher fidelity then that of the MPR. The SLIM attachment uses optical interferometry to
estimate the thickness of the boundary film formed on the barrel surface, this allows for a semi-in-situ
investigation of the tribofilm characteristics, such as rate of formation, roughness, thickness, and morphology.
MTM test conditions were selected to mimic the test conditions of the MPR; all relevant test conditions are
shown in Table 5. The usual %” ball was replaced with a special barrel specimen, the use of this specimen
changed the contact zone to that of an ellipse with a large aspect ratio, and allowed the MTM to achieve the
value of 1.9 GPa max stress that was used in the MPR. The barrel geometry utilizes a 1-mm radius on its edge.
This is loaded against a standard MTM disk and can achieve the desired contact pressures at reasonable loads
(16 N). The tribofilm generated by each oil was imaged using the SLIM attachment at time intervals of 1, 5, 10,
15, 20, 25, 30, 60, 90, and 120 min. Stribeck curves were taken at 60 and 120 min between 0.01 and 3 m/s and
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—30% SRR.

Fig. 4

a The PCS Instruments Mini Traction Machine (MTM) which contains a barrel or pin on disk contact, shown in
(b), used to document friction and tribofilm formation at a higher fidelity than that of the MPR

Table 5

The test conditions used within the mini traction machine (MTM) in order to study the frictional behavior and tribofilm
characteristics of each of the eight lubricants presented in the current study

MTM test conditions
Load (N) Max stress (GPa) SRR (%) Rolling speed (m/s) Temperature (°C) Lambda

16 1.9 —-30 0.1 100 0.5

The rolling speed of 0.1 m/s and a temperature of 100 °C ensured the contact were operating in the boundary
lubrication regime with a similar lambda ratio to the MPR experiment (0.5). This would ensure that any
tribofilms that are formed should be similar to that expected in the MPR experiment, allowing for a direct
comparison. The barrel speed of 0.115 m/s results in 828 m of sliding over the 120 min test; this gives a
corresponding number of contact cycles of 15,270 on the barrel. Additional analysis was performed on some of
the MTM generated tribofilms where necessary. Energy-dispersive X-ray spectroscopy (EDS) was used to
characterize the elemental composition of some tribofilms. Reported average tribofilm thickness was calculated
by averaging the film thickness values provided by SLIM over the whole sample-SLIM window contact patch.
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Film roughness was calculated by applying the Sa surface roughness formula:

1 n
Sa == <_) len - zave|7
"/ 0

where #n is the number of points; z, is the film thickness at n-th point, and z, is the average film thickness to
the same SLIM film thickness data.

3. Results
3.1. MPR Testing

It was found that 7 of the 8 lubricants, and therefore 221 of the 264-tests, led to the formation of WECsWEC-
ndueced-maero-pits before the 300 million contact cycle run-out limit. Characteristic etched optical images of
the cracks generated in each of the 8 lubricants are shown in Fig. 5. The only lubricant that did not facilitate
the formation of WECs in either the line or elliptical contact geometry before the 300 million contact

cycles run-out-limit was Oil 8, which contained Ca Sul only. The summation of the number of contact cycles
endured for each of the 24 line contact tests is shown in Fig. 6. It is worth noting that the oil that consistently
led to the formation of WEC-induced macro-pits in the fewest number of contact cycles was Oil 7, which
contained ZnDDP alone.

Fig. 5

Characteristic images of the cracks generated in each of the eight lubricants. Seven of the eight lubricants led to
the formation of WECs before the 300 million cycle run-out-tmitrun-out-limit, with the exception being the oil
that contained €Ca Sul only, which only showed some instances of surface cracking without forming a macro-pit
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Sul

ZnDOP + Ca Sul + EP

ZnDDP Only Ca Sul Only

Fig. 6

The time to failure analysis for each of the 24 MPR tests that utalized the line contact geometry. The circles
indicate the point at which the rollers of each test experienced WEC-induced macro-pitting, the columns represent
the average number of contact cycles endured for each oil, and the error bars represent one standard deviation.
The three Ca Sul Only tests were stopped at the 300 million cycle run-euttimitrun-out-limit without failure
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3.2. MTM Testing

The analysis performed on the MTM yielded two sets of data; the first set was the frictional behavior of each
oil, and the second was the characteristics of the tribofilm. The friction coefficient over the 2-h tests for each of
the eight oils is shown in Fig. 7. It can be observed that the majority of the oils tested exhibited similar
frictional behavior. For Oils 1-6 and 8, the friction increases in the beginning of the test until a steady-state
value of around 0.08 + 0.005 is reached. This initial increase in friction may be attributed to a combination of
run-in behavior and tribofilm formation. The steady-state friction is then maintained for the remainder of the
test. Oil 7, which contained ZnDDP only behaved differently. This formulation took longer to reach a steady-
state value, additionally, its steady-state friction coefficient was higher than that of all other lubricants, ~ 0.95
compared to ~ 0.78, respectively. It is also worth reiterating that this same oil lead to WECs within the MPR
significantly sooner than any other lubricant.

Fig. 7

The MTM generated frictional behavior over a two-hour test period of each of the eight tested lubricant
formulations
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The MTM-SLIM optical images and tribofilm height distribution data were recorded at ten temporal points for
each of the 8 oils. Optical images at 3 of the 10 measurement points are shown in Fig. 8; additionally, the
tribofilm thickness analysis at all ten measurement points is shown in Fig. 9. It is worth noting that the
variances lubricant formulations led to drastically different tribofilm formation characteristics; this will be
discussed in detail below.

Fig. 8

Images of the tribofilm generated by each of the 8 oils tested within the MTM. Images were taken at ten temporal
points over a 2 h period. For the sake of conciseness 3 of the 10 images are shown for each of the 8 oils
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ZnDDP +Ca Sul ZnDDP +Ca Sul (High ZnDDP +Linear Ca Sul ZnDDP +Ca Sul + CI

ZnDDP +Ca Sul+ EP ZnDDP +Ca Sul+ FM ZnDOP Only Ca Sul Only

Fig. 9

The average tribofilm thickness at ten imaging points shown in Fig. 6 for each of the 8 lubricants tested within the
PCS instruments MTM

13 of 24 11/24/2018, 1:13 PM



e.Proofing http://eproofing.springer.com/journals_v2/printpage.php?token=p6ePzl...

200 : ; : ; .
—e—/nDDP+ Ca Sul

o— ZnDDP + —~

L f‘.“————____
150 —e—ZnDDP + Ca Sul +EP -

—e—ZnDDP + Ca Sul + FM i
—8—2ZnddP Only ¥
—e—Ca Sul Only

100
—e- /

Film Thickness (nm)
3

Time (min)

The tribofilms thickness and morphology changes visibly and measurably between the lubricants. Many of the
oils produced tribofilms which would be considered “rough.” These tribofilm are constituted by multiple
distinct tribofilms heights (e.g., ZnDDP + Ca Sul, ZnDDP + Linear Ca Sul, ZnDDP + Ca Sul + EP, and ZnDDP
Only). This effect is known for these types of formulations [68, 69]. When Na Sul (CI) and GMO (FM) are
added to the oils the tribofilms changes significantly. Na Sul seems to induce a somewhat thick and relatively
uniform tribofilm, and GMO seems to inhibit the formation of the film, resulting in a thin smooth tribofilm.

4. Discussion

The finding that the lubricant containing ZnDDP alone led to the formation of WECs sooner than any other
lubricant refutes the publically recognized hypothesis that the combination of ZnDDP and Ca Sul drive the
formation of WECs within BROs. Instead, these results suggest that, under the present conditions, the presence
of ZnDDP alone is the primary accelerator of WECs in BROs. In fact, the addition of any other additive in
combination with ZnDDP seemingly competes with its accelerating effect, and significantly prolongs the time

until a WEC-induced failure. I would like to insert a new discussion section directly following this sentance, however I

was unable to do this using the current eProffing software. Please insert a new Section 4.1 and renumber the subsequent
sections. 4.1 The Effect of Contact Geometry (Lubricant Drivers vs. Stress Concentration) A recent
hypothesis put forth by Manieri et al. [74 suggested that WECs form in the MPR within a line contact geometry
due to stress concentration at the edges of the contact, followed by a lower stress state due to edge wear. The
authors drew this conclusion because they formed WECs within a series of ZnDDP based lubricants using a
line contact, but they did not document any WECs when using an elliptical contact, even when using BROs.

The two additional tests which were performed on elliptical contacts, using Oils 7 and 8, were designed to test
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this hypothesis. As discussed above, the results of these tests fell in line with the observations made using a
line contact, the lubricant which contained ZnDDP alone lead to the formation of WECs before the 300 million
cycle run-out-limit, and the lubricant that contained Ca Sul alone did not. It is worth noting that the test which
used ZnDDP alone in the elliptical contact configuration did not form a macro-pit, although numerous WECs
were documented in the subsurface of the sample at the end of the test. One of the major differences between
the tests performed in [74] and the tests within the current work, is the directionality of sliding. Within the
current work the roller acts as the driver, and therefore combats rapid surface crack growth due to hydraulic
pressurization, the authors hypothesize that the mitigation of this failure mode allows for the accumulation of
stress cycles needed to form WECs in the elliptical contact, as discussed in [54]. The observation of WECs
within Oil 7, but not Oil 8, independent of sample geometry, suggests that the WECs documented in the current
work are forming due to lubricant influences as opposed to geometrically induced stress states. Although the
current authors agree that specific series of stress states exist which can likely lead to WECs independent of
lubricant formulation.

4.1. The Effect of Water Content on the Rate of WEC Formation

Previous research has indicated that the level solubilize Please renumber all discussion sections in accordance

with the insertion of the new section 4.1 d water within BROs may be the reason why these fluids accelerate the
formation of WECs under specific contact conditions [66, 67]. However, the results of the current work refute
this hypothesis. If Table 3 and Fig. 6 are compared, it can be observed that the lubricant which failed due to
WEC:s the soonest (ZnDDP only) contained the least solubilized water out of all lubricants investigated. The
lower level of solubilized water documented in the lubricant containing ZnDDP alone was expected due to the
fact that the chemical composition and concentration of the additives themselves are one of the main drivers in
the magnitude of this value. Therefore, a lubricant containing ZnDDP alone should contain less solubilized
water then a lubricant containing the same amount of ZnDDP plus other additives. It follows that while it is
possible that an increase in the water content of a lubricant could aid in WEC formation, the difference in WEC

performance documented for Oils 1-8 is likely not driven by water content.

4.2. The Effect of Tribofilm on the Rate of WEC Formation

As discussed in the introduction, the leading hypotheses as to how BROs accelerate the formation of WECs
rely heavily on the characteristics of the tribofilm. Some theories state that BROs generate a rough tribofilm,
which increases friction and accelerates subsurface crack initiation, while others mandate tribofilm removal
and the formation of nascent surfaces for hydrogen penetration [14, 15]. It follows that tribofilm
characteristics, such as rate of formation, thickness, roughness, and composition, could have a drastic effect on
the rate at which WECs form within given lubricants. To examine if any of these tribofilm characteristics play
a significant role in time until WEC failure, the authors would like to draw the reader’s attention to four
specific lubricants, namely ZnDDP + Ca Sul + FM, ZnDDP + Ca Sul + EP, ZnDDP only, and Ca Sul only.
Within the MPR, ZnDDP Only formed WECSs sooner than all other lubricants, Ca Sul Only did not form WECs,
and ZnDDP + Ca Sul + FM and ZnDDP + Ca Sul + EP formed WEC-induced macro-pits at a similar number of
contact cycles. On average ZnDDP + Ca Sul + FM and ZnDDP + Ca Sul + EP failed at 38 and 55 million cycles,
respectively; additionally, based on the statistics generated by this study, no significant difference in time until
failure can be claimed between these oils i.e., the difference in WEC performance of these oils is statistically
indistinguishable (see error bars in Fig. 6).

4.2.1. Tribofilm Optical Appearance

Figures 8 and 10 show that the optical appearance of the tribofilms generated by these four lubricants appear
drastically different in both the MTM as well as the MPR. Within Fig. 10, it can be observed that the films
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generated by ZnDDP + Ca Sul + EP and ZnDDP Only display a blue hue, with the lubricant containing the EP
additive showing a slightly more uniform film. This blue appearance is characteristic of a thick ZnDDP
tribofilm, and is a result of destructive interference within the transparent tribofilm between the incoming and
reflected light. ZnDDP + Ca Sul + FM and Ca Sul Only are optically similar in that they lack this blue optical
appearance.

Fig. 10

A comparison of the end of test wear track for Oils 5, 6, 7, and 8 within the MPR. These tests showed no
statistical difference in time until failure, but generated drastically different tribofilms

ZnDDP Only Ca Sul Only

4.2.2. Tribofilm Composition

The elemental composition of the tribofilms generated within the 2-h MTM test, by the four lubricants
previously discussed, is shown in Table 6. As expected, the elemental composition of the tribofilms generated
by the lubricants containing ZnDDP alone and Ca Sul alone varied drastically. However, the elemental
compositions of the tribofilms generated by ZnDDP + Ca Sul + EP and ZnDDP + Ca Sul + FM were similar,
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even though the optical appearance of tribofilms generated by these lubricants varied.

Table 6

The elemental composition of the tribofilms generated over two hours of MTM testing for Oils 5 and 6, as measured by EDS

Oil number and name O (at.%) P (at.%) S (at.%) Ca (at.%) Zn (at.%)
(5) ZnDDP + Ca Sul + EP 59.03 1.12 1.53 36.95 1.35

(6) ZnDDP + Ca Sul + FM 57.84 0.90 1.05 39.16 1.01

(7) ZnDDP only 46.27 7.70 12.44 0.00 33.58

(8) Ca Sul only 64.05 0.00 0.31 35.64 0.00

4.2.3. Tribofilm Thickness and Rate of Formation

Figure 9 shows that tribofilm thickness and rate of formation both vary with lubricant additive composition. It
was observed that the majority of the lubricants formed relatively thick films, of at least 80 nm by the end of
the 2-h testing period. The exception to this was the lubricant that contained the FM. This film remained thin
throughout the entirety of the testing period, only reaching a maximum thickness of around 30 nm. This was
somewhat expected due to the fact that FMs can compete with ZnDDP within the wear track, thereby inhibiting
the formation of a thick anti-wear tribofilm. If the lubricant containing the FM is compared to the lubricant
containing the EP, it can be stated that two lubricants which led to the formation of WECs at a similar number
of contact cycles, formed tribofilms of similar elemental composition but at drastically different thicknesses.
Therefore, the thickness of the tribofilm seems to have no systematic effect on the time until WEC induced
failure.

If the data points in Fig. 9 corresponding to the first 30 min of testing for each lubricant are compared to the
time to failure values shown in Fig. 6, some general claims can be made regarding the influence that the rate of
tribofilm formation has on time until a WEC failure. While there appears to be no systematic variation between
the lubricants studied, it is worth noting that the oil containing ZnDDP alone formed a tribofilm at the slowest
rate, and failed due to WECs at the fewest number of contact cycles. This observation supports the hypothesis
that nascent steel surfaces facilitate the formation of WECs, as any tribofilm removal throughout testing would
lead to an unprotected surface for a longer period of time. Additionally, the unprotected surface in the early
part of the test may be an important in WEC formation.

4.2.4. Tribofilm Roughness

The roughness characterization of the tribofilms generated by the four previously discussed lubricants (ZnDDP
+ Ca Sul + FM, ZnDDP + Ca Sul + EP, ZnDDP only, and Ca Sul only) is shown in Fig. 11. Three of the four
lubricants resulted in the formation of relatively rough tribofilms, with final roughnesses of above 60 nm. The
exception to this was the lubricant containing a FM, which only reached a maximum roughness of 12 nm
throughout the entirety of the test. If ZnDDP + Ca Sul + FM and ZnDDP + Ca Sul + EP are compared, it can be
stated that two lubricants which led to the formation of WECs within the MPR at a comparable number of
contact cycles, formed tribofilms of a similar elemental composition, but at drastically different roughness
values. Therefore, the roughness of the tribofilm generated by an oil does not systematically effect the time
until a WEC induced failure. However, it is worth noting that ZnDDP Only displayed the highest roughness of
the four lubricants compared. Additionally, this lubricant reached this high roughness level very early in the
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test. It is possible that this high early test roughness, in combination with ZnDDP Only’s low rate of tribofilm
formation, could aid in the formation of WECs. However, no clear systematic relation exists between tribofilm
roughness and WEC-induced failures.

Fig. 11

The average roughness of the tribofilms generated by Oils 5, 6, 7, and 8 at ten temporal instances throughout a 2-h
MTM test
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4.3. Effect of Friction on the Rate of WEC Formation

As shown in Fig. 7, the oil containing ZnDDP alone, which lead to the formation of WECs sooner than any
other lubricant investigated, also displayed unique frictional behavior when compared to the other seven
lubricants. Not only did this lubricant take significantly longer than the others to reach a steady-state friction
value, but it also maintained a significantly higher steady-state frictional value than all other lubricants
investigated. There are several reasons why a high value of friction could accelerate the rate of WEC
formation. First, the magnitude of surface friction drastically effects the subsurface stress state; a high friction
value would result in larger subsurface stresses, which could drive crack initiation [70]. Second, the increased
friction, and therefore increased thermal energy, could accelerate the rate at which the lubricant decomposes,
thereby accelerating the failure via chemical means. Finally, the high magnitude of friction, in conjunction with
sliding at the surface, increases the level of frictional energy input into the test samples. Multiple authors have
shown a correlation between the cumulative frictional energy test specimens been subjected to, and the
presence of WECs [29, 60, 71, 72].

5. Conclusions

The active additives that were previously thought to drive the formation of white etching cracks (WECs) within
“bad reference” oils (BROs) were systematically varied in eight lubricants, and tested within two tribometers.
A rolling/sliding three ring-on-roller line-contaet-wastribometer, which was ran in both a line contact and an
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elliptical contact configuration was used for long-term testing, with the aim of quantifying the time until a
WEC-induced macro-pit for each lubricant. Additional tests with similar contact conditions were performed on
a rolling/sliding barrel-on-disk contact in order to measure the friction, as well as to study subtle differences in
the characteristics of the tribofilm generated by each oil.

1. Seven of the eight lubricant formulations investigated led to the formation of WECs independent of
contact geometry. The only oil which did not facilitate a WEC failure was the lubricant that contained
over-based calcium sulfonate (Ca Sul) alone. Additionally, the oil containing Zinc dialkyldithiophosphate
(ZnDDP) alone failed significantly earlier than any other oil investigated. This result suggests that
ZnDDP alone is the primary accelerator of WECs within the BROs studied, not the combination of
ZnDDP and Ca Sul as previously reported.

2. The rate of WEC induced failure for each tested lubricant, pared with Karl Fischer titration results,
suggests that the level of solubilized water within an oil is not the primary driver in the formation of
WECs, within the investigated lubricants.

3. Tribofilm analysis performed on the 8 lubricants studied suggests that tribofilm thickness, roughness, and
rate of formation do not systematically affect the time until a WEC-induced failure. However, it is worth
noting that the lubricant containing ZnDDP alone had the highest roughness, and formed a tribofilm at
the slowest rate.
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